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Lung cancer has the highest mortality among cancers
worldwide due to its high incidence and lack of the effective
cures. We have previously demonstrated that the membrane
ion channel TMEM16A is a potential drug target for the
treatment of lung adenocarcinoma and have identified a pocket
of inhibitor binding that provides the basis for screening
promising new inhibitors. However, conventional drug dis-
covery strategies are lengthy and costly, and the unpredictable
side effects lead to a high failure rate in drug development.
Therefore, finding new therapeutic directions for already
marketed drugs may be a feasible strategy to obtain safe and
effective therapeutic drugs. Here, we screened a library of over
1400 Food and Drug Administration–approved drugs through
virtual screening and activity testing. We identified a drug
candidate, Zafirlukast (ZAF), clinically approved for the treat-
ment of asthma, that could inhibit the TMEM16A channel in a
concentration-dependent manner. Molecular dynamics simu-
lations and site-directed mutagenesis experiments showed that
ZAF can bind to S387/N533/R535 in the nonselective inhibitor
binding pocket, thereby blocking the channel pore. Further-
more, we demonstrate ZAF can target TMEM16A channel to
inhibit the proliferation and migration of lung adenocarcinoma
LA795 cells. In vivo experiments showed that ZAF can signif-
icantly inhibit lung adenocarcinoma tumor growth in mice.
Taken together, we identified ZAF as a novel TMEM16A
channel inhibitor with excellent anticancer activity, and as
such, it represents a promising candidate for future preclinical
and clinical studies.

Cancer is the second leading cause of death worldwide after
cardiovascular disease, accounting for approximately 10
million deaths each year or one-sixth of all annual deaths
worldwide (1). According to a report provided by the World
Health Organization in 2020, the number of incidences of lung
cancer is 2.21 million, and the number of deaths is 1.79 million
(2). Lung cancer is the highest mortality cancer. Significantly,
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Asia accounts for 59.6% and 61.9% of the global incidence and
mortality rates of lung cancer, respectively, which is more than
the rest of the world combined (3). Therefore, the develop-
ment of antilung cancer drugs is particularly urgent, in addi-
tion to preventive measures such as promoting a healthy diet
and avoiding tobacco use. Recently, many studies have shown
that TMEM16A channels are upregulated in several human
lung cancer cell lines and that overexpression of TMEM16A
contributes to tumor growth and invasion in lung cancer (4).
Further studies have shown that the TMEM16A gene is
localized at 11q13, one of the most frequently amplified re-
gions in human cancers and is associated with poor prognosis
(5). Furthermore, knockdown and direct inhibition of
TMEM16A channels can reduce the ability of lung cancer cells
to proliferate, migrate, etc. (6). Several TMEM16A channel
inhibitors, such as luteolin, matrine, etc., have been identified
and have shown therapeutic effects on lung cancer (7, 8).
Therefore, TMEM16A channels are promising as antilung
cancer drug targets.

TMEM16A (also known as ANO1) is a Ca2+-activated
chloride channel. TMEM16A is mainly expressed in epithelial
cells, smooth muscle cells, neuronal cells, and some cancer
cells, and its main physiological functions are to regulate fluid
secretion, smooth muscle contraction, and neuronal excitation
(9–11). Dysfunction of TMEM16A channels has been associ-
ated with a variety of diseases, including cancer (12–15), hy-
pertension (16), and asthma (17). Therefore, TMEM16A
channel modulators have the potential to treat these diseases.
In previous studies, to confirm the druggability of TMEM16A
channels, we identified a TMEM16A channel inhibitor binding
pocket, which is located in the extracellular vestibule, and the
drug can bind to this pocket to block the ion-conducting pores
(18). In addition, we found a natural product inhibitor of the
TMEM16A channel, theaflavin, which was able to targets the
TMEM16A channel to inhibit the viability of lung adenocar-
cinoma cells (19). Unfortunately, theaflavin is a polyphenolic
compound with poor molecular stability, and further im-
provements are needed if it is to be used as an anticancer drug.
Indeed, the development of anticancer drugs involves lead
compound discovery, preclinical and clinical studies that
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Zafirlukast targets TMEM16A to inhibit lung adenocarcinoma
require clarification of their pharmacological properties, anti-
neoplastic effects, and toxicity (20). The time from initial ex-
periments to regulatory review is often over 10 years, with
development costs ranging in the billions of dollars for per
drug. Although there are tens of thousands of anticancer drugs
in the research phase, the approval rate for anticancer drugs
entering clinical research is less than 5% (21). Therefore, the
development of new anticancer drugs is a high investment,
long lead time, and high-risk task.

In this study, we propose a drug repurposing strategy using
TMEM16A as an antilung cancer drug target. We identified an
inhibitor drug targeting the TMEM16A channel by screening
the Food and Drug Administration (FDA)-approved drug
dataset based on the TMEM16A channel inhibitor binding
pocket identified in previous studies. We revealed the molec-
ular mechanism by which this drug inhibits the TMEM16A
channel and tested its antilung cancer activity by inhibiting the
TMEM16A channel in cells as well as in mice. The strength of
this study is that the pharmacokinetics and toxicology of the
novel antilung cancer drug discovered are known and its safety
profile has been approved by the FDA, thus greatly increasing
the likelihood of the drug passing the experimental phase.
Although the dose safety and human efficacy of the discovered
TMEM16A channel inhibitor will need to be tested in clinical
studies, it is expected that the evaluation process will be
significantly shortened based on the available data. Our
strategy offers new ideas for the discovery of safe and effective
anticancer drugs.
Results

Screening based on the inhibitor binding pocket revealed that
ZAF is a TMEM16A inhibitor

In a previous study, we identified the extracellular vestibule
of the TMEM16A channel as a nonselective inhibitor binding
pocket and succeeded in discovering a potent channel inhibi-
tor, theaflavin (19). However, theaflavins are susceptible to
oxidation, resulting in unsatisfactory anticancer efficacy at the
cellular level. To shorten drug development time and increase
the success rate of drug trials, this study wanted to obtain
inhibitors targeting the TMEM16A channel from marketed
drugs, as these compounds were safety tested and had better
pharmacokinetic properties. To achieve this goal, we screened
a database of over 1400 FDA-approved drugs using the open-
source molecular docking program Vina. We performed
docking using the previously identified TMEM16A channel
inhibitor binding pocket as the receptor docking region. The
lower the binding energy of the small molecule to the protein
indicates a higher affinity for both. We tested the four highest-
ranked drugs based on drug–protein affinity using patch clamp
(Fig. 1, A and B), which were: Conivaptan, Entrectinib,
Pimaricin, and Zafirlukast.

First, patch clamp experiments showed that human embry-
onic kidney 293T cells (HEK293T) cells had no recordable
currents, and HEK293T cells transfected with TMEM16A
plasmid have recordable currents in the presence of 600 nM
Ca2+, and this current could be almost completely inhibited by
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10 μM T16Ainh-A01 (TMEM16A specific inhibitor), indicating
that the recorded current comes from TMEM16A channels
(Fig. 1, C and D). Then, patch clamp testing of the four drugs
showed that Zafirlukast (ZAF) at 100 μM concentration
inhibited 90% of the TMEM16A current (Fig. 1E). The current–
voltage analysis showed that the outward rectification current–
voltage relationship characteristic of the TMEM16A channel
was more obvious at low ZAF concentrations (Fig. 1, F and G).
The concentration–response curve was fitted using the Hill
function, revealing that the concentration giving half-maximal
inhibition (IC50) of ZAF for the inhibition of TMEM16A-
mediated currents was 8.1 ± 1.2 μM (Fig. 1H). ZAF is an oral
drug for the prevention and treatment of bronchial asthma. Its
mechanism of action is to reduce asthma attacks by antago-
nizing cysteine leukotriene receptors thereby reducing airway
smooth muscle contraction and inflammation. ZAF has been
shown to bewell tolerated in the treatment of asthma and can be
taken orally for long periods with low toxicity. Here, we found
that ZAF is an inhibitor of TMEM16 A channels and has the
potential to treat TMEM16A-related diseases.

ZAF uses a vertical binding mode to block the pore

To reveal the molecular mechanism of inhibition of
TMEM16A channels by ZAF, we constructed a complex simu-
lation system, including TMEM16A, ZAF, and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (Fig. 2). Molecular docking
revealed twodifferent bindingposes forZAFat thehighest affinity
values: binding mode 1 (horizontal pose) and binding mode 2
(vertical pose) (Fig. 2). The A and B chains of the TMEM16A
channel are two homologous subunits, and placing the two
conformations of ZAF in the A and B chains of TMEM16A
protein respectively enables monitoring the stability of the two
bindingmodes in the same system.Three independent 200 ns all-
atom simulations were performed for the complex simulation
system. To evaluate the conformational stability of the complex
system during Molecular dynamics (MD) simulations, we
calculated the root mean square deviation (RMSD) of the
TMEM16AandZAF.As shown inFigure 3,A–C, RMSDvaluesof
the protein backbone atoms ranged between 2.52 and 2.80 Å,
relative to the initial structure. The RMSD values for the ZAF
heavy atoms in binding modes 1 and 2 were 1.95 to 3.01 Å and
0.88 to 1.45 Å, respectively, and the RMSD for binding mode 1
fluctuated dramatically, indicating that it was not stable in this
binding mode. We extracted the conformations of the final and
found that the conformations of the three trajectories of ZAF in
binding mode 1 were significantly different, indicating that ZAF
was unable to bind stably in binding mode 1 (Fig. 3, D and E).
During the three dynamics, binding mode 2 maintained a similar
binding pose to the initial state, and the RMSD of the ZAF
molecule was smoother (Fig. 3F). This suggests that ZAFmay use
a vertical binding mode to bind TMEM16A protein.

To reveal the interaction mode of ZAF with the TMEM16A
channel, we mapped the free energy landscape of ZAF bound
to TMEM16A in binding mode 2. First, dynamics simulations
showed that the benzene ring at the head of ZAF has a stable
carbocyclic stacking relationship with residue W389 and that
the nitrogen-containing heterocycle of ZAF is slightly



Figure 1. ZAF is a novel inhibitor of TMEM16A channel. A, virtual screening flowchart. B, TMEM16A channel inhibitor binding pocket. C, whole-cell
currents of HEK293T cells overexpressing (OE) TMEM16A channels were activated by 600 nM Ca2+ in the pipette solution and inhibited by 10 μM of
T16Ainh-A01. WT HEK293T as vehicle control. The stimulation protocol: a holding potential of 0 mV for 100 ms, the membrane voltage was clamped in steps
of 20 mV from −80 to +80 mV for 750 ms, then back down to −80 mV for 500 ms. D, statistical results of the TMEM16A whole-cell current in (C). Data are
means ± SD (n = 3; ****p < 0.0001, OE TMEM16A + Ca2+ versus control; ****p < 0.0001, OE TMEM16A + Ca2+ + T16Ainh-A01 versus OE TMEM16A + Ca2+).
E, the inhibition by Conivaptan, Entrectinib, Pimaricin, and Zafirlukast (100 μM) of TMEM16A current tested at +80 mV. Data are means ± SD (n = 5).
F, representative current of TMEM16A inhibited by various concentrations of ZAF (0, 0.01, 0.1, 1, 10, and 100 μM). The stimulation protocol is consistent with
(C). G, I-V curve of the TMEM16A currents inhibited with different concentrations of ZAF (n = 5). H, concentration response curves of ZAF inhibition of
TMEM16A currents in HEK293T cells. The plot was fitted to the Hill equation (n = 5). HEK293T, human embryonic kidney 293T cells; I-V, current–voltage; ZAF,
Zafirlukast.
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redirected. We then calculated the distance between the
benzene ring of the ZAF head and residue W389 and the
overall folding angle of the molecule of ZAF and used these as
reaction coordinates to plot the free energy landscape of
protein–ligand binding. The data show the presence of a stable
bound state of ZAF in binding mode 2 (Fig. 3G). As shown in
Figure 3H, ZAF formed six interactions with the 22 residues in
the binding pocket. Among them, H-bond interactions with
S387, N533, and R535; π-π stacking interactions with W389,
carbon-H-bond with M524, A523; alkyl interactions with
A521, L522; and π-Sigma interactions with V538; and van der
Waals interactions with P380, P627, L827, D825, L385, C386,
J. Biol. Chem. (2022) 298(3) 101731 3



Figure 2. Molecular dynamics simulation of the TMEM16A system. TMEM16A is shown in cartoon; POPC is shown in stick (gray). ZAF is shown as
magenta sticks. Two binding poses of ZAF were placed in the A and B chains of TMEM16A protein respectively. Ca2+, K+, and Cl− ions are shown as blue,
white, and magenta spheres, respectively. POPC, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; ZAF, Zafirlukast.
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C382 E624, A626, T539, S527, P528, and N525. These in-
teractions allow the ZAF to bind stably above the pores of the
TMEM16A channel and thus block the pore.

The sulfanilamide and amide groups are the key
pharmacodynamic groups of ZAF

To reveal the molecular basis for the inhibition of
TMEM16A channels by ZAF, we analyzed the binding mode
of ZAF to TMEM16A channels. As shown in Figure 4, A and
B, the sulfonamide and amide groups of ZAF form H-bond
interactions with the S387, N533, and R535 side chains. We
calculated the H-bond occupancy to assess the stability of
these H-bonds, and as shown in Figure 4C, the occupancy of
all five hydrogen bonds was higher than 30%. H-bond is an
electrostatic interaction. To characterize the electrostatic in-
teractions, we calculated the electrostatic surface potentials of
ZAF with S387, N533, and R535 at the steadiest state. As
shown in Figure 4, D and E, there is an overlap of van der
Waals surfaces in the regions where all three residues form
hydrogen bonds with ZAF, and the electrical properties of the
overlapping regions are complementary. This suggests that the
sulfanilamide and amide groups are the pharmacodynamic
groups for ZAF inhibition of TMEM16A channels. To verify
the binding mode of ZAF with the TMEM16A channel, we
performed a molecular mutagenesis study. Patch clamp ex-
periments showed that the TMEM16A triple mutant channel
can be activated by 600 nM Ca2+ and inhibited by different
concentrations of ZAF (Fig. 4F). The mutation does not
change the outward rectification characteristics of the
TMEM16A channel (Fig. 4G). The concentration–inhibition
curve showed that the IC50 of ZAF inhibited TMEM16A
mutant-mediated currents was 113.2 ± 2 μM, thus reducing
the activity of ZAF inhibition of the TMEM16A mutant by
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approximately 14-fold compared to the WT (Fig. 4H). This
suggests that the S387A/N533A/R535A mutation significantly
weakened the inhibitory activity of ZAF inhibition of
TMEM16A, and S387, N533, and R535 are key sites for
TMEM16A inhibition by ZAF.

ZAF-targeted TMEM16A inhibits lung adenocarcinoma cell
viability

To investigate whether ZAF has anticancer efficacy, we
performed MTT and wound-healing assays. First, we tested
the potency of different concentrations of ZAF in inhibiting
the proliferation of lung adenocarcinoma cells LA795 which
has endogenous high-expressing TMEM16A (Fig. 5, A and B).
ZAF concentration-dependently inhibited the proliferation of
LA795 cells, with 50, 75, and 100 μM ZAF reducing the pro-
liferation capacity of LA795 cells by 27.3%, 55.5%, and 67.3%,
respectively (Fig. 5C). Knockdown of the TMEM16A channel
by shRNA significantly reduced LA795 cell proliferation, while
the use of ZAF did not further inhibit the proliferation of
LA795 cells with knockdown of TMEM16A expression (Fig. 5,
A, B, and D). In addition, we examined the effect of ZAF on the
proliferation of 16HBE (human bronchial epithelial) cells with
very low expression of TMEM16A channel, and the data
showed that 100 μM ZAF did not affect the proliferation of
16HBE (Fig. 5, E–G). However, when 16HBE cells were
transfected with TMEM16A plasmid, ZAF exhibited a signif-
icant inhibitory effect on the proliferation of 16HBE cells with
high expression of the TMEM16A channel. 100 μM ZAF
reduced the proliferation capacity of 16HBE cells by 57.04%
(Fig. 5, E, F, and H). We also tested the effect of TMEM16A
expression on the proliferation of 16HBE cells. The data
showed that the expression of TMEM16A WT and triple
mutants contributed to the proliferation of 16HBE cells.



Figure 3. Binding mode of ZAF and TMEM16A. A, the RMSD of the protein. B and C, the RMSD of the ZAF heavy atoms. D, the final state of receptors and
ligands of the system. E and F, the overlap of the final state (200 ns, three repetitions) and initial state (0 ns) structure of the two binding modes. G, free
energy landscape of the ZAF binding mode. H, representations of the binding mode of the ZAF and TMEM16A in their lowest binding energy conformation.
ZAF, Zafirlukast.
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Importantly, 100 μM ZAF reduced the proliferation of 16HBE
cells expressing TMEM16A WT and triple mutants by 38.2%
and 17.9%, respectively (Fig. 5, E, F, and I). In addition, cell
proliferation was not affected after transfection of 16HBE cells
with an empty vector (Fig. 5I). The above experiments showed
that ZAF could inhibit the proliferation of lung cancer cells by
inhibiting the TMEM16A channel.

The migration behavior of cancer cells is critical for tu-
mor metastasis. A statistical result shows that TMEM16A
promotes cell migration and invasion in various tumors
such as head and neck squamous cell carcinoma, hepato-
cellular carcinoma, glioblastoma, gastric cancer, etc (22). We
performed a wound-healing assay to evaluate the effect of
ZAF on the migration of LA795 cells (lung adenocarcinoma
cell line). Different concentrations of ZAF were added to the
medium with LA795 cells, and the cells were observed for
72 h. As shown in Figure 5, J and K, only 12% of the wound
area could be observed in the control group after 72 h. In
the 25 μM, 50 μM, and 75 μM groups, 33%, 63%, and 88%
of the total wound area were observed after 72 h, respec-
tively. It should be noted that ZAF above 50 μM had a
significant inhibitory effect on LA795 cell activity; therefore,
the inhibition of cell migration by high concentrations of
ZAF cannot be excluded as being due to cell death. How-
ever, 25 μM ZAF had almost no effect on LA795 cell
viability but still significantly inhibited LA795 cell migration
J. Biol. Chem. (2022) 298(3) 101731 5



Figure 4. Identification of ZAF binding sites. A and B, binding mode of ZAF and TMEM16A protein. ZAF is shown asmagenta sticks. Binding residues S387,
N533, and R535 are shown as cyan sticks. C, H-bond occupancy between the ZAF and S387/N533/R535. The red regions in the molecular structure are the
amide group and the sulfonamide group of ZAF. D, ESP-mapped molecular van der Waals surface of ZAF and S387/N533/R535. The stick represents ZAF.
Sphere model represents residues. E, H-bond between ZAF and S387/N533/R535. F, representative current of TMEM16A mutant inhibited by various
concentrations of ZAF (0, 30, 100, 300, 1000 μM). The stimulation protocol is consistent with Figure 1C. G, I-V curve of the TMEM16A mutant (S387A/N533A/
R535A, HEK293T cells) currents inhibited with different concentrations of ZAF (n = 5). H, concentration response curves for ZAF inhibition of TMEM16A
mutants, and for comparison, dashed lines are used to show the concentration response curves of ZAF for WT TMEM16A (data from Fig. 1G). The plot was
fitted to the Hill equation (n = 5). ESP, electrostatic surface potential; I-V, current–voltage; ZAF, Zafirlukast.
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(Fig. 5, C, J, and K). Therefore, the inhibitory effect of ZAF
on cell migration at low concentrations is clear.

Besides, the anticancer efficacy of ZAF was also evaluated in
a visualized manner by live/dead staining, where live and dead
cells were differentiated by co-staining with Calcein AM
(green fluorescence; living cells) and propidium iodide (red
fluorescence; dead cells). As presented in Figure 5L, in the
control group, all of the cells exhibited green fluorescence.
Meanwhile, LA795 cells incubated with 50 and 100 μM ZAF
were killed to varying degrees and stained with red fluores-
cence. Taken together, this evidence suggests that ZAF has
excellent anticancer activity in vitro.
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ZAF inhibited the growth of lung adenocarcinoma in vivo
To test the inhibitory effect of ZAF on tumors growth

in vivo, a tumors transplantation model of the lung adeno-
carcinoma cell line LA795 was constructed. Figure 6A showed
the time of data collection and dosing in the animal model test.
The inhibition of tumors growth by ZAF was examined by
measuring tumors volume. The data showed that tumors
growth was significantly higher in the control group than in
the experimental group using drugs. The tumors growth rate
of the mice in the experimental group with low dose of ZAF
(2.9 mg/kg) and the experimental group with cisplatin (6.5 mg/
kg) was close, while the tumors growth rate was slowest in the



Figure 5. ZAF inhibited proliferation and migration of LA795 cells. A, Western blot images of TMEM16A expression in LA795 cells. The image is from one
gel. B, the expression of TMEM16A was normalized to the expression level of GAPDH (HEK293T cells). Data are means ± SD. One-way ANOVA followed by
Tukey HSD test (n = 3; **p = 0.009, 16A-shRNA versus control). C, inhibitory effect of ZAF to the proliferation of LA795. Data are means ± SD. One-way ANOVA
followed by Tukey HSD test (n = 6; n.s. p = 0.075, 25 μM ZAF versus control; ****p < 0.0001, 50 μM ZAF versus control; ****p < 0.0001, 75 μM ZAF versus
control; ****p < 0.0001, 100 μM ZAF versus control). D, statistics results of cell viability after transfection with shRNA-16A. Data are means ± SD. One-way
ANOVA followed by Tukey HSD test (n = 6; ****p < 0.0001, 75 μM ZAF versus control; ****p < 0.0001, 16A-shRNA versus control; ****p < 0.0001, 16A-
shRNA+75 μM ZAF versus control). E, Western blot images of TMEM16A expression in 16HBE cells. The image is from one gel. F, the expression of TMEM16A
was normalized to the expression level of GAPDH (16HBE cells). Data are means ± SD. One-way ANOVA followed by Tukey HSD test (n = 4; p = 0.642, vector
versus control; p < 0.0001, WT-16A [16HBE cells over expression wild type-TMEM16A] versus control; p < 0.0001, TW-16A [16HBE cells over expression triple
mutant-TMEM16A(S387A/N533A/R535A)] versus control). G, inhibitory effect of ZAF to the proliferation of 16HBE. Data are means ± SD. One-way ANOVA
followed by Tukey HSD test (n = 6; n.s. p = 0.126, 100 μM ZAF versus control). H, inhibitory effect of ZAF to the proliferation of 16HBE transfected with
TMEM16A. Data are means ± SD. One-way ANOVA followed by Tukey HSD test (n = 6; **p = 0.003, 75 μM ZAF versus control; **p < 0.0001, 100 μM ZAF
versus control). I, the effect of TMEM16A expression on the proliferation of 16HBE cells. Data are means ± SD. One-way ANOVA followed by Tukey HSD test
(n = 6; n.s. p = 0.251, vector versus control; ***p = 0.0018, WT-16A versus control; ***p = 0.0025, TM-16A versus control; ****p < 0.0001, WT-16A versus WT-
16A + 100 μM ZAF; *p = 0.022, TM-16A versus TM-16A + 100 μM ZAF). J, migration of LA795 cells in the presence of 0, 25, 50, and 75 μM ZAF was assessed by
wound healing assay. Scale bar: 100 μm. K, statistical results of wound area in (F). Data are means ± SD. One-way ANOVA followed by Tukey HSD test (n = 6;
****p < 0.0001, 25 μM ZAF 24 h versus control 24 h; ****p < 0.0001, 50 μM ZAF 48 h versus control 48 h; ****p < 0.0001, 75 μM ZAF 72 h versus control 72 h;
****p < 0.0001, 75 μM ZAF 72 h versus 25 μM ZAF 72 h; ****p < 0.0001, 75 μM ZAF 72 h versus 50 μM ZAF 72 h). L, live-dead staining images of LA795 cells.
Scale bar: 500 μm (n = 6). 16HBE, human bronchial epithelial cells; HSD, honestly significant difference; ZAF, Zafirlukast.

Zafirlukast targets TMEM16A to inhibit lung adenocarcinoma
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Figure 6. ZAF inhibits the growth of tumors in vivo. A, schematic diagram of experimental design and treatment. B, tumor volume growth curve in
different groups (n = 6). C, body weight growth curve in different groups (n = 6). D, stripped images of the tumor entity after 7 administrations (n = 6).
E, statistical results of the stripped tumor weight in (D) (n = 6). Data are means ± SD. One-way ANOVA followed by Tukey HSD test (n = 6; *p = 0.022,
Cisplatin 6.5 mg/kg versus control; *p = 0.047, ZAF 2.9 mg/kg versus control; **p = 0.0013, ZAF 5.8 mg/kg versus control). F, statistical results of the stripped
tumor volume in (D). Data are means ± SD. One-way ANOVA followed by Tukey HSD test (n = 6; *p = 0.021, Cisplatin 6.5 mg/kg versus control; *p = 0.031,
ZAF 2.9 mg/kg versus control; **p = 0.001, ZAF 5.8 mg/kg versus control). G, histological sections of an excised tumor of each group after treatment. 20×.
Scale bar: 50 μm. HSD, honestly significant difference; ZAF, Zafirlukast.
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experimental group with high dose of ZAF (5.8 mg/kg)
(Fig. 6B). The data also showed that there was a significant
increase in the body weight of mice in the control and
ZAF-administered experimental groups, while there was a
significant decrease in the body weight of mice in the cisplatin-
administered experimental group (Fig. 6C).

The inhibitory activity of ZAF on tumors growth was tested
by dissecting the mice to examine the weight and volume of
the tumors. As shown in Figure 6, D–F, the weight of tumors
in each group of mice 15 days after tumors transplantation was
1.1 g (control), 0.7 g (Cisplatin 6.5 mg/kg), 0.82 g (ZAF 2.9 mg/
kg), and 0.59 g (ZAF 5.8 mg/kg), and the volume was
978.9 mm3 (control), 505.9 mm3 (Cisplatin 6.5 mg/kg),
597.2 mm3 (ZAF 2.9 mg/kg), and 341.3 mm3 (ZAF 5.8 mg/kg).
The above data indicated that ZAF had a significant inhibitory
effect on lung adenocarcinoma tumors growth in tumor-
transplanted mice. In addition, ZAF had no significant effect
8 J. Biol. Chem. (2022) 298(3) 101731
on the body weight of the mice, whereas cisplatin inhibited
lung adenocarcinoma tumors growth in the tumor-bearing
mice to a certain extent, but the body weight of the mice in
the cisplatin experimental group was significantly lower, sug-
gesting that ZAF may be safer. Finally, the antitumor efficacy
of ZAF was further investigated by the hematoxylin and eosin
staining assay. As shown in Figure 6G, the control group
presented compact tumor cells in violet, whereas severe ne-
crosis and pathological changes were exhibited in the tumor
tissues treated with cisplatin and high concentrations of ZAF,
which confirmed the excellent therapeutic effect of ZAF.

Discussion

Lung cancer is characterized by high incidence and mor-
tality, and the discovery of antilung cancer drugs is urgent, but
the development of an effective anticancer drug is challenging
(23). Considering TMEM16A is a potential drug target for
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lung cancer, to shorten the drug development time and
improve the success of drug development, we screened a
TMEM16A channel inhibitor drug, ZAF, from the FDA-
approved drug library. We used molecular dynamics simula-
tions, quantum chemistry calculations, and molecular biology
experiments to confirm TMEM16A is a new target for ZAF.
The results of calculations and site-directed mutations show
that ZAF can bind residues R535, N533, and S387 above the
pore, thereby blocking the pore. MTT and wound healing
assays showed that ZAF could inhibit the proliferation and
migration of lung cancer cells by inhibiting TMEM16A. In
tumor-xenograft mouse experiments, ZAF showed significant
inhibition of lung cancer tumor growth. The discovery of ZAF
is a successful application of a novel screening strategy based
on TMEM16A channel inhibitors binding pocket. On the one
hand, this study identifies a new target of ZAF, the TMEM16A
channel; on the other hand, the inhibition of TMEM16 by ZAF
gives it potential as a novel antilung cancer drug.

Drug repurposing has become one of the most active areas
in recent years, as this approach can significantly reduce the
cost and time of inventing new drugs (24). Another reason for
the low efficiency of conventional drug development is the lack
of systematic evaluation of indications, which can therefore
lead to unintended side effects (25). Successful examples of
drug repurposing include sildenafil, Avastin, Minoxidil, etc
(26). ZAF started as a cysteinyl leukotriene receptor antago-
nist. Cysteinyl leukotrienes (Cys-LTs, three major Cys-LT:
LTC4, LTD4, and LTE4) are potent proinflammatory media-
tors produced by arachidonic acid in response to the action of
5-oxidoreductase. By competitively binding to Cys-LTs re-
ceptors (Cys-LT1R and Cys-LT1R: two distinct G-protein-
coupled receptors), ZAF can block the action of Cys-LTs and
relieve the symptoms of many chronic diseases, particularly
bronchial asthma (27). ZAF displaced LTD4 with an IC50 value
of 45.4 nM on the Cys-LT1R but was found to be inactive on
the Cys-LT2R (28). Clinical trials have shown that patients
with asthma produce the most consistent response when
taking 20 mg of ZAF orally twice a day, with a 27% reduction
in asthma symptoms (29). In an animal model for the treat-
ment of asthma, guinea pigs administered ZAF orally at a dose
of 0.5 μmol/kg(≈0.287 mg/kg) were able to achieve maximum
antagonistic activity against LTD4 (30). Herein, the maximum
dose administered in the xenograft tumor assay in mice was
5.8 mg/kg, which is approximately 20 times the dose admin-
istered in the guinea pig asthma model. Therefore, the po-
tential side effects of ZAF need to be taken care of when using
ZAF to treat lung cancer.

Recent studies have shown that ZAF can also prevent car-
diovascular disease by inhibiting soluble epoxide hydrolase and
inhibiting peroxisome activated receptors (31). A study in 2020
showed that ZAF is a thiol isomerase inhibitor that can
concentration-dependently reduce platelet aggregation and
granule secretion and that ZAF reduces thrombosis in vivo
without impairing or increasing bleeding in a mouse test, so
ZAF may be developed as a therapeutic agent for thrombosis
(32). Notably, ZAF has been reported to block another chlo-
ride channel, the volume-regulated anion channel, with an
IC50 = �17 μM. Studies have shown that volume-regulated
anion channel may serve as a therapeutic target for stroke,
and thus ZAF may have some therapeutic effect on stroke (33).
These studies suggest that ZAF has a clear pharmacological
mechanism and diverse therapeutic effects.

We found that ZAF could concentration-dependently
inhibit TMEM16A channel currents and that mutations in
key residues caused reduced sensitivity of ZAF to TMEM16A
channels, thus confirming that ZAF can act as a TMEM16A
channel inhibitor. Electrostatic interaction analysis showed
that sulfonamide and amide groups are the key sites for ZAF to
bind TMEM16A (Fig. 4). Notably, a 2019 study showed that
ZAF inhibits receptor activity by binding to the pocket be-
tween cysteinyl leukotriene receptor TM4/TM5/TM7. Simi-
larly, the sulfonamide and amide groups of ZAF can have a
wide range of polar interactions with residues in the ligand
pocket of the cysteinyl leukotriene receptor (34). Therefore,
these two groups may constitute the key pharmacodynamic
groups of ZAF. Crucially, we found that ZAF could inhibit the
proliferation and migration of lung adenocarcinoma
LA795 cells by inhibiting the activity of TMEM16 A channels.
Further studies showed that ZAF had a significant inhibitory
effect on tumors in lung adenocarcinoma–transplanted mice
and did not affect the body weight of the mice. This suggests
that ZAF can inhibit the growth of lung adenocarcinoma cells
by targeting the TMEM16A channel. This is a preliminary
indication that ZAF is a promising and safe antilung adeno-
carcinoma drug.

Although our group has previously identified numerous
small molecules that have inhibitory effects on lung adeno-
carcinoma, such as theaflavin (19), arctigenin (35), and silibi-
nin (36), the pharmacology and toxicology of these natural
products are unknown, and these compounds require long-
term testing and optimized modifications before they can
hope to pass the evaluation phase. Based on pharmacokinetic
studies and clinical use of ZAF, the drug has shown a better
safety and stability profile than many natural products. How-
ever, the use of ZAF as an antilung adenocarcinoma drug re-
quires more intensive trials and a safety assessment.
Considering the numerous clinical data accumulated during
the use of ZAF in the treatment of asthma, the evaluation
process for ZAF will be considerably shorter.

Interestingly, TMEM16A channels are highly expressed in
airway smooth muscle cells as well as in the secretory cells of
airway patients, and TMEM16A channel inhibitors themselves
have therapeutic potential for asthma (17). Firstly, inhibition of
TMEM16A channels reduces the secretion of mucin from
airway secretory cells and relieves airway smooth muscle
contraction, both of which are beneficial in the treatment of
asthma (37). Thus, inhibition of TMEM16A channels by ZAF
may also be a route to treating asthma. In addition, TMEM16A
channel inhibitors have the potential to inhibit dorsal root
ganglion neuronal excitability and attenuate cerebral artery
constriction, so ZAF may have potential therapeutic effects on
neuropathic pain and hypertension. In conclusion, our results
suggest that a drug repurposing strategy based on the
TMEM16A channel as an antilung adenocarcinoma target is a
J. Biol. Chem. (2022) 298(3) 101731 9
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promising and promising approach for drug screening.
Furthermore, the discovery of ZAF will facilitate the research
process of antilung cancer drugs and provide opportunities for
the discovery of drugs for the treatment of diseases associated
with the TMEM16A channel.

Experimental procedures

Drug screening

The calcium-bound structure of TMEM16A (PDB ID: 5OYB)
(38) was used as a docked receptor, and the missing short loops
were complemented using the SWISS-MODEL program
(39, 40). Virtual screening of drugs was performed using the
molecular docking program Vina (41). The database contains
1435 FDA-approved drug molecules. Autodock tool (42) was
used to prepare the PDBQT files of TMEM16A and drugs. The
receptor was programmed to remain rigid, while the ligand was
flexible. The grid center was determined according to the center
of the upper inhibitor binding pocket of the pore, with a
searching space size of 24 Å3. The global search exhaustiveness
value was set to 50. The maximum energy difference between
the optimal binding mode and the worst case was set to 5 kcal/
mol to ensure diverse docked poses. Conivaptan and Zafirlukast
were purchased from DeSiTe (Chengdu, China). Entrectinib,
Pimaricin, and T16Ainh-A01 were purchased from TargetMol.

Molecular dynamics simulations

The TMEM16A simulation system was constructed using
CHARMM-GUI (43). TMEM16A protein was inserted into
the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine lipid
bilayers, and 150 mM KCl was added to the solvated system.
The final simulation boxes contained approximately 350,000
atoms and dimensions of �171 × 171 × 146 Å3. All simulations
were performed using Amber16 (44). The Amber ff14SB force
field, the lipid14 force field, and the Joung/Cheatham ion pa-
rameters (45, 46) were used. Parametrization of ZAF was
performed using the Antechamber module of Amber16, using
the Generalized Amber Force Field to assign atom types and
the AM1-BCC method to assign charges.

First, the simulated system of solutions, membranes, and the
entire system were sequentially performed for energy minimi-
zation. Next, the system temperature was increased from 0 to
100 K under the NVT ensemble, and then, the temperature was
increased from 100 to 300 K under the NPT ensemble, during
which the protein was restraint (10 kcal mol−1 Å−2). An NPT
equilibration of 500 ps was then performed, during which the
water molecules filled the pore, and protein Cα atoms were
restrained,with a constraint force of 2 kcalmol−1Å−2. Finally, for
the simulation system, three independent 200 ns simulations
were performed under NPT conditions at 300 K and 1 bar.

During the production process, the system used a Langevin
thermostat and a Monte Carlo constant pressure device; the
system showed an anisotropic pressure coupling with a
nonviscous cutoff of 10 Å. Long-range electrostatic in-
teractions were described by the Particle Mesh Ewald algo-
rithm with a cutoff of 12 Å. The van der Waals interactions
were cutoff at 12 Å. The lengths of hydrogen-containing
10 J. Biol. Chem. (2022) 298(3) 101731
covalent bonds were constrained using SHAKE, and the MD
time step was set to 2 fs. The snapshots were extracted every
100 ps for all equilibrium MD trajectories to calculate statis-
tical distributions. The CPPTRAJ module of the Amber pro-
gram was used to analyze the generated trajectories.

Quantum chemical calculation

Density functional theory was used to calculate electrostatic
surface potential analysis of drugs and residues. Gaussian 03
(47) was used to calculate the molecular wave function in-
formation. Wave function data used in all analyses were
generated using the B3LYP/6-31G** level algorithm. Molecu-
lar surface analysis maps were generated by Multiwfn (48) and
VMD 1.9.2 program (49).

Cell culture and transfection

HEK293T, LA795, and 16HBE cells were cultured in Dul-
becco’s Modified Eagle’s medium and RPMI-1640 at a humid
atmosphere (37 �C with 5% CO2) respectively. The culture
medium was supplemented with 10% FBS and 1% penicillin–
streptomycin. The HEK293T and 16HBE cells were trans-
fected with cDNA for mouse TMEM16A (Accession Number
NM_178642.5) using Neofect DNA transfection reagent
(Neofect). Following transfection, the HEK293T cells were
maintained in Dulbecco’s Modified Eagle’s medium at 37 �C
for 24 h before patch recording. The shRNA plasmid was
transfected into cells with the above transfection reagent to
knockdown the expression of endogenous TMEM16A in
LA795 cells. TMEM16A-shRNAs had the following target
sequence: 50-CCTGCTAAACAACATCATT-30. NC-shRNA
was an expression vector containing nonspecific shRNA: 50-
TTCTCCGAACGTGTCACGT-30.

Site-directed mutagenesis

The site-directed mutagenesis primers were designed by
Agilent Primer Design Website (https://www.agilent.com/
store/primerDesignProgram.jsp). Fast Mutagenesis System
Kit (FM111-02, Transgen) was used for the site-directed
mutagenesis experiments with a 50 μl PCR system and
confirmed by DNA sequencing. The primer design sequence is
provided in the Table 1.

Electrophysiology

Whole-cell patch clamp experiments were performed using
HEK293T cells at room temperature (22–25 �C). Drug effects
were quantified by measuring the drug-induced changes in
current amplitude at −80 or +80 mV. Current–voltage (I-V)
relationships were determined using step pulses between −80
and +80 mV in increments of 20 mV from a holding potential
of 0 mV followed by −80 mV step. The currents were recorded
from different cells exposed to different ZAF concentrations.
The concentration-inhibition curve of ZAF on TMEM16A
currents at +80 mV was calculated as follows: I/Icontrol, where
Icontrol indicates currents before ZAF application, and I rep-
resents the steady-state current after application of ZAF (This
normally takes about 5 min). The value of IC50 was calculated
by fitting the Hill equation.

https://www.agilent.com/store/primerDesignProgram.jsp
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Table 1
The design sequence of the primer

Primer Sequence (50 to 30) Number of nucleobase

S387A gagctcatcttccagtaggcgcaggtcttgtcacacag 38
S387Aa ctgtgtgacaagacctgcgcctactggaagatgagctc 38
N533A actgtaacccggatggcggaccgcacagacgg 32
N533Aa ccgtctgtgcggtccgccatccgggttacagt 32
R535A gccgtgactgtaaccgcgatgttggaccgcac 32
R535Aa gtgcggtccaacatcgcggttacagtcacggc 32

Zafirlukast targets TMEM16A to inhibit lung adenocarcinoma
The external solution contained: NaCl, 160 mM; KCl,
2.5 mM; CaCl2, 2 mM; MgCl2⋅6H2O, 1 mM; glucose, 8 mM;
Hepes, 10 mM (adjusted to pH 7.4 with NaOH). The pipette
solution contained: CsCl, 130 mM; EGTA, 10 mM;
MgCl2⋅6H2O, 1 mM; Hepes, 10 mM; ATP, 2 mM (adjusted to
pH 7.3 with CsOH). The 600 nM free Ca2+ pipette solution
was prepared by adding standard CaCl2 solution. The free Ca

2+

concentration was calculated with Ca-EGTA calculator
V1.2 (https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/
maxchelator/CaEGTA-NIST.htm).

All recordings were performed using an EPC10 amplifier
controlled by Pulse software with a Digi LIH1600 interface
(HEKA). The data were low-pass filtered at 2.9 kHz and
sampled at 10 kHz.

Western blot

Different groups of LA795 and 16HBE cells were washed
three times in ice-cold phosphate buffer solution and lysed in
RIPA buffer with 1 X Halt phosphatase and protease inhibitor
cocktails. The proteins were separated on 10% sodium dodecyl
sulfate-polyacrylamide gels and electroblotted onto a nitro-
cellulose membrane in 25 mM Tris and 190 mM glycine at
100 V for 2 h at 4 �C. Blots were incubated overnight at 4 �C
with anti-TMEM16A antibodies (rabbit polyclonal antibodies,
BA3464-2, 1:1000, BOSTER), or anti-GAPDH antibodies
(rabbit polyclonal antibodies, AF0911-BP 1:5000, Affinity
Biosciences) for 12 h. The membranes were then probed with
the immunoreactivity by adding secondary antibody (goat anti-
rabbit IgG, WLA023, 1:5000, Wanleibio) detecting it with
chemiluminescent HRP detection kit.

In vitro anticancer activity assay

LA795 and 16HBE cells were seeded into each well of a 96-
well plate and cultured for 24 h. Cells were then cultured with
dimethyl sulfoxide (0.1% (v/v) DMSO as control) or ZAF
(0–100 μM) for 48 h before performing the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Cells were incubated with 5 mg/ml MTT (20 μl) solution for
4 h. The sample absorbance was measured at 490 nm using a
SpectraMAX i3 spectrophotometer. The percentage of cell
viability was calculated by dividing the absorbance of the ZAF
treated group with that of the control group.

LA795 cells were grown to achieve 90% confluency in 6-well
plates, scraped with a sterile 200 μl tip, and washed twice with
PBS. Then, the cells were incubated with each medium con-
taining 1% fetal bovine serum and treated with ZAF at 25, 50,
or 75 μM or 0.1% (v/v) DMSO (control). Finally, cells were
photographed at 0, 24, 48, or 72 h under an inverted micro-
scope at × 100 magnification. The wound-healing area was
calculated using ImageJ software, and the relative scratch area
was determined as the ratio of the average area in ZAF-treated
cells to that in the control cells.

LA795 cells were seeded in 6-well plates and incubated
overnight at 37 �C in a humidified and 5% CO2 atmosphere.
After being rinsed with PBS (pH 7.4), the cells were incubated
with the 0.1% (v/v) DMSO (control), 50 μM, 100 μM ZAF for
36 h under the same conditions, respectively. Afterward, the
cells of the experimental group were rinsed again with PBS and
stained with calcein-AM and propidium iodide for visualiza-
tion of live and dead/late apoptotic cells, respectively. Finally,
the cells of all groups were rinsed again with PBS and were
observed by confocal fluorescence microscopy.

Tumor xenografts in mice

All animal studies were approved by the Laboratory Animal
Ethical and Welfare Committee Hebei Medical University. No
statistical method was applied to predetermine the sample size,
and the investigators performing preclinical experiments were
not blinded. LA795 cells (5 × 106 cells per mouse) were
inoculated to the right forelimb of BALB/c nude mice (about
6 weeks, male). After the tumor volume reached 50 mm3, the
mice were divided into four groups in a randomized manner:
control group, cisplatin group (6.5 mg/kg), low-dose ZAF
group (2.9 mg/kg), and high-dose ZAF group (5.8 mg/kg), six
samples per group. Mice in the cisplatin and ZAF groups were
injected with 0.1 ml of working solution every 2 days, while
control group mice were injected with 0.1 ml of saline. Tumor
size was measured with caliper, and volume was calculated
with the standard formula: length × width2/2. Weight of mice
and volume of tumors were measured every 2 days, and the
mice were administered intraperitoneally. On the 15th day, the
tumor tissues were excised for histological analysis.

Data analysis

Graphical presentation and data analysis were performed
using OriginPro Learning Edition and Microsoft Excel 2019.
The data are presented as mean ± standard deviation, and the
number of replicates is given in Figure legends. Statistical
significance of the differences between group means was
evaluated by one-way analysis of variance using Tukey’s hon-
estly significant difference test as a post hoc test; p values ≤0.05
were considered statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001). Discovery Studio visualizer
was used to analyze noncovalent interactions between ZAF
J. Biol. Chem. (2022) 298(3) 101731 11
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and its binding pocket. Visualization and analysis of model
features were performed by VMD (49) and Open-Source
Pymol (https://pymol.org).
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