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A B S T R A C T   

Anoctamin 1 (ANO1) is a calcium-activated chloride channel found in various cell types and is overexpressed in 
non-small cell lung cancer (NSCLC), a major cause of cancer-related mortality. With the rising interest in 
development of druggable compounds for NSCLC, there has been a corresponding rise in interest in ANO1, a 
novel drug target for NSCLC. However, as ANO1 inhibitors that have been discovered simultaneously exhibit 
both the functions of an inhibition of ANO1 channel as well as a reduction of ANO1 protein levels, it is unclear 
which of the two functions directly causes the anticancer effect. In this study, verteporfin, a chemical compound 
that reduces ANO1 protein levels was identified through high-throughput screening. Verteporfin did not inhibit 
ANO1-induced chloride secretion but reduced ANO1 protein levels in a dose-dependent manner with an IC50 
value of ~300 nM. Moreover, verteporfin inhibited neither P2Y receptor-induced intracellular Ca2+ mobilization 
nor cystic fibrosis transmembrane conductance regulator (CFTR) channel activity, and molecular docking studies 
revealed that verteporfin bound to specific sites of ANO1 protein. Confirming that verteporfin reduces ANO1 
protein levels, we then investigated the molecular mechanisms involved in its effect on NSCLC cells. Interest-
ingly, verteporfin decreased ANO1 protein levels, the EGFR-STAT3 pathway as well as ANO1 mRNA expression. 
Verteporfin reduced the viability of ANO1-expressing cells (PC9, and gefitinib-resistant PC9) and induced 
apoptosis by increasing caspase-3 activity and PARP-1 cleavage. However, it did not affect hERG channel ac-
tivity. These results show that the anticancer mechanism of verteporfin is caused via the down-regulation of 
ANO1.   
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1. Introduction 

Non-small cell lung cancer (NSCLC) is a major type of lung cancer 
that accounts for approximately 85 % of all lung cancer cases [1]. 
Despite significant advances in diagnosis and therapy of NSCLC, the 
five-year survival rate remains very low [2]. As the growth and survival 
of NSCLC cells depend on EGF receptor (EGFR) signaling [3], EGFR 
tyrosine kinase inhibitors (EGFR-TKIs) have been used as first-line 
treatment for NSCLC. Gefitinib is a representative EGFR-TKI which 
blocks the EGFR signaling pathway by antagonizing the EGFR in NSCLC 
cells. Unfortunately, like other anti-cancer drugs, nearly one-third of 
patients acquire resistance at the beginning of the treatment, and even 
patients who show a primary response can develop resistance after a 
period of treatment [4]. Thus, the identification of novel therapeutic 
targets as well as development of novel therapeutic agents for NSCLC 
treatment are necessary. 

Anoctamin 1 (ANO1), also known as transmembrane protein 16A 
(TMEM16A), is a calcium-activated chloride channel (CaCC) that is 
overexpressed in various cancer cells and leads to cancer progression [5, 
6]. Several in vitro and in vivo studies have reported that the pharma-
cological downregulation of ANO1 significantly inhibits cancer cell 
proliferation, growth, and migration [6–8]. Moreover, we previously 
reported that ANO1 was highly overexpressed in PC9 NSCLC cells, and 
that the pharmacological inhibition (channel function and protein 
reduction) of ANO1 by diethylstilbestrol suppressed the proliferation 
and migration of PC9 cells [9]. However, other studies have reported 
that ANO1 functional inhibitors including diethylstilbestrol inhibit 
ANO1-mediated chloride secretion, thus inducing side effects such as 
hypotension, constipation, and dry mouth syndrome [1,10,11]. These 
results suggest that reducing ANO1 protein levels without rapidly 
inhibiting the function of the ANO1 channel may have some advantages 
in the treatment of cancer. Therefore, we used High Throughput 
Screening (HTS) to identify verteporfin, a chemical compound that 
slowly decreases ANO1 protein levels. 

Verteporfin (VP) is known to be a porphyrin photosensitizer, clini-
cally used in photodynamic therapy to treat age-related macular 
degeneration (AMD) and neovascularization [12]. Recent studies have 
reported that verteporfin without light activation inhibits autophagy 
and induces apoptosis in cancer cells via the inhibition of autophago-
some formation and the activation of intrinsic apoptotic pathways [12, 
13]. Verteporfin can also inhibit cell proliferation and differentiation via 
regulation of YAP-TEAD with the Hippo pathway [14]. However, the 
anticancer effect of verteporfin via regulation of other targets including 
ion channels has not been reported. 

In this study, we discovered that verteporfin plays a role in down-
regulating ANO1 for the first time and investigated its anticancer effect 
and the underlying mechanism involved in inhibiting NSCLC. 

2. Methods 

2.1. Materials 

Food and Drug Administration (FDA) approved drug library was 
provided by Dr. Sang-Hyun Min at the Daegu Gyeongbuk Medical 
Innovation Foundation (New Drug Development Center, DGMIF, Daegu, 
Korea). Ani9 was purchased from Tocris Bioscience (Bristol, UK). All the 
remaining materials including verteporfin were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). 

2.2. Cell culture 

Fisher rat thyroid (FRT) cells stably expressing ANO1 and cystic 
fibrosis transmembrane conductance regulator (CFTR) were kindly 
provided by Alan Verkman (University of California, San Francisco, CA, 
USA) and cultured in Coon’s modified F12 medium with 10 % fetal 
bovine serum (FBS), 2 mM L-glutamine, 100 U mL− 1 penicillin and 100 

μg mL− 1 streptomycin. HEK293T was provided by Prof. Wan Namkung 
(Yonsei University) and H1975, HT29 and SW620 cells were provided 
by the New Drug Development Center (New Drug Development Center, 
DGMIF, Daegu, Korea), respectively, and HEK293T cells were cultured 
in Dulbecco’s modified Eagle medium (DMEM) or RPMI-1640 medium. 
PC9 and gefitinib-resistant PC9 cells were provided by Prof. Byoung 
Chul Cho and were cultured in RPMI-1640 medium supplemented with 
10 % FBS, 100 U mL− 1 penicillin and 100 μg mL− 1 streptomycin. 

2.3. Yellow fluorescent protein (YFP) reduction assay 

YFP variants (YFP-H148Q/I152L/F46L)- and ANO1-expressing PC9 
cells were cultured in 96-well microplates at a confluency of ~90 %. 
After 24 h, the wells were washed with Phosphate-buffered saline (PBS) 
and treated with the test compounds for 20 min or 24 h. The YFP fluo-
rescence in each well was monitored every 0.4 s for 10 s using a 
microplate reader (Synergy Neo). To measure iodide influx caused by 
ANO1 channel activation, 100 μL of 70 mM iodide solution and 100 μM 
ATP were added to all 96 wells 2 s after measuring YFP fluorescence 
using an injector in the microplate reader (Synergy Neo2, Bio Tek In-
struments, Inc., VT, USA). The inhibitory effect of test compounds on the 
ANO1 channel activity was measured using the initial slope generated 
by the decrease in YFP fluorescence. 

2.4. Cytosolic Ca2+ measurement 

Chinese hamster ovary (CHO-K1) cells were cultured in 96-well 
black-walled microplates coated with poly-L-lysine and loaded with 
Fluo-4, a fluorescent Ca2+ indicator from Fluo-4 NW calcium assay kit 
(Invitrogen, Carlsbad, CA, USA). Briefly, CHO-K1 cells were incubated 
with 100 μL of Fluo-4 NW mixture containing Fluo-4 in 1X Hanks’ 
balanced salt solution with 2.5 mM probenecid and 20 mM HEPES. After 
incubation in the dark for 40 min, the 96-well plates were transferred to 
Synergy Neo2 microplate reader (Bio Tek Instruments, Inc.) equipped 
with syringe pumps and custom Fluo-4 excitation/emission filters (485/ 
538 nm) for the measurement of Fluo-4 fluorescence. 

2.5. Ussing chamber-based analysis 

FRT cells expressing ANO1 and CFTR were mounted in Ussing 
chambers (Physiologic Instruments, San Diego, CA, USA). The baso-
lateral bath was filled with HCO3

- -buffered solution containing 120 mM 
NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM D-glucose, 2.5 mM 
HEPES, and 25 mM NaHCO3 (pH 7.4). The apical bath was filled with a 
half-Cl- solution (65 mM NaCl in the HCO3

- -buffered solution was 
replaced with Na-gluconate). The basolateral membrane was then per-
meabilized with 250 μg mL− 1 amphotericin B. Cells were incubated in 
bath solutions for 20 min and aerated with 95 % O2/5 % CO2 at 37 ◦C. 
Forskolin and Eact were applied to the apical membrane to activate 
CFTR and ANO1, respectively, and test compounds were added to both 
apical and basolateral bath solutions 20 min before ANO1 and CFTR 
activation. Apical membrane currents were measured using the EVC- 
4000 Multi-Channel V/I Clamp (World Precision Instruments, Sar-
asota, FL, USA) and Power Lab 4/35 (AD Instruments, Castle Hill, 
Australia). Data were analyzed using Lab Chart Pro 7 (AD Instruments). 
Sampling rate was set at 4 Hz. 

2.6. Western blot analysis 

Protein sample preparation was performed as previously described 
by Seo et al. [15]. Protein samples were separated using 4–20 % 
Mini-PROTEIN TGX™ Precast Gels and transferred to PVDF membranes 
(0.2 µm) using the Trans-Blot Turbo Blotting System (Bio-Rad Labora-
tories, CA, USA). Blocking was performed for 10 min using Everyblot 
Blocking buffer (Bio-Rad Laboratories). Membranes were then incu-
bated overnight with primary antibodies of recombinant anti-TMEM16A 
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antibody [SP31] (ab64085; Abcam), phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) antibody (#9101; Cell Signaling), p44/42 MAPK 
(Erk1/2) antibody #9102 (Cell Signaling), phospho-EGF Receptor 
(Tyr1068) (D7A5) XP® rabbit mAb (#3777; Cell Signaling), anti-EGFR 
antibody (A-10; Santa Cruz Biotechnology), phospho-STAT3 (S727) 
(#CST9134), STAT3 (#CST9139), or anti-β-actin (Santa Cruz Biotech-
nology). The membranes were then incubated with HRP-conjugated 
anti-secondary IgG antibodies (Enzo Life Science) for 1 h at room tem-
perature (RT). Finally, visualization was performed using the Clarity™ 
Western ECL substrate with ChemiDoc (Bio-Rad Laboratories). 

2.7. Whole-cell patch-clamp experiments 

PC9 cells endogenously expressing ANO1 were used for whole-cell 
patch-clamp recordings. The pipette solution (pH 7.2, 300 nM Ca2+) 
was composed of 150 mM N-methyl-D-glucamine-Cl (NMDG-Cl), 10 mM 
ethylene glycol tetraacetic acid (EGTA), 6.6 mM CaCl2, 5 mM HEPES, 3 
mM MgATP, and 1 mM MgCl2. The bath solution (pH 7.4) was composed 
of 150 mM NMGD-Cl, 10 mM HEPES, 5 mM glucose, 1 mM CaCl2, and 1 
mM MgCl2. Borosilicate glass pipettes were used for patch-clamp anal-
ysis. The resistance of glass pipettes was approximately 3–5 MΩ after fire 
polishing. Seal resistance was maintained between 3 and 10 GΩ during 
the recordings. The pulse protocol was as follows: holding potential, 0 
mV; ramp pulse, − 100 to 100 mV; pulse duration, 1 s; and pulse-to- 
pulse interval, 20 s. All the recordings were performed at RT. Axo-
patch 200 B (Axon Instruments, San Jose, CA, USA) was used for the 
recordings and currents were digitized by the Digidata 1440 A (Axon 
Instruments); the currents were filtered at 5 kHz and sampled at 1 kHz. 

2.8. Molecular docking analysis 

Molecular docking is a potential virtual screening method widely 
used in computational drug discovery that enables the identification of 
hit and lead molecules in a short time. Schrodinger docking suits were 
used to explore potential hits against ANO1. Prior to scoring, we 
retrieved potential candidate compounds from PubChem database [16] 
and implemented two pre-mandatory protocols, ligand preparation with 
LigPrep and protein preparation wizard. Using LigPrep module, energy 
minimized 3D molecular structures were generated with necessary 
corrections for chiralities, ionization states, tautomers, and ring 
conformation. We used OPLS2005 force field and maintained pH at 7.0 
± 2.0 during the entire process [17]. 

The Schrodinger’s Glide Extra Precision (XP) docking protocol was 
selected to explore potential hits against ANO1 structure. First, different 
3D structures of ANO1 (PDB ID: 6BGJ, 5OYB) were selected and 
downloaded from an online protein data bank [18]. Subsequently, the 
PDB files of ANO1 structure were processed with the protein preparation 
wizard to ensure chemical correctness and to optimize protein structure. 
Water and interfering solvent molecules were removed. Hydrogen atoms 
and formal charges were added to the hetero groups, and the final 
structure was optimized at neutral pH. For energy minimization, 
OPLS_2005 force field was used. After successful protein modification, 
grid generation was employed to define the center of the grid where the 
docking simulation would take place. During grid generation, van der 
Waals scaling factors and partial charge cut-off were set at default pa-
rameters (1.00 and 0.25, respectively). The grid was a cubic box, sur-
rounding active site residues. In the final experiment, we used glide XP 
docking for precise and intensive narrow screening, and found that li-
gands were maintained in flexible mood. Van der Waals scaling factors, 
and partial charge cut-off were set at 0.8 and 0.15, respectively, for 
ligand atoms [17]. 

2.9. Binding affinity prediction using prime MM-GBSA 

Relative binding affinity for ligands were estimated using the Mo-
lecular Mechanics–Generalized Born Surface Area (MM-GBSA) method 

to provide an acceptable accuracy and help rescore ligand selection from 
the docked compound (Supplementary Table S1) [19]. We estimated the 
free energy of the binding of ligands using the prime MM-GBSA 
approach, providing an advanced solvation model. The basic theory of 
MM-GBSA, a combined method that incorporates OPLS-AA molecular 
mechanics energies (EMM), a polar solvation model (GSGB), a non-polar 
solvation model (GNP) and van der Waals interactions, is given below: 

ΔGbind = Gcomplex – (Gprotein + Gligand), 
where G = EMM + GSGB + GNP. 

2.10. Cell viability assessment 

Cell proliferation assays were performed using the Cell Counting Kit 
(CCK)− 8 (Dojindo, Rockville, MD, USA). H1975, PC9, and gefitinib- 
resistant PC9 cells were seeded in 96-well plates (2 × 103 cells/well) 
and incubated with medium (2.5 % FBS) containing various concen-
trations of compounds (VP, Eact, Ani9, Gefitinib). After 48 h, CCK-8 
solution was added, and the cells were further incubated for 2 h. 
Absorbance was measured at 450 nm using a microplate reader (Syn-
ergy™ Neo, BioTek). 

2.11. Wound healing assay 

PC9 cells were seeded at a density of 2 × 104 cells/well and incu-
bated until achieved ~100 % confluence in 96-well plates (Essen 
BioScience). The cells were wounded in monolayers according to the 
manufacturer’s instructions. The cells were washed twice with PBS to 
remove detached cells and then cultured with medium (2.5 % FBS) 
containing the indicated concentrations of compound. Images were ac-
quired using Incucyte (Essen BioScience). Wound confluence was 
calculated using the Incucyte software program. 

2.12. Caspase-3/CPP32 colorimetric assay 

Caspase-3/CPP32 colorimetric assay was conducted according to the 
manufacturer’s instructions (#K106; Biovison, Milpitas, CA, USA). PC9 
cells were cultured in 6-well plates until they reached 70 % confluence 
and verteporfin, or Ani9 was then added in the wells. After incubation 
for 24 h, 5 × 106 cells were lysed using the cell lysis buffer for 10 min at 
4 ◦C. The cells were centrifuged for 10 min and the supernatants were 
collected. Then, 100 μg of protein/50 μL buffer was added to each well 
with 2× reaction buffer containing 10 mM DTT. To measure caspase-3 
activity, 5 μL DEVD-pNA substrate was added and incubated for 1 h at 
37 ◦C. The optical density (O.D.) was measured at 400 nm using a 
microplate reader (Synergy™ Neo, BioTek). 

2.13. Human cleaved PARP-1 activity assay 

Human cleaved PARP-1 activity assay was conducted according to 
the manufacturer’s instructions (#ab174441, Abcam, UK). PC9 cells 
were cultured in 6-well plates until they reached 80 % confluence and 
verteporfin, or Ani9 was then added in the wells. After incubation for 24 
h, 5 × 107 cells were lysed using the cell extraction buffer for 20 min. 
Supernatants were collected after the cells were centrifuged at 13,000 
rpm for 20 min at 4 ◦C. Then, 100 μg protein/50 μL buffer was added to 
each well along with an antibody cocktail containing a capture antibody 
and a detection antibody, and incubated for 1 h. The wells were washed 
twice with 1× wash buffer and then TMB development solution was 
added for 10 min. Finally, the stop solution was added, and O.D. was 
measured at 450 nm using a microplate reader (Synergy™ Neo, BioTek). 

2.14. hERG channel activity measurement 

The hERG-expressing HEK293 stable cell line (CYL3039, Eurofins, St. 
Charles, MO, USA) was used to perform the hERG assay. The cells were 
maintained in DMEM/F-12 medium (Life Technologies, Grand Island, 
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NY, USA) supplemented with 10 % FBS, 1 % non-essential amino acids 
and 400 μg mL− 1 geneticin at 37 ◦C in 5 % CO2. The cells were passaged 
every 3–4 days after brief trypsinization. For electrophysiological ex-
periments, the cell pellet was gently resuspended in the extracellular 
solution. The hERG channel currents were recorded using the whole-cell 
patch-clamp technique with an automated patch-clamp system (Patch-
liner, Nanion Technologies, Munich, Germany) at 22–24 ◦C. Currents 
were low-pass, filtered using the internal Bessel filter of the EPC-10 
amplifier and digitized at 10 kHz. Series resistance was 2–3 MΩ and 
maintained at 70–80 %. The external bath solution contained 140 mM 
NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES and 10 mM 
glucose, adjusted to pH 7.4 using NaOH. The intracellular pipette so-
lution contained 110 mM KF, 10 mM KCl, 10 mM NaCl, 10 mM EGTA 
and 10 mM HEPES, adjusted to pH 7.2 using KOH. The hERG currents 
were evoked with a 500 ms depolarization to + 40 mV from a holding 

potential of − 80 mV followed by a 500 ms repolarization to − 40 mV. 
The voltage protocol was repeated every 20 s. The hERG peak tail cur-
rents at − 40 mV were normalized to the control values. Data were 
expressed as mean ± standard deviation (SD) for each drug concentra-
tion and were used to determine the concentration–response relation-
ship for the test compounds. 

2.15. Hepatocytotoxicity test 

Hepatocytotoxicity of the tested compounds was measured by 

Resazurin reduction assay as previously described [9]. HepG2 hepato-
cellular carcinoma cells were seeded at a density of 1 × 104/well in 
black & clear-bottom 96-well plates with DMEM high glucose media 
supplemented with 10 % (v/v) FBS, 100 μg mL− 1 penicillin & strepto-
mycin, and incubated in a 5 % CO2-supplied 37 ◦C incubator for 15–20 
h. Test compounds were diluted, using the assay medium to the con-
centrations of 0.01, 0.1, 1, 10, and 100 μM,. For the minimum and 
maximum cell death control experiments, cells were treated with 0.2 % 
(v/v) DMSO solvent and 0.01 % (v/v) Triton X-100, respectively. After 
24 h incubation, 20 % (v/v) resazurin reagent (#G8080; Promega, USA) 
was added to each well and further incubated for 2–3 h. The amount of 
resorufin in each well was quantified by measuring the fluorescence 
intensity at 590 nm, and all data were normalized to the control ex-
periments and converted into ‘Normalized % viability’ using the 
following equation: 

2.16. Statistical analysis 

For all data analyzed statistically, experiments were performed 
independently at least three times in a randomized manner. The statis-
tical data analysis followed the recommendations on experimental 
design and analysis in pharmacology [20], and data analyses were 
carried out in a blinded manner. The results were presented as the mean 
± standard deviations (S.D.) of ’n′ independent experiments performed. 
Statistical analysis was performed using Student’s t-test or one-way 
ANOVA. *P < 0.05, **P < 0.01 and ***P < 0.001 was considered 

Fig. 1. Cell-based high-throughput YFP reduction assay used to screen for compounds capable of reducing ANO1 protein levels. (A) Cell-based high-throughput YFP 
reduction assay. ATP induces P2Y receptor-mediated increase in cytosolic calcium levels from the endoplasmic reticulum (ER), which in turn activates the ANO1 
channel, causing an influx of iodide and a reduction in YFP fluorescence. (B, C) YFP fluorescence levels corresponding to the inhibitory effect of the strong com-
pounds Ani9 and hit-1 in cells treated for 10 min or 24 h (mean ± SD, n = 5), ***p < 0.001, Ani9 vs vehicle and 1 μM Hit-1 vs vehicle, Student’s unpaired t-test. (D) 
Dose–response curve measuring the inhibition of the ANO1 channel by the hit-1 compound for 10 min or 24 h (mean ± SD, n = 5), *p < 0.05, treatment of Hit-1 for 
10 mins vs for 24 h, Student’s unpaired t-test (P = 0.0166, t = 2.827, R2 = 0.4521) and F test (P = 0.0093, F=15.39). (E) Chemical structure of verteporfin. 

Normalized % viability =
(experimental datum – maximum cell death datum)

(minimum cell death datum – maximum cell death datum)
× 100   
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statistically significant. GraphPad Prism 6.0 (GraphPad software, San 
Diego, CA, USA) was used to plot the dose–response curves. 

3. Results 

3.1. Identification of a novel compound downregulating ANO1 using HTS 

As shown in Fig. 1, we modified a previously developed screening 
system [9] to screen for a novel compound that downregulates ANO1 
channel activity using YFP (F46L/H148Q/I152L)-expressing PC9 cells. 
ATP increases the cytosolic calcium levels via P2Y receptor activation 
and causes an iodide influx. Since the influx of iodide ions quenches YFP 
fluorescence, ANO1 inhibitors can prevent the quenching of YFP fluo-
rescence. Therefore, YFP reduction assay was used to measure the 
inhibitory effect of the test compounds on ANO1. YFP reduction assay 
was performed on cells treated for 10 min or 24 h with hit-1 compounds, 
obtained by HTS using the FDA-approved library, and Ani9, which is the 
only known ANO1 inhibitor. 

The 10 min treatment with Ani9 inhibited YFP reduction via ANO1 
activation (Fig. 1B), whereas the 24 h treatment did not (Fig. 1C). 
However, the 24 h treatment with hit-1 compound inhibited YFP 
reduction via ANO1 activation in a dose-dependent manner, with an 
IC50 of 0.3 μM (Fig. 1D). The chemical structure of hit-1 compound 
(verteporfin) is presented in Fig. 1E. 

3.2. Effect of verteporfin on protein expression levels and the channel 
function of ANO1 

To investigate whether verteporfin inhibited other chloride chan-
nels, such as CFTR, we measured YFP fluorescence and short-circuit 
currents in FRT cells expressing human CFTR. Verteporfin neither 
inhibited CFTR channel activity at concentrations up to 3 μM (Fig. 2A), 
nor blocked forskolin-induced CFTR currents at concentrations up to 
10 μM. However, CFTRinh172, a representative CFTR channel blocker, 
blocked CFTR activation-induced currents (Fig. 2A, B). Because ANO1 is 
a Ca2+- activated chloride channel, we further investigated whether 

verteporfin affected P2Y-activation induced cytosolic Ca2+ levels in-
crease in CHO-K1 cells loaded with Fluo-4. At 0.3, 1 and 3 μM verte-
porfin did not inhibit the ATP-induced increase in Ca2+ levels, but 
BAPTA-AM, a selective, membrane-permeable calcium chelator, 
completely inhibited the ATP-induced Ca2+ influx (Fig. 2C). These data 
show that verteporfin does not affect CFTR channel activity, or the P2Y 
activation induced-Ca2+ signaling pathway. 

To examine whether verteporfin blocked the ANO1 activation- 
induced chloride secretion, the inhibition of short-circuit currents by 
ANO1 activation was investigated. The results showed that verteporfin 
(up to 10 μM) did not inhibit Eact-induced ANO1 currents (Fig. 2D). To 
also determine whether Eact, Ani9, or verteporfin reduced ANO1 pro-
tein levels, FRT-hANO1 cells were treated with each compound for 24 h. 
We found that 1 μM of verteporfin significantly reduced ANO1 protein 
levels, whereas Eact, or Ani9 did not (Fig. 2E, F). However, the cells 
treated with verteporfin for 24 h did not reduce CFTR channel activity 
(Fig. 2G). These results showed that verteporfin specifically reduced 
ANO1 protein levels without inhibiting the function of the ANO1 
channel. 

To elucidate whether verteporfin reduced chloride currents induced 
by ANO1 channels in single PC9 cell, we performed whole-cell patch- 
clamp analysis. The whole-cell configuration, using 300 nM of a free 
Ca2+- pipette solution, produced outward rectifying Cl– currents, a 
typical biophysical property of ANO1. After voltage-dependent currents 
reached a steady state, 1 μM of Ani9 was added to confirm ANO1 cur-
rents. The results showed that Ani9 significantly suppressed ANO1 
currents in PC9 cells in a short time (Fig. 3A and B). 

To verify whether verteporfin inhibited ANO1 currents in PC9 cells 
because of the gradual reduction of ANO1 by verteporfin, we pre-treated 
the cells with 1 μM of verteporfin for 24 h before patch-clamp experi-
ments. As shown in Fig. 3C and D, Cl- currents were significantly reduced 
by the treatment of verteporfin. ANO1 currents in the group treated with 
verteporfin were decreased by 62 % as compared to those in the control 
group (Fig. 3E). These results showed that verteporfin decreased the 
level of ANO1 currents by reducing ANO1 protein expression in PC9 
cells. 

Fig. 2. Characterization of the ANO1 inhibitor, verteporfin (VP). (A, B) Inhibitory effect of VP on human CFTR channel activity determined using YFP fluorescence or 
short-circuit current in CFTR- and YFP-expressing FRT cells. Forskolin-induced CFTR activity was inhibited by 10 μM of CFTRinh172 (mean ± S.D., n = 5). 
***p < 0.001, treatment of CFTRinh172 vs control (Bar graph data not shown), Student’s unpaired t-test. C) Intracellular Ca2+ levels were measured using Fluo-4 NW 
in CHO-K1 cells, which were treated with 0.3, 1 and 3 μM of VP, for 20 min, then with 100 μM ATP (mean ± S.D., n = 5). ***p < 0.001, treatment of BAPTA-AM vs 
control (Bar graph data not shown), Student’s unpaired t-test. (D) Short-circuit currents induced by ANO1 activation were measured using Ussing chamber method. 
Apical membrane currents in hANO1-expressing FRT cells were treated with Eact (a specific ANO1 activator), then with 10 μM of VP and Ani9 (a specific ANO1 
channel inhibitor) in the apical bath (mean ± S.D., n = 5). ***p < 0.001. Student’s unpaired t-test. (E) ANO1 protein expression levels in FRT cells stably expressing 
ANO1, were treated with 10 μM (Eact, Ani9) and 1 μM VP for 24 h. (F) ANO1 protein intensities were normalized by β-actin (mean ± S.D., n = 5). Student’s unpaired 
t-test. ***p < 0.001. treatment of VP vs control, (P = 0.0001, t = 29.58, R2 =0.9932) and F test (P = 0.0835, F=10.62). (G) Inhibitory effect of VP for 24 h on human 
CFTR channel activity determined using FRT-CFTR-YFP cells. Forskolin (FSK)-induced CFTR activity was inhibited by 10 μM of CFTRinh172 (mean ± S.D., n = 4). 
***p < 0.001, treatment of CFTRinh172 vs control (Bar graph data not shown), Student’s unpaired t-test. 
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Fig. 3. Ani9 and verteporfin (VP) inhibit ANO1-induced currents in ANO1-expressing PC9 cells. (A) Current/voltage (I/V) plot of mean currents. (B) Bar graph 
summarizing current intensities measured at + 80 mV (mean ± S.D., n = 13), *** p < 0.001, Student’s unpaired t-test. (C) Current/voltage (I/V) plot of mean 
currents measured after treatment with 1 μM of VP for 24 h. (D) Bar graph summarizing current intensities measured at + 80 mV (mean ± S.D., n = 10), ** p < 0.01. 
Student’s unpaired t-test. (E) Bar graph summarizing current intensities after treatment with 1 μM of VP for 24 h, measured at + 80 mV (mean ± S.D., n = 10–13). * 
p < 0.05, The difference of this relationship between the verteporfin treated group and the untreated group was tested by a Student’s t-test (P = 0.0253, t = 2.409, 
R2 =0.2165) and F test (P = 0.0207, F = 5.057). 

Fig. 4. Intermolecular interaction analysis of Ani9 and verteporfin (VP) in two different ANO1 structures, where (A, B, C) represent 5OYB (PDB ID) structure and (D, 
E) represent 6BGJ (PDB ID) structure. Binding representation and molecular interaction of selected hits with the active sites of ANO1, including ANO1-Ani9 or 
ANO1-VP. 
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3.3. Prediction of binding sites on ANO1 protein regions 

To determine whether verteporfin bound specifically to ANO1 pro-
tein’s pocket site, we performed a molecular docking study (Fig. 4A). 
First, docking protocol was validated using re-docked methodology 
based on a native co-crystallized structure and ligand-binding pocket of 
ANO1. The root-mean-square deviation (RMSD) was calculated, derived 
from the best XP-docking of superimposed Ani9 and verteporfin con-
formations on ANO1 crystal structures. The calculated RMSD value of 
≤ 2.0 Å suggested that our in-silico methodology could predict reliable 
binding mood and interactions of Ani9 and verteporfin with the active 
sites of ANO1. Fig. 4A depicts the ligand-binding site in a homodimer 
structure of ANO1. 

Based on docking analysis, Ani9-ANO1 complex showed a hydro-
phobic interaction with Leu699 residue and Cation− π interaction with 
Lys327 and Lys574 residues (Fig. 4B). On the other hand, docking analysis 
of verteporfin with ANO1 revealed several interactions through the 
formation of hydrophobic bonds and salt bridges (Fig. 4C). Specifically, 
residues Arg562, Ile657, Pro658 and Ala697 showed hydrophobic in-
teractions while residues Lys645 and Lys661 formed salt bridges with 
verteporfin. 

Moreover, Ani9 showed hydrophobic interactions with residues 
Leu543, Leu639, Leu643, Glu701 and Ile704, and a halogen bond with res-
idue ASN647 of ANO1 (Fig. 4D). Verteporfin similarly showed several 
hydrophobic interactions with residues Ile547, Asp550, Ala580, Lys584, 
Leu643, Pro697 and Glu701 of ANO1 (Fig. 4E). Verteporfin also formed a 
hydrogen bond with residue Thr696; however, other interactions were 
not noticeable in the verteporfin-ANO1 complex. Docking analysis, 
docking score and MM-GBSA score are provided in Supplementary Table 
S1. These findings show that verteporfin and ANO1 (PDB:6BGJ) have 
excellent binding free energy (− 47.32 kcal/mol) compared to that of 
Ani9 (− 29.10 kcal/mol). 

3.4. Inhibitory effects of verteporfin on cell viability and migration in 
H1975, PC9, and Gefitinib-resistant PC9 cells 

Several previous studies have reported that pharmacological inhi-
bition of ANO1 had an in vitro anticancer effect on various cancer cell 
types [5,21]. To investigate whether verteporfin also induced such 
anticancer effects by reducing ANO1 protein levels, cells expressing/not 
expressing ANO1 were treated with verteporfin, and the viability of each 
cell was assessed. Though verteporfin did not exhibit a significant effect 
on viability in H1975 cells (Fig. 5A), it showed anticancer effect by 
decreasing cell viability via reducing the levels of ANO1 protein in PC9, 
HT-29, and SW620 cells expressing ANO1 highly (Fig. 5B and Supple-
mentary Figs. S1, S2). As we speculated, Eact and Ani9, which regulate 
the ANO1 channel function for a short period of time, had no effect on 
the cell viability in H1975 and PC9 cells (Fig. 5A, B). 

As NSCLC causes frequent metastasis and resistance [22,23], we first 
investigated whether verteporfin can inhibit the migration of PC9 cells 
and found that verteporfin strongly inhibited the migration of PC9 cells 
in a dose-dependent manner (Fig. 5C). Then, we verified whether ver-
teporfin can overcome resistance of gefitinib, a first-line treatment for 
NSCLC, by treating verteporfin in gefitinib-resistant PC9 cells. Whereas 
gefitinib decreased the viability of PC9 cells in a 
concentration-dependent manner, its effect was significantly reduced in 
gefitinib-resistant PC9 cells (Fig. 5D). Surprisingly, verteporfin treat-
ment strongly reduced cell viability in a dose-dependent manner with an 
IC50 of 0.09 μM even in the resistant cells. These results showed that 
verteporfin decreased the viability of not only PC9 cells, but also of 
gefitinib-resistant PC9 cells. 

The development of cancer due to ANO1 overexpression has been 
reported in several cases [22,24,25]. However, the importance of ANO1 
expression in NSCLC cells remains unclear. Moreover, as several studies 
reported that the formation of functional complexes between ANO1 and 

Fig. 5. Effect of verteporfin (VP), Eact and Ani9 on cell viability and migration. (A, B) H1975 cells not expressing ANO1 and PC9 cells expressing high levels of ANO1 
were treated with VP, Eact or Ani9 at the indicated concentrations, and cell viability was determined after 48 h using CCK-8 assay (mean ± S.D., n = 5), ** p < 0.01, 
*** p < 0.001. Student’s unpaired t-test. (C) Wound-healing assay was performed using PC9 cells expressing ANO1. The cells were treated with 0.03, 0.1, 0.3 and 
1 μM of VP, and representative images were acquired at 0 and 64 h post-wound induction. The wound closure was quantified at 64 h (mean ± S.D., n = 5), ** 
p < 0.01, *** p < 0.001. Student’s unpaired t-test. (D) Effects of gefitinib and VP on cell viability of PC9 and gefitinib-resistant PC9 cells. The cells were treated with 
the indicated concentrations of gefitinib and VP for 48 h and then cell viability was determined (mean ± S.D., n = 5). *** p < 0.001. One way ANOVA test, 
(P < 0.0001, R2 = 0.6836) and F test (P < 0.0001, F = 14.40). 
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Fig. 6. Verteporfin (VP) reduced ANO1 protein levels in PC9 cells. (A) PC9 cells were treated with the indicated concentrations of VP for 24 h, then ANO1 protein 
levels and GAPDH levels were measured through western blotting. (mean ± S.D., n = 4–5). *** p < 0.001. (P < 0.0001, R2 =0.9926, F=806.7), One way ANOVA 
test. (B) Protein levels of phosphorylated EGFR (p-EGFR) levels compared to total EGFR (t-EGFR) levels after treatment with VP for 24 h. (mean ± S.D., n = 4–5). *** 
p < 0.001. (P < 0.0001, R2 =0.9935, F=915.8), One way ANOVA test. (C) Phosphorylated ERK1/2 (p-ERK1/2) and total ERK1/2 (t-ERK1/2) levels after treatment 
with VP for 24 h (mean ± S.D., n = 4–5). *** p < 0.001. (P < 0.0001, R2 

=0.9475, F=108.4), One way ANOVA test. (D) Representative immunoblot analysis of 
pSTAT3 in PC9 cells treated with VP for 24 h, then phosphorylated STAT3 (p-STAT3) levels were normalized against total STAT3 (t-STAT3) levels (mean ± S.D., 
n = 3). ** p < 0.01., Student’s unpaired t-test. 

Fig. 7. Apoptotic effects and hERG channel 
inhibition assays of verteporfin (VP) and Ani9. 
(A) Caspase-3 activity in PC9 cells incubated 
with VP and Ani9 at the indicated concentra-
tions for 24 h (mean ± S.D., n = 5), * p < 0.05, 
*** p < 0.001. (P < 0.0001, R2 = 0.9660, F =
151.4), One way ANOVA test. (B) Cleaved 
PARP1 levels in PC9 cells incubated with the 
indicated concentrations of VP and Ani9 for 
24 h (mean ± S.D., n = 5), ** p < 0.01, *** 
p < 0.001. (P < 0.0001, R2 = 0.9751, 
F = 208.9), One way ANOVA test. (C) hERG 
channel activity in HEK293 cells expressing 
hERG channel. hERG activity was inhibited by 
10 μM of quinidine (mean ± S.D., n = 4), *** 
p < 0.001, control vs quinidine, (P < 0.00001, 
t = 29.58, R2 

= 0.9932) and F test (P = 0.0835, 
F = 10.62), Student’s unpaired t-test. (D) Ef-
fects of VP and Ani9 on hERG channel activity 
measured using auto-patch-clamp system 
(mean ± SD, n = 4).   
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EGFR can promote cancer progression [21,26], we hypothesized that 
ANO1 protein reduction inhibits the EGFR-STAT3 pathway, which then 
decreases ANO1 mRNA levels by the reduction of phosphorylation of 
STAT3. Thus, we confirmed the effect of verteporfin on the mRNA 
expression and protein expression levels of ANO1, and protein expres-
sion levels of p-EGFR, p-ERK1/2 and p-STAT3 in PC9 cells. Verteporfin 
markedly decreased the protein levels and mRNA levels of ANO1 
(Fig. 6A and Supplementary Fig. S3), and protein levels of p-EGFR and 
p-STAT3 (Fig. 6B, D) but increased p-ERK1/2 levels (Fig. 6C). Verte-
porfin also reduced ANO1 protein levels in PC9-gefitinb resistant cells 
(Supplementary Fig. S4). These results showed that verteporfin 
decreased ANO1 protein levels via the inhibition of EGFR 
activation-induced STAT3 pathway and affected the viability of PC9 and 
gefitinib-resistant PC9 cells. 

3.5. Measurement of apoptotic effect and hERG activity of verteporfin 

As pharmacological inhibition of ANO1 in various cancer cell types 
was reported to cause apoptosis [27], we evaluated the apoptotic effects 
of verteporfin in PC9 lung cancer cells. Verteporfin significantly 
increased caspase-3 activity and PARP-1 cleavage, two hallmarks of 
apoptosis (Fig. 7A and B). On the other hand, Ani9 did not affect 
caspase-3 activity and PARP-1 cleavage because Ani9 did not decrease 
ANO1 protein levels. These results showed that verteporfin exerted 
anticancer effects by inducing apoptosis and reducing ANO1 protein 
levels. In addition, the effects of Ani9 and verteporfin on hERG channel 
activity were tested in HEK293 cells expressing hERG channels to 
confirm the potential therapeutic application of verteporfin in the 
treatment of NSCLC. The results showed that verteporfin did not inhibit 
hERG channel activity at concentrations up to 100 μM (Fig. 7C), and that 
10 μM quinidine (positive control) completely inhibited the hERG 
channel (Fig. 7D), demonstrating that verteporfin does not cause 
cardiotoxicity. 

4. Discussion and conclusion 

Although the physiological functions of ANO1 are diverse, they are 
characterized by the secretion of chloride ions and the development of 
cancer [10,11,28,29]. The inhibition of ANO1-mediated chloride release 
results in various side effects, such as dry mouth syndrome, lowering of 
blood pressure and inhibition of intestinal motility [10,11,15,28,29]. 
However, the inhibition of the ANO1 channel function and reduction of 
its protein expression has been reported to have therapeutic effects in 
head and neck cancers as well as prostate cancers [5,21,24,30–32]. 
Therefore, it is necessary to develop novel small-molecule drugs that can 
gradually reduce ANO1 protein levels without inducing side effects in 
humans. In this study, we found that verteporfin slowly reduced the 
ANO1 protein levels in NSCLC cells. Interestingly, verteporfin did not 
inhibit CFTR activity, ATP-induced calcium influx as well as ANO1 
function; however, it gradually decreased the ANO1 protein level 
(Fig. 2). 

Our study suggests that verteporfin binds to a specific region of the 
ANO1 protein with high absolute binding free energy (Fig. 4 and Sup-
plementary Table S1B). Notably, Eact (an ANO1 functional activator) 
had the highest binding affinity for ANO1 protein (PDB:6BGJ) (Sup-
plementary Table S1C), suggesting that ANO1-mediated chloride 
secretion is unrelated to increasing cell viability because Eact and Ani9 
did not affect cell viability (Fig. 5A, B) and because Eact and Ani9 did 
not reduce ANO1 protein levels (Fig. 2E). This results strongly supports 
the hypothesis that decreasing the levels of ANO1 is important for 
inhibiting cancer cell proliferation. 

In this study, we demonstrated that verteporfin decreased protein 
levels of ANO1, thereby reducing p-EGFR and p-STAT3, but we found 
that verteporfin increased p-ERK1/2 levels (Fig. 6). Several studies 
further demonstrated that the pharmacological inhibition of ANO1 
activated the ERK1/2 signaling pathway [31,32]. In agreement with 

these findings, other literature [8] reported that the silencing of ANO1 
activated the TNF-α and ERK pathway, thus promoting the apoptosis 
pathway in PC3 cells. However, as diethylstilbestrol (a previously re-
ported ANO1 inhibitor) was also shown to reduce p-ERK1/2 levels [9], 
the effect of ANO1 on ERK1/2 levels remain controversial. Nevertheless, 
reducing ANO1 protein levels was found to be one of the ways to control 
the development of NSCLC and prostate cancer and lung cancer. 

As NSCLC is a predominant cancer type worldwide, several thera-
peutic agents and approaches are being developed for its treatment. 
Gefitinib, a first-generation EGFR-TKI, is widely used to treat NSCLC 
patients; however, only 12–18 % of patients treated with gefitinib 
respond positively to the treatment [33,34] and they acquire drug 
resistance within 10 months of the treatment. EGFR mutation or its 
downstream gene mutation is associated with the resistance to gefitinib. 
Other studies have identified that two major activating mutations, 
T790M in EGFR and KRAS [35], lead to the transactivation of alternative 
pathways, such as ERBB2, Met, HGF, AXL, Hg or IGF-1R, and conse-
quently hamper EGFR inhibition [36–38]. Therefore, understanding the 
mechanisms of resistance to gefitinib in NSCLC and finding new thera-
peutic approaches are necessary. We found that verteporfin decreased 
the viability of both NSCLC cells and gefitinib-resistant lung cancer cells 
(Fig. 5). This strongly suggests that reducing ANO1 protein levels is a 
novel strategy to overcome the resistance to the therapeutic agents used 
to treat NSCLC. In addition, since verteporfin also suppresses the 
viability of colorectal cancer cells that express high levels of ANO1 
(Figs. S1 and S2), the reduction of ANO1 protein levels is highly likely to 
be a potential strategy applicable to various carcinomas. 

In conclusion, verteporfin was found to gradually decrease ANO1 
protein levels, then decrease EGFR-induced STAT3 activation without 
inhibiting the ANO1 channel function. Verteporfin reduced the viability 
of NSCLC cells, including those resistant to gefitinib, and exerted its 
anticancer effects via apoptosis (Fig. 6A, B). In addition, it showed no 
effect on hERG channel activity (Fig. 6C, D), although higher concen-
trations of verteporfin resulted in hepatotoxicity (Supplementary Fig. 
S5), requiring further investigations. Still further structure-activity 
relationship studies are needed to develop safer derivatives of verte-
porfin, and further investigations remain in finding the mechanism 
underlying the binding of verteporfin to ANO1 protein and how ANO1 
protein reduction directly affects the EGFR-STAT3 pathway. Neverthe-
less, the findings in this study conclusively show that verteporfin is a 
promising lead compound for the development of lung cancer 
therapeutics. 
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