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Abstract 

The chloride channel transmembrane protein 16A (TMEM16A) possesses a calcium-activated property linked 
to tumor-promoting malignant phenotype and electrophysiological stability. Numerous studies have shown 
that TMEM16A exhibits aberrant amplification in various squamous cell carcinomas such as esophageal squamous cell 
carcinoma (ESCC) and is correlated with unfavorable outcomes of ESCC patients. Therefore, TMEM16A is considered 
as a promising therapeutic target for ESCC. Because of its intricate structure, the development of therapeutic antibod-
ies directed against TMEM16A has not been documented. In this study, we produced a series of novel monoclonal 
antibodies targeting TMEM16A and identified mT16#5 as an antibody capable of inhibiting ESCC cells migration, 
invasion and TMEM16A ion channel activity. Additionally, based on the validation that TMEM16A was positively corre-
lated with expression of EGFR and the interaction between them, the mT16#5 exhibited a synergistic inhibitory effect 
on ESCC metastasis and growth when administered in combination with Cetuximab in vivo. In terms of mechanism, 
we found that mT16A#5 inhibited the phosphorylation of PI3K, AKT and JNK. These results highlight the anti-growth 
and anti-metastasis capacity of the combination of mT16A#5 and Cetuximab in the treatment of ESCC by targeting 
TMEM16A and EGFR, and provide a reference for combinational antibody treatment in ESCC.
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Introduction
Enhanced quality of life has led to alterations in human 
dietary patterns and behaviors, subsequently increasing 
the susceptibility to digestive tract malignancies. China is 
a significant contributor to the global burden of esopha-
geal cancer, accounting for over half of reported cases. 
The incidence rate in esophageal squamous cell carci-
noma (ESCC) of China stands at 5.6 cases per 100,000 
individuals, with regional variations in mortality rates, 
peaking at 12.7 case per 100,000 individuals in certain 
rural areas [1, 2]. ESCC is characterized by the accumula-
tion of epigenetic modifications, somatic mutations, and 
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the dysregulation of a variety of proto-oncogenes, onco-
genes, and cell adhesion molecules. Ultimately, it exhibits 
interactive superimposed effects, leading to its complex 
genesis and rapid metastatic properties [3, 4]. The utili-
zation of molecularly targeted agents, including Cetuxi-
mab, Bevacizumab, Nivolumab, and other antibodies that 
have demonstrated notable efficacy in other cancer treat-
ments, has shown reduction in the rate of ESCC metas-
tasis, albeit falling short of anticipated outcomes [5–7]. 
The investigation of novel targeted agents for metastatic 
ESCC holds promise for enhancing treatment efficacy [8, 
9]. A recent clinical trial reported a disease control rate of 
100% for minimally invasive esophagectomy with Kareli-
zumab in conjunction with chemotherapy and lapatinib, 
suggesting potential advancements in antibody therapy 
for ESCC, but longer follow-up is still needed to assess 
survival outcomes [10].

Numerous markers have been identified as prognostic 
indicators and potential therapeutic targets for ESCC, 
including NOTCH1, SPP1and CTSL [11–13]. However, 
there is currently a lack of reported antibody drugs tar-
geting these markers. Ion channels are specialized mem-
brane proteins that facilitate the passage of ions across 
lipid bilayers, thereby regulating cellular homeostasis 
through selective ion recognition and conduction. These 
channels play crucial roles in various cellular processes, 
including protein secretion, gene expression, and cell 
division. Tumors are characterized by aberrant expression 
and activity of ion channels, and these alterations have 
an equally driving role in the regulation of the malignant 
phenotype of tumors [14]. As a calcium-dependent chlo-
ride channel, TMEM16A has an eight-transmembrane 
structure and forms a half-inserted membrane-type 
structure between TMD6 and TMD7 of the transmem-
brane structural domains. The ion-conducting pore of 
TMEM16A consists of an hourglass-shaped pore-like 
structure from α3-α7 for ion penetration [15, 16]. In 
addition, TMEM16A is able to function as a homodimer 
that combines to form a pore-like structure in a double 
barrel [17]. The human TMEM16A gene, situated in the 
chromosomal region 11q13.3 known to harbor numer-
ous pathogenic genes, exhibits aberrant amplification 
in oral cancer, head and neck squamous cell carcinoma, 
and gastrointestinal mesenchymal tumors, thereby cor-
relating significantly with unfavorable patient prognosis 
[18–20]. TMEM16A can be activated by multiple sign-
aling pathways within tumors, leading to the regulation 
of intracellular changes in chloride concentration and 
membrane potential through channel opening and clos-
ing. This activation subsequently triggers signaling path-
ways associated with the malignant phenotype of cancer 
cells [21, 22]. The primary signaling pathways responsi-
ble for activating TMEM16A are the EGFR and CAMKII 

pathways, with the former being particularly implicated 
in cancer metastasis [23–25]. Research has demonstrated 
that TMEM16A can enhance EGF-induced EGFR sign-
aling and, when overexpressed, further amplifies EGFR/
STAT3 signaling in cells [26, 27]. In addition, TMEM16A 
may also activate the EGFR signal pathway by increas-
ing autocrine signaling of EGFR ligands [28]. Hence, 
TMEM16A exhibits qualities that make it a promising 
therapeutic target.

Presently, small molecule inhibitors such as synthetic 
T16Ainh-A01 and CaCCinh-A01 are the primary drugs 
targeting TMEM16A, effectively suppressing calcium-
activated chloride currents and inhibiting cell prolif-
eration and migration in certain cancer types [29, 30]. 
Furthermore, natural compounds like luteolin and sily-
marin have been identified as inhibitors of TMEM16A 
activity, also capable of inhibiting chloride currents 
and hindering tumor growth in animal models [31–34]. 
Despite these advancements, no inhibitor has progressed 
to the clinical trial phase as of yet on account of small 
molecule inhibitors are susceptible to interference from 
changes in the intracellular environment and their effi-
cacy cannot be stabilized. Moreover, therapeutic anti-
bodies targeting TMEM16A have not yet been reported.

In this study, we validated the negative correlation 
between TMEM16A high expression and lymph node 
metastasis as well as prognosis in patients with ESCC. 
Through bioinformatics analysis combined with examina-
tion of clinical specimens from ESCC patients, we found 
the interaction and correlations between TMEM16A and 
EGFR in ESCC. Subsequently, six monoclonal antibod-
ies targeting TMEM16A were generated, leading to the 
identification and selection of mT16A#5, a functional 
antibody that demonstrated inhibitory effects on cell 
migration and invasion in  vitro. The inhibitory impact 
of mT16A#5 on the ion channel activity of TMEM16A 
was further confirmed using a constructed ion channel 
detection system. Subsequent in  vivo studies demon-
strated that co-administration of mT16A#5 and Cetuxi-
mab resulted in a synergistic inhibitory effect on the 
metastasis of ESCC. Mechanistically, mT16A#5 inhibited 
the phosphorylation of PI3K, AKT and JNK. These pre-
clinical results revealed anti-growth and anti-metastasis 
capacity of mT16A#5 for the treatment of ESCC by tar-
geting TMEM16A.

Materials and methods
Cells and cell culture
The human ESCC cell lines KYSE-140, KYSE-410, 
KYSE-510 were obtained from ATCC. YES-2, TE12, 
KYSE30lm3, KYSE30luc, KYSE450lm2, and KYSE450luc 
were gifted by Prof. Zhihua Liu (Cancer Institute and 
Cancer Hospital, Chinese Academy of Medical Sciences 



Page 3 of 17Zheng et al. Journal of Translational Medicine         (2024) 22:1046 	

and Peking Union Medical Collage). The KYSE30luc 
and KYSE450luc cell lines were obtained by labeling 
the KYSE30 and KYSE450 cells with luciferase reporter 
genes, which were injected into immunodeficient mice 
(SCID/Beige) via the tail vein. After 2–3  months, the 
lungs were taken out under aseptic conditions, minced 
and digested, and the primary culture of ESCC cells in 
lung metastases was carried out. These cells were injected 
secondly into SCID/Beige via the tail vein. KYSE30luc 
cells were screened for three rounds, while KYSE450luc 
cells were screened for two rounds, and finally a subset of 
cells with strong lung metastatic ability (KYSE30lm3 and 
KYSE450lm2) were obtained and cultured in RPMI-1640 
medium supplemented with 15% FBS and 100  μg/mL 
G418 [35]. KYSE-140, KYSE-410, KYSE-510, YES-2, and 
TE12 were maintained in RPMI-1640 supplemented with 
10% FBS. SP2/0 myeloma cells were maintained in RPMI-
1640 supplemented with 20% FBS. All cells were grown at 
37 °C with 5% CO2, 95% air atmosphere.

Small interfering RNA (siRNA) synthesis, vector 
construction, and transfection
The full-length sequence of human TMEM16A eukary-
otic plasmid (pLVX-PURO-ANO1) and prokaryotic 
plasmids (pGEX-4  T-1-ANO1-T1-T4) were synthesized 
by Sangon Biotech (Suzhou, China). The vector pLVX-
puro-MOCK and pGEX-4T1-GST were purchased from 
Public Protein/Plasmid Library (Nanjing, China). The 
genetically encodable biosensor of intracellular per-
chlorate concentration monitored by pCDNA3.1-Hygro 
EYFP H148Q/I152L was purchased from addgene (USA). 
The siRNAs, including si-EGFR1#1 (CUC​CAG​AGGAU 
GUU​CAA​UATT), siEGFR-#2 (GCC​UUU​GAG​AAC​CUA​
GAA​ATT) and control siRNA (UUCU CCG​AAC​GUG​
UCA​CGUTT) were synthesized by GenePharma (Shang-
hai, China). The shRNA of lentiviral knockout plasmids, 
including PLVX-TMEM16A-shRNA#1 (GCC​GAC​GAA​
GAA​G ATG​TAC​CA), PLVX-TMEM16A-shRNA#2 
(CAG​CAT​CTA​TTT​GAC​TTG​TC) and PLVX-Non- 
silencing-shRNA (TTC​TCC​GAA​CGT​GTC​ACG​T) were 
provided by Beijing Syngentech. (Beijing, China).

Plasmids were transfected with Lipofectamine2000 
(Invitrogen) for KYSE30luc and KYSE450luc cells. siRNA 
was transfected with Buffer Mate (GenePharma) for 
tumor cells. All transfections were performed accord-
ing to the manufacturer’s instructions. The cells were 
collected and validated by Western blot 48  h after 
transfection.

Antibodies and proteins
Anti-TMEM16A (ab190803, WB 1:500, CO-IP 1:200), 
Anti-JNK1/JNK2/JNK3 (ab179461, WB 1:1000) and 
anti-JNK1/JNK2/JNK3 (phospho T183/T183/T221) 

(ab124956, WB 1:500) were purchased from Abcam. 
Anti-pEGFR-Tyr 992 (2235, WB 1:1000), anti-pEGFR-
Tyr 1068 (#3777, WB 1:1000), anti-EGFR (#4267, WB 
1:2000, CO-IP 1:500), anti-Akt (#14,702, WB 1:2000), 
anti-phospho-Akt (Ser473) (#4060, WB 1:1000), anti-
phospho-PI3 Kinase p85 (Tyr458)/p55 (Tyr199) (#4228, 
WB 1:1000), and anti-PI3K p85 (#4257, WB 1:1000) 
were purchased from CST. Anti-GAPDH (10,494–1-AP, 
WB 1:2000) was purchased from Proteintech. Recom-
binant human EGFR protein (aa 668–1210, His & GST 
Tag) was purchased from Sino Biological. mIgG protein 
was purchased from Sigma.

RNA extraction and quantitative RT‑PCR (qPCR)
Cells were harvested in Trizol® reagent (Invitrogen), 
and total RNA was isolated according to the manufac-
turer’s instructions. Single-stranded cDNA was syn-
thesized from 5  μg total RNA using M-MLV reverse 
transcriptase (Invitrogen), with an oligo(dT)18-mer 
and Random primers, in a final reaction volume of 20 
μL. The resulting complementary DNA was subjected 
to Real-time PCR using SYBR Green qPCR Master Mix 
(Promega). GAPDH was used as an internal standard. 
Primers used for TMEM16A, forward: 5′-ACT​ACC​
ACG​AGG​ATG​ACA​AGC-3′, reverse: 5′-TCT​CTG​CAC​
AGC​ACG​TTC​C-3′; for EGFR, forward: 5′- AGG​CAC​
GAG​TAA​ CAA​GCT​CACT-3’, reverse: 5’- ATG​AGG​
ACA​TAA​CCA​GCC​ACC -3′; for GAPDH, forward: 
5’-CAT​CAA​GAA​GGT​GGT​GAA​GCAG-3′, reverse: 
5′-CGT​CAA​AGG​TGG​AGG​AGT​GG-3′; for IFN-γ, 
forward: 5′-TCT​TTG​GGT​CAG​AGT​TAA​AGCCA-
3′, reverse: 5′-TTC​CAT​CTC​GGC​ATA​CAG​CAA-3′; 
for IL-1β, forward: 5′-ATG​ATG​GCT​TAT​TAC​AGT​
GGCAA-3′, reverse: 5′-GTC​GGA​GAT​TCG​TAG​CTG​
GA-3′;for IL-2, forward: 5′-TAC​AAG​AAC​CCG​AAA​
CTG​ACTCG-3′, reverse: 5’-ACA​TGA​AGG​TAG​TCT​
CAC​TGCC-3′; for IL-4, forward: 5’-CCA​ACT​GCT​
TCC​CCC​TCT​G-3′, reverse: 5′-TCT​GTT​ACG​GTC​
AAC​TCG​GTG-3′; for IL-6, forward: 5′-ACT​CAC​CTC​
TTC​AGA​ACG​AATTG-3′, reverse: 5′-CCA​TCT​TTG​
GAA​GGT​TCA​GGTTG-3′;for IL-8, forward: 5’-TTT​
TGC​CAA​GGA​GTG​CTA​AAGA-3′, reverse: 5’-AAC​
CCT​CTG​CAC​CCA​GTT​TTC-3′;for IL-10, forward: 
5′-GAC​TTT​AAG​GGT​TAC​CTG​GGTTG-3′, reverse: 
5’-TCA​CAT​GCG​CCT​TGA​TGT​CTG-3′;for IL-12A, 
forward: 5’-CCT​TGC​ACT​TCT​GAA​GAG​ATTGA-3′, 
reverse: 5′-ACA​GGG​CCA​TCA​TAA​AAG​AGGT-3′; for 
IL-13, forward: 5′-CCT​CAT​GGC​GCT​TTT​GTT​GAC-
3′, reverse: 5’-TCT​GGT​TCT​GGG​TGA​TGT​TGA-3′; 
for TNF-α, forward: 5’-CCT​CTC​TCT​AAT​CAG​CCC​
TCTG-3’, reverse: 5’-GAG​GAC​CTG​GGA​GTA​GAT​
GAG-3’.
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RNA transcriptome sequencing
The KYSE30lm3 and KYSE30luc cells were cultured for 
48  h with complete medium. Then the cells were col-
lected and the total RNA was extracted using TRIzol rea-
gent (Invitrogen). The genomic DNA was removed using 
DNase I. RNA degradation and contamination was moni-
tored on 1% agarose gels. Then RNA quality was deter-
mined by 2100 Bioanalyser (Agilent Technologies) and 
quantified using the ND-2000 (NanoDrop Technologies). 
Only high-quality RNA sample (OD260/280 = 1.8 ~ 2.2, 
OD260/230 ≥ 2.0, RIN ≥ 8.0, 28S:18S ≥ 1.0, > 1  μg) was 
used to construct sequencing library. RNA purification, 
reverse transcription, library construction and sequenc-
ing were performed at Shanghai Majorbio Bio-pharm 
Biotechnology Co., Ltd. (Shanghai, China) according 
to the manufacturer’s instruction (Illumian, San Diego, 
CA). The transcriptome library was prepared following 
TruSeq™ RNA sample preparation Kit from Illumian 
(San Diego, CA) using 1 μg of total RNA. Fastp (https://​
github.​com/​OpenG​ene/​fastp) was used for quality con-
trol and read mapping. To identify DEGs between two 
different groups, the expression level of each gene was 
calculated according to the TPM method. RSEM (http://​
dewey​lab.​biost​at.​wisc.​edu/​rsem/) was used to quan-
tify gene abundances. GO (Gene Ontology, http://​www.​
geneo​ntolo​gy.​org) and KEGG (Kyoto Encyclopedia of 
Genes and Genomes, http://​www.​genome.​jp/​kegg/) 
were performed to identify which DEGs were signifi-
cantly enriched in GO terms and metabolic pathways at 
P-adjust ≤ 0.05compared with the whole-transcriptome 
background.

Migration and invasion assay
For migration assay, 5 × 104 KYSE30lm3/KYSE30luc and 
2 × 105 KYSE450lm2/KYSE450luc cells were plated in 
24-well Transwell plates with inserts (8-μm pore size, 
Corning) and were incubated at 37  °C for 24  h. Inva-
sion assays were carried out in a 24-well Transwell unit 
on polycarbonate filter coated with Matrigel (Corning). 
Cell inserts were fixed with 4% PFA for 30 min, followed 
by PBS wash and 1% crystal violet staining to allow visu-
alization. Nine random fields were captured per sample 
at 10 × magnification. The ratio of the average stained 
area to the field of view of each sample was calculated by 
Image J. All experiments were performed in triplicate.

Generation and purification of anti‑TMEM16A monoclonal 
antibodies
BALB/C mouse were used for immunization. TMEM16A 
eukaryotic plasmid mixed with In vivo-jetPEI (Polyplus) 
transfection reagent was used as antigen. Ten days after 
the last boost the sera of the immunized mice were tested 
for the TMEM16A specific antibody by ELISA, and the 

spleen cells were isolated and fused with myeloma cells 
to obtain hybridomas. Limited dilution was performed 
as standard step to selected hybridoma cell clones. We 
used 293  T-TMEM16A cell as coating antigen of pri-
mary screening, and GST-T16A-T1-T4 prokaryotic pro-
tein and GST protein (400 ng/mL) recombinant protein 
as coating antigen in the next few rounds of screening. 
Antibodies were prepared by intra-peritoneal injection of 
hybridomas into 8-week-old BALB/C female mice. One 
week before the hybridoma injection, 500 μL of incom-
plete Freund’s adjuvant was injected. After 10–15  days, 
the ascites was collected, and protein G agarose beads 
were used for antibody purification. After being concen-
trated by PEG20000, antibodies were dialyzed by PBS 
and identified with SDS-PAGE.

Immunoprecipitation and co‑immunoprecipitation
KYSE30lm3 cells were lysed with IP buffer (50  mM 
Tris–HCl, pH 7.5, 150 mM NaCl,1 mM EDTA and 0.5% 
NP-40) containing protease inhibitors (Roche, USA), and 
the lysates were used for IP with appropriate antibodies 
as well as protein G-Sepharose (GE Healthcare, USA). 
The precipitants were separated by SDS-PAGE and sub-
jected to Western blotting with specific antibodies.

Western blot assay
For Western blot analysis, cells were collected and lysed 
with 40 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% (v/v) 
Triton X-100, 1 × cocktail of protease inhibitors and 
PMSF. Protein samples (20  μg per lane) were separated 
and transferred to a NC membrane. After blocking with 
5% non-fat milk, the membranes were incubated with 
primary antibodies at 4  °C overnight. HRP-conjugated 
sheep anti-rabbit or anti-mouse IgG secondary antibod-
ies (Vector, Burlingame, CA) were incubated for 1  h at 
room temperature. The protein bands were detected 
using the Super Enhanced chemiluminescence detection 
kit (Applygen Technologies Inc, Beijing, China).

Multiplex IHC
Immunofluorescence staining was performed using a 
Multiplex mIHC kit (TSA-RM-275, Panovue, China). 
Chips were heated at 60 °C for 20 min. After dehydrated, 
chips were incubated with formalin solution and 3% 
H2O2 for 10  min. Following antigen retrieval with pH 
8.0 EDTA, the slides were blocked with 5% goat serum 
(ZLI-9056, ZSGB-BIO) for 1 h. Anti-EGFR antibody and 
anti-TMEM16 antibody as primary antibodies and then 
incubated with fluorescent antibodies. The chips were 
rinsed with washing buffer after each step. Following TSA 
deposition, the chips were again subjected to HIER to 
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strip the tissue-bound primary/secondary antibody com-
plexes and ready for labeling of the next marker. These 
steps were repeated until two markers were labeled and 
finally added with spectral 4′6-diamidno-2-phenylin-
dole (DAPI) at 1:500 dilution. The chips were mounted 
in ProLong Diamond Anti-fade Mountant and cured in 
the dark at room temperature for 24 h. All images were 
acquired for each case using a Vectra 3 pathology imag-
ing system and analyzed using inform software.

Measurement of TMEM16A chloride channel activity 
with MQAE
MQAE (S1082, Beyotime) is a fluorescently-labeled 
deoxyglucose analog that is used primarily to detect chlo-
ride channel activity in living cells. Briefly, the cells were 
cultured on glass-bottomed cell culture dishes (801,002, 
NEST, China). The cells were subsequently loaded with 
1  mM MQAE in the dark for 2  h at 37  °C, and washed 
twice with the MQAE effluent to remove the unbound 
probe and re-added with 1  mL of MQAE effluent. Cul-
ture dishes were placed on the stage of the laser confo-
cal microscope. The effluent was aspirated after selecting 
the field of view, and 500  μl of MQAE buffer with NaI 
(50 mM) was added. The focal length was adjusted at the 
excitation wavelength of 405 nm, and after 2 s of baseline 
fluorescence intensity in the field of view, 500 μl of ATP 
(200  μM) was added, then changes in the fluorescence 
intensity of cells under the field of view were recorded 
after continuous shooting after pipetting and mixing 
[36–38].

Measurement of chloride channel activity TMEM16A 
with EYFP‑H148Q/I152L
The ESCC cells were transfected with the pCDNA3.0-
YFP-H148Q/I152L plasmid for 24 h and were plated into 
a 96-well blackboard transparent bottom plate at 1 × 104/
well after digested and resuspended. EYFP-H148Q/
I152L fluorescence was monitored in cells with fluores-
cence microscopy after 24 h. After discarding the culture 
medium, the cells were washed in PBS for three times, 
then 50  μl/well of isotonic NaI Krebs-HEPES solution 
was added. Fluorescence was continuously measured at 
a rate of 5 s/point for 200 s, the first 10 s as the baseline, 
and after 10 s, the hypotonic Krebs-HEPES solution con-
taining 200 μM ATP was injected into the well at a rate of 
150 μl/well/s and the determination was continued. The 
parameters were set with excitation wavelength 514 nm 
and emission wavelength 550 nm [39, 40].

In vivo assay
Animal experiments were approved by the Biomedical 
Ethical Committee of Peking University Cancer Hospital 

& Institute and performed along institutional animal 
welfare protocols concordant with the NIH guidelines. 
Six-week-old male SCID/Beige mice were purchased 
from Charles River (Beijing, China). For footpad tumor 
model, KYSE30lm3 cells (2 × 105) were injected into the 
right footpad of mice which were killed 8  weeks later. 
For tumor growth model, KYSE30lm3 cells (2 × 106) were 
injected subcutaneously into the flanks of mice, which 
were subsequently killed 4 weeks later. All mice were ran-
domized into four groups of 6 mice each and treated with 
mT16A#5 (10  mg/kg), Cetuximab (1  mg/kg), Combina-
tion (mT16A#5 (10  mg/kg) plus Cetuximab (1  mg/kg)), 
or equal volume of PBS twice a week.

Cell proliferation assay
A Cell Counting Kit 8 (CCK-8, Dojindo Laboratories) was 
used to evaluate cell proliferation. At 24 h after transfec-
tion, the cells were seeded into 96-well plates with 1,000 
cells per well and cultured for 24, 48, 72, 96, and 120 h. 
Then, 10 μl of CCK-8 solution was added to each well and 
incubated for 1  h. Optical density was examined at the 
wavelength of 450 nm.

ELISA
Detection of inflammatory factors in the KYSE30lm3 
and KYSE30luc cell culture supernatant was performed 
by Univ-bio (Shanghai, China) using LabEx ELISA kit 
(MSD, K15049D-X).

Statically analysis
The SPSS (version 26) software package (SPSS Inc, Chi-
cago, IL) was used for statistical analysis. The data were 
expressed as the mean ± SD, and the data from spe-
cific experiments were compared by one-way ANOVA, 
Student’s t-test, or χ2 test. GraphPad Prism 6 software 
(GraphPad Software, San Diego, CA, USA) was used 
for statistical figure or chart display. Chi-square analy-
sis was used for differential expression of TMEM16A 
and EGFR in ESCC tissue microarrays. All experiments 
were repeated at least three times with consistent results. 
P-value < 0.05 was considered statistically significant.

Result
TMEM16A promotes ESCC cell motility and lymph node 
metastasis
TMEM16A is overexpressed and promotes cell metas-
tasis in a variety of squamous cell carcinomas includ-
ing head and neck squamous carcinoma, oral squamous 
carcinoma, cervical squamous carcinoma and ESCC 
[19, 20, 41]. In this study, nine ESCC cell lines includ-
ing KYSE30lm3, KYSE450lm2, KYSE30luc, KYSE450luc 
with different metastatic abilities and other five ESCC 
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cell lines were selected for the detection of endogenous 
TMEM16A expression levels. The results showed that 
in the KYSE30lm3 and KYSE30luc cell lines with higher 
metastatic ability, the protein and transcript level of 
TMEM16A were significantly higher than those of other 
cell lines (Fig. 1A). We further constructed a TMEM16A 
knockdown model to validate the role of TMEM16A 
in cell motility (Supplement Fig S1A). The results of 
migration and invasion assays showed that knockdown 
of TMEM16A expression inhibited the migratory and 
invasive ability of cells (Fig.  1B, Supplement Fig S1B). 
Meanwhile, we examined the proliferative ability of these 
cell models, and the results of CCK8 assay showed that 
knockdown of TMEM16A diminished cell proliferation 
(Supplement Fig S1C). Correspondingly, we also per-
formed transient overexpression of TMEM16A (Supple-
ment Fig S1D), and the cells overexpressing TMEM16A 
showed stronger motility and proliferative ability than the 
control groups (Fig. 1C, Supplement Fig S1E, S1F). After 
verifying the motility-promoting effect of TMEM16A, 
we further clarified the correlation between TMEM16A 
level and lymph node metastasis by examining the tumor 
tissues of ESCC patients. As shown by fluorescencent 
immunohistochemistry, lymph node metastasis occurred 
in a significantly higher percentage of patients with high 
expression of TMEM16A in the tumor tissues of ESCC 
than in those with low expression of TMEM16A (Fig. 1D, 
Table  1). Thus, these data suggest that TMEM16A can 
promote ESCC cell motility and lymph mode metastasis.

Generation of TMEM16A mAbs and characterization 
of their specificities
The experimental results outlined above provided evi-
dence supporting TMEM16A as a promising target for 
anti-metastatic therapy in ESCC. Following immuni-
zation of mice with a TMEM16A eukaryotic plasmid, 
hybridoma fusion, and clonal screening, six strains of 
antibodies were successfully generated and purified 
(Supplement Fig S2A). To elucidate the specificity of 
these antibodies, four GST-tagged extracellular seg-
ments of TMEM16A were synthesized and extracted for 

comparison of binding specificity with the antibodies, 
which showed that all six mAbs could bind only to the 
fourth extracellular segment (Supplement Fig S2B, S2C). 
In order to assess the functional antibodies, we evaluated 
the inhibitory capacity of six antibodies on cell migra-
tion utilizing KYSE30lm3 with high endogenous levels 
of TMEM16A. Results indicated that mT16A#5 dem-
onstrated the most potent inhibitory effect, with a 75% 
reduction in cell migration at an antibody concentration 
of 20 μg/ml (Fig. 2A). The impact of these antibodies on 
cellular chloride channel activity was determined through 
the utilization of the MQAE probe. In comparison to 
the control group, all six mAbs demonstrated inhibi-
tion of cellular chloride channel activity (Fig.  2B). Sub-
sequently, a dose-dependent assay was conducted with 
the mT16A#5 antibody, which displayed the most potent 
inhibition capability on migration. The findings showed 
that inhibitory effects of this antibody on cell migration 
and invasion were dependent on the dosage administered 
(5 μg/ml to 20 μg/ml) (Fig. 2C, Supplement Fig S2D). The 
binding specificity of the antibody, along with its recogni-
tion specificity for endogenous TMEM16A protein, was 
validated through the examination of ESCC cell lines and 
ESCC tumor tissue sections exhibiting varying expres-
sion levels. The results clearly showed that mT16A#5 
could recognize endogenous TMEM16A (Supplement 
Fig S2E, S2F). As previously discussed, TMEM16A has 
been identified as a key player in promoting tumorigen-
esis by modifying the cellular electrophysiological milieu 
through modulation of its ion channel activity, as well as 
facilitating cellular motility via various signaling path-
ways [16, 18]. Studies have shown that both CaCCinh-
A01 and T16Ainh-A01, specific inhibitors of TMEM16A, 
are capable of suppressing the function of TMEM16A ion 
channels. Furthermore, it has been observed that inhi-
bition of chloride channel activity with T16Ainh-A01 
can lead to the attenuation of cellular metastatic poten-
tial in certain cancer types [28, 29]. To further investi-
gate the dose-dependent inhibitory effect of antibody 
mT16A#5 on chloride channel activity, KYSE30luc with 
exogenous overexpression of TMEM16A and its control 

Fig. 1  TMEM16A promotes ESCC cell motility and lymph node metastasis. A TMEM16A was more highly expressed in ESCC cells with high 
metastatic ability. Western blot (left) and grayscale scanning analysis (right) of TMEM16A level in ESCC cell lines. GAPDH was used as a loading 
control. B, C TMEM16A promotes ESCC cell migration and invasion. B Transwell chamber assays and Matrigel invasion assays for KYSE30lm3 
and KYSE450lm2 cells after TMEM16A knockdown. C Transwell chamber assays and Matrigel invasion assays for KYSE450luc and KYSE410 cells 
overexpressing TMEM16A. D Fluorescence immunohistochemistry staining showed that the level of TMEM16A in ESCC tissues was significantly 
correlated with the degree of lymph node metastasis. The right figure shows the statistical graph of TMEM16A level and the number of lymph node 
metastasis in patients. The fluorescence values (MFI) of all samples were sorted numerically from smallest to largest based on the relative values 
of fluorescence intensity. High/low TMEM16A expression was distinguished according to MFI quartiles. Lower quartile Q1 was 31.145, denoted 
as " + ". Median Q2 was 38.506, and upper quartile Q3 was 43.821, denoted as " + + ". Samples with MFI greater than 43.821 were labeled as " + + + ". 
No detectable fluorescence intensity was denoted as “-”

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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counterpart (Supplement Fig S2G) were assessed using 
an MQAE probe. It was observed that the overexpres-
sion of TMEM16A in cell lines treated with antibody 
mT16A#5 exhibited a consistent duration of detection 
following the addition of ATP. Additionally, the rapid 
quenching of blue fluorescence on the membrane surface 
of the TMEM16A-overexpressing cell line compared to 
the control cell line was noted at the same time period 
after the addition of ATP, suggesting that overexpression 
of TMEM16A could promote the increase of the cellu-
lar chloride channel activity (Fig. 2D, Supplement S2H). 
This finding further confirmed the stability of the assay 
system for detecting TMEM16A chloride channel activ-
ity. The concentration gradient treatment experiments 
with the mT16A#5 antibody revealed a concentration-
dependent inhibitory effect on cellular chloride channel 
activity at concentrations of 10–20  μg/ml (Fig.  2E). To 
validate this inhibitory effect, we introduced the halide-
sensitive cytoplasmic fluorescent sensor EYFP-H148Q/
I152L into ESCC cell lines and established an assay sys-
tem to assess the impact of CaCCinh-A01 and T16Ainh-
A01 on TMEM16A channel activity. We successfully 
achieved stable overexpression of the halide ion sensor 
protein EYFP-H148Q/I152L in ESCC cell lines (Supple-
ment Fig S2I) and established an assay system to assess 
the inhibitory impact of CaCCinh-A01 and T16Ainh-
A01 on TMEM16A chloride channel function (Fig.  2F). 

Subsequently, we utilized this system to investigate the 
influence of the antibody mT16A#5 on cellular chloride 
channel activity. Our findings were in line with those 
obtained using the MQAE probe, indicating that the 
inhibitory effect of antibody mT16A#5 on cellular chlo-
ride channel activity is contingent upon concentration 
(Fig. 2G). These results suggested that mT16A#5 exhibits 
dose-dependent inhibition on ESCC cell migration, inva-
sion, and chloride channel activity.

The reciprocal regulatory effects between TMEM16A 
and EGFR
By carrying out cytological experiments, we have deter-
mined that the monoclonal antibody mT16#5 exhibits 
inhibitory effects on cell motility and chloride channel 
activity. This prompts that targeting TMEM16A with 
this antibody may hold promise for treating metastasis 
in ESCC. In contrast, the efficacy of targeted antibody 
therapy for ESCC metastasis, such as targeting EGFR, 
HER2, and PD-1, has shown limited effectiveness in clini-
cal trials [1, 3, 5]. It is well established that TMEM16A 
plays a role in promoting tumor growth, metastasis, and 
angiogenesis through the activation of various signaling 
pathways, including EGFR, CAMKII, P38, and Ras [21, 
23, 24]. Of these pathways, the activation of the EGFR 
is closely associated with the metastasis of ESCC. The 
interaction between EGFR and TMEM16A has been 
observed in multiple cancer types, including breast can-
cer [25]. To explore the potential correlation and regu-
latory relationship between EGFR and TMEM16A in 
ESCC, a preliminary analysis was conducted to confirm 
the transcriptional level expression correlation using data 
from the TCGA database (Supplement Fig S3A). Sub-
sequently, the protein levels of EGFR and TMEM16A 
were examined in tumor tissues obtained from 98 ESCC 
patients, revealing a significant positive correlation as 
anticipated (Fig.  3A, B). Further investigation was car-
ried out to explore the regulatory interaction between 
EGFR and TMEM16A in ESCC, as well as the potential 
synergistic effects of targeting both proteins with spe-
cific antibodies. Co-localization of EGFR and TMEM16A 
was demonstrated using confocal laser scanning micros-
copy (Supplement Fig S3B). Pull-down and CO-IP assays 
further validated the interaction between EGFR and 
TMEM16A (Fig.  3C, Supplement Fig S3C). The knock-
down of TMEM16A in these cells resulted in a decrease 
in total EGFR protein levels, with differential down-reg-
ulation of phosphorylated EGFR proteins pY1068 and 
pY992, albeit to a lesser extent than the decrease of total 
protein (Fig.  3D, Supplement Fig S3D). This suggested 
that TMEM16A plays a role in maintaining EGFR pro-
tein levels. Additionally, depletion of TMEM16A resulted 
in a significant reduction in EGFR at the transcriptional 

Table 1  Correlation between clinical information and TMEM16A 
in tumor tissues of ESCC patients

*  P < 0.05

Variables Number 
(n = 98)

TMEM16Alow 
(n = 25)

TMEM16Ahigh 
(n = 73)

χ2 P

Gender 1.545 0.487

 Male 74 19 55

 Female 24 6 18

Age, years 0.754 0.686

 < = 60 25 8 17

 > 60 73 17 56

Number 
of Lymph 
nodes 
metastases

4.859 0.037*

 0 48 17 31

 1 or more 50 8 42

Pathology T 
stage

5.063 0.536

 T1 1 1 0

 T2 18 5 13

 T3 77 19 58

 T4 1 0 1

 No 
detected

1 0 1
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Fig. 2  Inhibition of cell migration, invasion and chloride channel activity by TMEM16A-specific antibody mT16A#5. A Transwell chamber 
assays were employed to compared the ability of 6 anti-TMEM16A monoclonal antibodies to inhibit migration of ESCC cell lines. B MQAE 
probe fluorescence quenching assay were compared the inhibitory ability of 6 anti-TMEM16A monoclonal antibodies on chloride channel 
activity of ESCC cell lines. C Transwell chamber assays and Matrigel invasion assay demonstrated the mT16A#5 inhibited the cell motility 
in a concentration-dependent manner. D MQAE probe detected significant up-regulation of chloride channel activity with KYSE30luc cells 
overexpressing TMEM16A. E MQAE probe detected the concentration-dependent inhibitory effect of mT16A#5 on chloride channel activity 
in KYSE30lm3 and KYSE450lm2 cells. F The halide-sensitive cytoplasmic fluorescent sensor EYFP-H148Q/I152L detected the inhibitory effect 
of TMEM16A inhibitors CaCCinh-A01 and T16Ainh-A01 on cellular chloride ion activity at a concentration of 10 nM. G EYFP-H148Q/I152L system 
detected the concentration-dependent inhibitory effect of mT16A#5 on cellular chloride channel activity of KYSE30lm3 and KYSE450lm2 cells. 
*P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05
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level (Supplement Fig S3E). Treatment with the anti-
TMEM16A antibody mT16A#5 in EGFR knockdown and 
control cells revealed further insights. Upon treatment 
with the mT16A#5, it was observed that the inhibitory 
effects on the migration and invasion of EGFR knock-
down cells were minimal at a concentration of 20  μg/
ml compared to control cells (Fig.  3E). These results 
suggested that the impact of mT16A#5 on cell motil-
ity is dependent on EGFR expression. Next, we detected 
the migratory and invasive ability of cells under dou-
ble knockdown of EGFR and TMEM16A. The inhibi-
tory effect of knocking down EGFR on cell migration 
and invasion was weaker than that of knocking down 
TMEM16A on cell migration and invasion, while double 
knockdown of EGFR and TMEM16A had the strongest 
inhibitory effect on cell migration invasion (Supplement 
Fig S3F, S3G). This may be due to the differences in the 
downstream signaling pathways that the two act on, thus 
exerting a combined effect on the inhibition of cell move-
ment. Interestingly, EGFR knockdown led to reduced 
chloride channel activity in KYSE30lm3 cells, and 
mT16A#5 failed to inhibit chloride channel activity upon 
EGFR knockdown, suggesting a potential regulatory 
function of EGFR in ion channel activity of TMEM16A 
(Fig. 3F, G).

Synergistic effect of mT16A#5 and Cetuximab 
on the inhibition of ESCC metastasis and growth
After establishing the correlations and interactions 
between EGFR and TMEM16A in ESCC, as well as the 
dependence of mT16#5-inhibited motility on EGFR, we 
postulated that the combination of mT16#5 and Cetuxi-
mab, an EGFR-targeting antibody, would exhibit a syn-
ergistic effect in inhibiting metastasis in ESCC. We 
found that co-administration of equal concentrations 
of mT16#5 and Cetuximab yielded a more pronounced 
inhibitory effect on cell migration and invasion com-
pared to either antibody alone, confirming a synergis-
tic effect in these assays (Fig.  4A, B, Supplement Fig 
S4A, 4B, 4C). Subsequently, a mouse model of ESCC 
was utilized to confirm this synergistic effect. A footpad 

metastasis model was established in mice, followed by 
treatment with mT16A#5 antibody and Cetuximab. 
After four weeks of consecutive treatment, almost no 
footpad tumors were detected in mice in the combina-
tion treatment group, whereas almost all tumors in mice 
in the other groups had footpad metastases, revealing 
that the combination treatment had a synergistic effect 
on inhibiting ESCC metastasis (Fig.  4C, D, Supplement 
Fig S4D). Although we did not observe a significant 
inhibitory effect of mT16A#5 on cell proliferation in the 
in  vitro experiments, the effect of the combination of 
Cetuximab and mT16A#5 on cell proliferation showed 
a tendency to suppress the proliferation (Supplement 
Fig S4E). This may be due to the homogeneous cellular 
environment present in in vitro experiments, in contrast 
to the tumor microenvironment where antibodies exert 
tumor-inhibitory effects through multiple signaling path-
ways. Consequently, we conducted combination therapy 
on an animal model of esophageal squamous carcinoma. 
In the treatment of subcutaneous hormonal tumors in 
mice, only one mouse in the cetuximab treatment group 
did not develop a tumor, while the average weight of sub-
cutaneous tumors in the combination treatment group 
was lower than in each of the single treatment group, 
therefore the combination of antibodies had a synergistic 
effect on the inhibition of ESCC growth (Fig. 4F, G). Sim-
ilar to the results of metastasis model, there was no sig-
nificant difference in body weight was detected between 
the four groups, suggesting treatment with these anti-
bodies was well tolerated (Fig. 4E, H).

Antibody mT16A#5 inhibits phosphorylation of PI3K‑AKT/
JNK signaling pathway
Given the interplay between TMEM16A and EGFR, we 
postulated that mT16A#5 may affect EGFR-related sign-
aling pathway. Western blot analysis revealed changes in 
total EGFR cellular protein and phosphorylated protein 
levels in cells treated with mT16#5 compared to mIgG. 
Notably, a decrease in total EGFR protein levels of cells 
treated by mT16#5 was observed (Fig.  5A, Supplement 
Fig S5A). However, there was no significant alteration in 

Fig. 3  Mutual regulation between TMEM16A and EGFR. A, B Detection of TMEM16A and EGFR levels in tumors and adjacent normal tissues of 98 
ESCC patients. A mIHC staining of tissues from patients with ESCC patients with fluorescent dye coupled to excitation light of 520 nm for the EGFR 
antibody, fluorescent dye coupled to excitation light of 650 nm for the TMEM16A antibody, and DAPI was used for staining nuclei. B The expression 
of TMEM16A and EGFR in ESCC tissues was positively correlated with each other. The staining results were statistically analyzed, and the spectral 
splitting and fluorescence semi-quantification were carried out after removing the background value of autofluorescence in the tissues. C 
Pull-down assay detected the interaction of TMEM16A with EGFR extracellular segment protein (aa 668–1210) in 293 T cells overexpressing 
TMEM16A. EGFR extracellular segment was used as Input. D Knockdown of TMEM16A down-regulated EGFR protein levels. E The inhibitory effect 
of mT16A#5 on migration and invasion of KYSE30lm3 cells was dependent on EGFR expression. F MQAE system assay showed that knockdown 
of EGFR was able to down-regulate the chloride channel activity of KYSE30lm3 cells. G. Effect of antibodies mIgG (20 μg/ml) and mT16A#5 (20 μg/
ml) on the chloride channel activity in EGFR knockdown on KYSE30lm3 by the MQAE probe. **P < 0.01, ***P < 0.001, ns P > 0.05

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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the transcriptional levels of both TMEM16A and EGFR 
(Supplement Fig S5B). It was hypothesized that mT16#5 
may reduce the overall EGFR protein content by facili-
tating EGFR degradation. That is, mT16#5 inhibited the 
receptor activation induced by EGF to a certain extent. 
Through RNA transcriptome sequencing of KYSE30lm3 
and KYSE30luc cells, we identified target molecules with 
high expression in the downstream signaling pathway 
of EGFR, such as TNF signaling pathway and MAPK 
signaling pathway (Supplement Fig S5C). Based on the 
relevance of these signaling pathways to inflammation, 
we detected expression of a subset of inflammatory fac-
tors in KYSE30lm3 and KYSE30luc cells. Transcript 
levels of target genes which belong to these signaling 
pathways were quantified by qRT-PCR (Supplement Fig 
S5D, S5E). Additionally, protein levels in the cell cul-
ture media were quantified by ELISA (Supplement Fig 
S5F). Results of qRT-PCR and ELISA verified the differ-
ence in the inflammatory factors between these two cell 
lines. Subsequent analysis of the related proteins and 
their phosphorylation in mT16#5-treated cells revealed 
a down-regulation in the phosphorylation levels of PI3K, 
AKT, and JNK1,2,3 proteins (Fig.  5B). Hence, it was 
hypothesized that mT16#5 may exert its inhibitory effect 
on tumor cell motility by modulating the PI3K-AKT/JNK 
signaling pathway. Based on the role of the PI3K-AKT 
and MAPK signaling pathways in regulating autophagy, 
we investigated the impact of mT16A#5 on autophagy 
in KYSE30lm3 cells. The analysis of autophagy markers 
LC3B and Beclin2 revealed that mT16A#5 did not signifi-
cantly inhibit cellular autophagy (Fig. 5C).

Discussion
Prior to its identification as a chloride channel, 
TMEM16A was utilized as a prominent biomarker for 
gastrointestinal gliomas in clinical diagnostics [42]. 
Through extensive research on various tumor types, 
it was discovered that TMEM16A exhibited elevated 
expression levels due to copy number abnormalities in a 
range of tumors, with a significant correlation of the low 
survival rate. The elevated expression of TMEM16A in 

ESCC tumor tissues has been found to be strongly asso-
ciated with a negative prognosis, prompting research-
ers to consider it as a promising target for diagnostic 
and therapeutic interventions [43, 44]. Despite ongoing 
efforts to develop novel drugs targeting TMEM16A for 
inhibiting tumor metastasis, progress in this area remains 
at an early stage. While small molecule inhibitors CaC-
Cinh-A01 and T16Ainh-A01 have been extensively inves-
tigated for their potential in tumor therapy, they have not 
yet progressed to clinical trials [1, 2, 45]. In this study, we 
for the first time successfully generated a functional anti-
body targeting TMEM16A that has the ability to inhibit 
cellular chloride currents and can inhibit ESCC metasta-
sis after being combined with Cetuximab.

As a calcium-dependent chloride channel, TMEM16A 
has garnered significant interest in the context of diseases 
characterized by current dysregulation. The develop-
ment of inhibitors for this channel was initially motivated 
by the need to suppress abnormal cellular discharges 
and treat associated conditions. Consequently, numer-
ous studies have been conducted to identify TMEM16A 
inhibitors through screening for compounds that inhibit 
cellular chloride ions. Notable examples include natu-
ral compounds such as tannins, lignans, and eugenol, as 
well as the synthetic compound ZAF, which has received 
approval for clinical use in treating asthma [31, 32, 46]. 
As oncology research advances and targeted therapies 
become more prevalent, researchers have revised the 
screening criteria for TMEM16A inhibitors to focus on 
their inhibitory effects on tumor cell phenotypes. This 
has led to the identification of specific inhibitors capable 
of inhibiting tumor cell proliferation, migration, invasion, 
and inducing apoptosis. For example, compound CaC-
Cinh-A01, known for its effectiveness as a TMEM16A 
blocker, not only inhibits chloride channel activity but 
also promotes the degradation of TMEM16A proteins. 
Another inhibitor, compound T16Ainh-A01, has dem-
onstrated the ability to inhibit the proliferation of gas-
tric cancer cells and pancreatic cancer cell lines [28, 29]. 
It is noteworthy that CaCCinh-A01, despite exhibiting 
a more potent inhibitory effect on TMEM16A chloride 

(See figure on next page.)
Fig. 4  Synergistic effects of mT16A#5 and Cetuximab on the inhibition of ESCC metastasis and growth. A, B Combination of mT16A#5 
and Cetuximab inhibited migration and invasion of KYSE30lm3 cells. A Transwell chamber assays. B Matrigel invasion assays. C–E mT16A#5 
and Cetuximab have synergistic effect on inhibiting footpad metastasis of ESCC in mice. C KYSE30lm3 cells were injected subcutaneously 
into the footpad of the right hindfoot of mice, and whole-body imaging was performed on each group of mice after four weeks of consecutive 
treatment to observe the metastasis of the footpad tumor. D Statistical graph of fluorescence intensity of each mouse foot. E Statistical graph 
of body weight of mice in each group at the end of treatment. F–H The mT16A#5 and Cetuximab had a synergistic effect on the inhibition 
of subcutaneous ESCC tumor growth in mice. F KYSE30lm3 cells were injected into the subcutaneous part of the right coeliac region of mice. The 
mice were executed after four weeks of treatment, and the tumors were stripped and observed for growth. G Statistical graph of subcutaneous 
tumor mass of mice in each group at the end of treatment. H Statistical graph of body weight of mice in each group at the end of treatment 
*P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05



Page 13 of 17Zheng et al. Journal of Translational Medicine         (2024) 22:1046 	

Fig. 4  (See legend on previous page.)
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channel activity at equimolar concentrations, demon-
strated minimal inhibitory effect on tumor growth [47, 
48]. Consequently, there appears to be no direct cor-
relation between the suppression of chloride channel 
activity and the extent of inhibition of malignant tumor 
phenotypes for inhibitors. This phenomenon parallels 
the attributes of the specific antibodies generated in this 
study, particularly antibody mT16A#5. That is, while 
mT16A#5 exhibits the most potent capacity to inhibit 
the malignant phenotype of the tumor, it does not dem-
onstrate the highest inhibitory effect on TMEM16A chlo-
ride channel activity. This discrepancy can be attributed 
to the fact that the phosphorylation level of EGFR and 

the activity of the PI3K-AKT/JNK signaling pathway rep-
resent only a subset of the numerous factors influencing 
cellular metastasis and ion channel activity. The activity 
of the TMEM16A ion channel is influenced not only by 
signaling pathways implicated in cellular metastasis but 
also by the exposure of its calcium binding site and the 
activation of various receptors. The differential inhibition 
of TMEM16A ion channel activity by distinct antibodies 
may be attributed to their varying capacities to obscure 
the number of TMEM16A calcium binding sites and 
receptors.

EGFR is a tyrosine kinase receptor situated on the cell 
membrane, and its mediated signaling plays a pivotal role 

Fig. 5  mT16A#5 inhibits phosphorylation of PI3K-AKT/JNK signaling pathway. A Western Blot detected the effect of antibody mT16A#5 
on the levels of EGFR and its phosphorylated protein level in ESCC cells. B Western Blot detected the effect of antibody mT16A#5 on the total 
and phosphorylation protein level of PI3K-AKT/JNK signaling pathway related proteins in ESCC cells. C Western Blot detected the effect of antibody 
mT16A#5 on the LC3B and BCL-2 protein in KYSE30lm3
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in tumor development [49, 50]. Upon binding to ligands 
such as EGF, EGFR undergoes dimerization and subse-
quently activates intracellular domain tyrosine kinase 
activity, initiating downstream cell signaling pathways 
to facilitate transmembrane signal transduction. Pre-
vious studies have documented the direct or indirect 
interaction between EGFR and TMEM16A, which plays 
a crucial role in mediating the activation of the MAPK 
signaling pathway. Animal model research on lung can-
cer has demonstrated that TMEM16A can enhance 
tumor growth and metastasis in lung cancer through 
the EGFR/MAPK-dependent signaling pathway [22, 24]. 
Furthermore, the EGF-initiated EGFR/STAT3 signaling 
pathway has been shown to induce the upregulation of 
TMEM16A, thereby activating STAT3 signaling in breast 
cancer cells [27]. Nevertheless, the potential interaction 
between TMEM16A and EGFR in ESCC remains unex-
plored. In the study, the relationship between transcript 
levels of TMEM16A and EGFR content in ESCC has been 
investigated using the TCGA database. Additionally, we 
have conducted mIHC analysis to confirm the positive 
correlation between TMEM16A and EGFR expression in 
tumor tissues from patients with ESCC for the first time. 
We validated the role of TMEM16A in regulating EGFR 
transcription and overall protein levels using an ESCC 
cell model. During our investigation into the mecha-
nism of action of the antibody mT16A#5, we discovered 
that mT16A#5 could inhibit the PI3K-AKT/JNK signal-
ing pathway. The critical role of the PI3K-AKT signaling 
pathway in tumor metastasis has been well-documented 
in the literature. Specifically, TMEM16A has been shown 
to enhance MAPK/AKT signaling by activating the EGF 
receptor and other pathways, thereby creating a positive 
feedback loop and promoting the further expression of 
EGFR [23, 24, 51]. This result suggested that TMEM16A 
may participate in the regulation of EGFR expression by 
activating PI3K-AKT/JNK, and enhance its interaction 
with EGFR.

Based on the interaction of TMEM16A with EGFR 
and the high expression of both in ESCC, as well as the 
phenomenon that inhibition of TMEM16A improves the 
response to antibody-mediated EGFR-targeted therapy 
as indicated by Sucheta et  al., TMEM16A may play a 
crucial role in the response to antibody-mediated EGFR-
targeted therapy [50]. The present study was carried 
out with the combination of mT16A#5 and Cetuximab. 
Inhibition of TMEM16A has been shown to enhance the 
therapeutic efficacy of Cetuximab treatment, as com-
bined inhibition of migratory invasion of ESCC cells to 

a greater extent than either component alone at the same 
concentrations. Subsequent animal studies have corrobo-
rated these observations. This suggests that simultaneous 
inhibition of EGFR and TMEM16A has a better synergis-
tic anti-tumor effect. Cetuximab has been shown to bind 
to EGFR, forming an antibody-receptor complex that 
leads to intracellular degradation and downregulation of 
EGFR. In this study, it was observed that knockdown of 
EGFR resulted in decreased TMEM16A protein levels. 
The combination of Cetuximab and mT16#5 exhibited a 
synergistic effect, likely attributed to mT16#5 reducing 
cellular TMEM16A chloride channel activity and exert-
ing a tumor-suppressing effect through the PI3K-AKT/
JNK signaling pathway. Additionally, the utilization of 
Cetuximab not only demonstrated binding inhibition of 
the EGFR ligand receptor, but also potentiating the sup-
pression of cellular chloride channel activity and PI3K-
AKT/JNK signaling pathway by mT16#5.

In conclusion, our study not only validated the poten-
tial of TMEM16A as a therapeutic target for metastatic 
ESCC through analysis of clinicopathological samples, 
but also demonstrated the efficacy of a functional mono-
clonal antibody against TMEM16A in inhibiting meta-
static ESCC. Additionally, we conducted preliminary 
investigations into the mechanism of action of this anti-
body. Therapeutic antibodies targeting metastatic cancer 
through inhibiting TMEM16A have not been previously 
documented, thus this study introduces a novel idea for 
antibody therapy targeting TMEM16A in ESCC.
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Supplementary material 1: Fig S1 Effects of TMEM16A on cell proliferation 
and Migration. A. TMEM16A protein level in KYSE30lm3 and KYSE450lm2 
cells withTMEM16A knockdown. GAPDH was used as a loading control. 
B. Transwell chamber assays and Matrigel invasion assays for KYSE30lm3 
and KYSE450lm2 cells after TMEM16A knockdown. C. Cell proliferation 
assay kit detects proliferation ability of KYSE30lm3 and KYSE450lm2 cells 
withTMEM16A knockdown. D. TMEM16A protein level in KYSE450luc and 
KYSE410 cells withTMEM16A overexpression. GAPDH was used as a load-
ing control. E. Transwell chamber assays and Matrigel invasion assays for 
KYSE450luc and KYSE410 cells overexpressing TMEM16A. F. Cell prolifera-
tion assay kit detects proliferation ability of KYSE450luc and KYSE410 cells 
withTMEM16A overexpression. *P＜0.05, **P＜0.01, ***P＜0.001. Fig S2 
Preparation and functional assay of TMEM16A antibody. A. Anti-TMEM16A 
monoclonal antibody mT16A#1-mT16A#16 stained with Coomassie Bril-
liant Blue. B. Purification and quantification of four GST-tagged extracel-
lular segments of TMEM16A proteins. C. ELISA was performed to detect 
the specificity of six anti-TMEM16A monoclonal antibodies recognizing 
the four extracellular segments of TMEM16A. D. Antibody mT16A#5 
concentration-dependently inhibited the migration and invasion of 
KYSE30luc overexpressing TMEM16A. E. IHC detected the mT16A#5’s bind-
ing specificity to endogenous TMEM16A in ESCC cells. mIgG was used 
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as control. F. IHC detected the antibody mT16A#5’s binding specificity to 
endogenous TMEM16A in ESCC tumor tissues. mIgG was used as control. 
G. Western Blot detected the TMEM16A protein level after overexpression 
of TMEM16A in KYSE30luc cells. GAPDH was used as a loading control. 
H. MQAE probe was used to detect the inhibitory effect of TMEM16A 
inhibitor CaCCinh-A01 on the chloride activity of KYSE30lm3 cells at a con-
centration of 10 nM. I. Expression efficiency assay of the halide-sensitive 
cytoplasmic fluorescent sensor EYFP-H148Q/I152L stably transfected in 
KYSE30lm3 cells. *P＜0.05, **P＜0.01, ***P＜0.001. Fig S3 TMEM16A has 
interaction with EGFR. A. Correlation prediction of TMEM16A and EGFR 
transcript levels in tumor tissues of ESCC patients in TCGA database. B. 
Cell membrane co-localization of endogenous TMEM16A and EGFR in 
KYSE30lm3 cells. C. TMEM16A and EGFR interaction detected by CO-IP 
assay. D. Grey scale values of total protein and phosphorylated protein 
content of EGFR after knockdown of TMEM16A detected by Western 
Blot. in Fig 3D. E. TMEM16A and EGFR transcript levels after knockdown 
of TMEM16A. F. Western Blot detected the TMEM16A and EGFR protein 
level after dual silencing of EGFR and TMEM16A in KYSE30luc cells. GAPDH 
was used as a loading control. G. Transwell chamber assays and Matrigel 
invasion assays for KYSE30lm3 and KYSE450lm2 cells after dual silencing 
of EGFR and TMEM16A. *P＜0.05, **P＜0.01, ***P＜0.001, ****P＜0.0001. 
Fig S4 Synergistic effects of mT16A#5 and Cetuximab on the inhibition of 
ESCC metastasis. A. Migration assay to detect the inhibitory effect of the 
combination of mT16A#5 and Cetuximab on esophageal squamous car-
cinoma cells KYSE30lm3. B. Inhibitory effect of combination of mT16A#5 
and Cetuximab on esophageal squamous carcinoma cells KYSE30lm3 
detected by invasion assay. C. Inhibition of KYSE450lm2 in ESCC cells by 
the combination of mT16A#5 and Cetuximab as detected by migration 
assay and invasion assay. D. KYSE30lm3 cells were injected subcutane-
ously into the foot pads of the right hind feet of mice, and foot pad tumor 
metastasis was observed after four weeks of continuous treatment. E. 
Inhibition of KYSE30lm3 in ESCC cells by the combination of mT16A#5 
and Cetuximab as detected by CCK8 assay. The antibody mT16A#5 had no 
effect on cell proliferation in the range of tested concentration, and the 
combination of mT16A#5 and Cetuximab have showed trend of prolifera-
tion inhibition on KYSE30lm3. mIgG, mT16A#5, Cetuximab, combination. 
*P＜0.05, **P＜0.01, ns P＞0.05. Fig S5 mT16A#5 inhibits phosphoryla-
tion of PI3K-AKT/JNK signaling pathway. A. Grayscale scanning of protein 
levels in Fig 5A. B. Detection of changes of TMEM16A and EGFR transcript 
levels in cells treated with the antibody mT16A#5. C. KEGG enrichment 
analysis of DE genes in the KYSE30lm3VS KYSE30luc. D. Statistical graph 
of number of DEGs in the KYSE30lm3 VS KYSE30luc. E. Transcript levels of 
inflammatory factors in the KYSE30luc and KYSE30lm3 cells were quanti-
fied by qRT-PCR. F. Protein levels of inflammatory factors in the KYSE30luc 
and KYSE30lm3 cell culture media were quantified by ELISA. *P＜0.05, 
**P＜0.01,***P＜0.001,ns P＞0.05.
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