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Abstract

Lung cancer or pulmonary carcinoma is primarily derived from epithelial cells that are thin

and line on the alveolar surfaces of the lung for gas exchange. ANO1/TMEM16A, initially

identified from airway epithelial cells, is a member of Ca2+-activated Cl- channels (CaCCs)

that function to regulate epithelial secretion and cell volume for maintenance of ion and tis-

sue homeostasis. ANO1/TMEM16A has recently been shown to be highly expressed in

several epithelium originated carcinomas. However, the role of ANO1 in lung cancer

remains unknown. In this study, we show that inhibition of calcium-activated chloride chan-

nel ANO1/TMEM16A suppresses tumor growth and invasion in human lung cancer. ANO1

is upregulated in different human lung cancer cell lines. Knocking-down ANO1 by small

hairpin RNAs inhibited proliferation, migration and invasion of GLC82 and NCI-H520 cancel

cells evaluated by CCK-8, would-healing, transwell and 3D soft agar assays. ANO1 protein

is overexpressed in 77.3% cases of human lung adenocarcinoma tissues detected by

immunohistochemistry. Furthermore, the tumor growth in nude mice implanted with GLC82

cells was significantly suppressed by ANO1 silencing. Taken together, our findings provide

evidence that ANO1 overexpression contributes to tumor growth and invasion of lung can-

cer; and suppressing ANO1 overexpression may have therapeutic potential in lung cancer

therapy.

Introduction

Lung cancer or pulmonary carcinoma that derives from epithelial cells is generally categorized

into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). As the most com-

mon type of lung cancer, NSCLC accounts for 84% of the estimated cases with two major sub-

types: adenocarcinoma and squamous cell carcinoma [1]. At present, the pathogenesis and

development of lung cancer has not been clearly defined. Increasing evidence indicates that ion
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channels play a significant role in cancer cell proliferation and invasion, and in driving cancer

progression at all different stages [2, 3].

Ion channels are water-filled pores and transmembrane proteins present in all living cells,

participating in diverse physiological activities integral to excitability, contraction, secretion,

cell cycle and metastatic cascades [4, 5]. Normal expression of ion channels is crucial for main-

taining Ca2+and tissue homeostasis during cellular proliferation and differentiation through

governing cellular ion fluxes, regulating cell volume, and generating membrane potential [6, 7].

Chloride channels are important for many biological processes including transepithelial trans-

port for ion fluxes, cell volume regulation, differentiation and apoptosis [8, 9]. Stable and con-

stant cell volume and ion homeostasis during cell proliferation and differentiation are strictly

required for cell function and survival [10, 11]. Chloride flux through chloride channels in

response to cell swelling is one of the critical mechanisms by which cells restore their volume

following osmotic perturbations and stress caused by intensive metabolic activities resulted

from water, nonelectrolyte and ion exchange at the epithelial surfaces [12–14]. Dysregulation

of ion channel expression becomes epigenetically abnormal in metastatic cancer cells [15–17].

For instance, upregulation of chloride intracellular channel 1 (CLlC1) is involved in colon can-

cer cell migration and invasion through mediating regulatory volume decrease (RVD) mecha-

nism [18]; and overexpression of chloride channel3 (ClC3) contributes to multiple human

carcinomas such as glioma, lung, breast, and cervical tumors [19]. It has also been reported

that the rise in intracellular calcium occurring during hypotonic challenge is related to RVD

and involved with cancer apoptosis, indicating the interplay between calcium homeostasis and

volume homeostasis [20, 21].

Ca2+-activated Cl- channels (CaCCs) are major regulators of epithelial secretion and cell

volume regulation [22, 23]. TMEM16A, also known as DOG1, ORAOV2, or TAOS-2, was

identified from airway epithelial cells as a bona fide CaCC that mediates endogenous Ca2+-acti-

vated chloride current [24–26]. TMEM16A has also been referred to as anoctamin 1 (ANO1)

because of its anion selectivity and eight (OCT) transmembrane segments [25]. The ANO1/

TMEM16A gene is localized on 11q13, one of the most frequently amplified regions in human

cancers [27, 28] and associated with a poor prognosis [29]. It has recently been shown that

ANO1/TMEM16A is amplified or overexpressed in several human cancers such as gastrointes-

tinal stromal tumors (GIST), prostate cancer, head and neck squamous cell carcinoma

(HNSCC), breast cancer and colorectal cancer cells [27, 30–33]. ANO1 overexpression is also

correlated with poor prognosis of HNSCC and breast cancer patients [30, 34], and pharmaco-

logical inhibition of CaCC ANO1 activity by CaCCinh-A01 and T16Ainh-A01 can inhibit can-

cer cell proliferation [32, 35, 36]. Although the reason for high expression of ANO1 in tumors

is unclear, several studies have shown that ANO1 is involved in oncogenic signaling by activat-

ing EGFR and CAMK pathways to promote cell cycle and cancer progression [30, 37]. It has

been reported that ANO1-interacting proteins such as signaling/scaffolding actin-binding reg-

ulatory proteins ezrin, radixin, moesin, and RhoA can participate in the regulation of ANO1

function [38, 39]. More recently, ANO1 and EGFR are found to form a functional complex

that regulates HNSCC cell proliferation [40]. However, whether ANO1/TMEM16A plays a

role in tumor genesis of lung cancer remains unknown.

In this study, we found that CaCC ANO1 is highly upregulated in human lung cancer tis-

sues. ANO1 upregulation was confirmed in different human lung cancer cell lines. Knockdown

of ANO1 expression by short hairpin RNA inhibited cellular proliferation, migration and inva-

sion in lung cancer cells GLC82 and NCI-H520. Inhibition of ANO1 also suppressed tumor

growth in nude mice implanted with stable transfected GLC82 cells. Our findings provide evi-

dence that membrane ANO1 protein may serve as a potential biomarker and target for diagno-

sis and therapy of lung cancer.

ANO1 Contributes to Lung Cancer
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Methods

Cell culture

Normal lung cell line 2BS, lung cancer cell lines A549 and H1299 were gifts from Dr. Hongti

Jia at the Department of Biochemistry and Molecular Biology, Peking University Health Sci-

ence Center. A549 and H1299 cells were originally obtained from American Type Culture Col-

lection (ATCC, Rockville, MD). 2BS cells were originally obtained from the National Institute

of Biological Products (Beijing, China). Lung cancer cell lines GLC82 and Calu-3 for adenocar-

cinoma and NCI-H520 for squamous cell carcinoma were obtained from American Type Cul-

ture Collection (ATCC). The 2BS cells were cultured in DMEM (Invitrogen, Carlsbad, USA),

and the other cell lines were propagated in RPMI 1640 medium (Invitrogen). The medium

were supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. All cells were

maintained in medium at 37°C in a humidified atmosphere of 5% CO2.

shRNA transfections and generation of stable cell lines

ANO1 shRNAs and scrambled shRNA plasmids were constructed by GeneChem Co., Ltd.

(Shanghai, China). The shRNAs were cloned into the BamHI and HindIII sites of the pGCsi-

U6/Neo/GFP vecor, and the loop sequence at the TTCAAGAGA was used. The target sequence

of three ANO1 shRNAs were as follows: shRNA1, CGTGTACAAAGGCCAAGTA; shRNA2,

GCATCTATTTGACTTGTCT; shRNA3, CGAAGAAGATGTACCACAT. The scrambled

sequence was CGAGTGGTCTAGTTGAGAA. For transfection, 8 μg DNA was used per 60

mm plate with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions,

and transfection medium was replaced with culture medium 4 hours after transfection. All sub-

sequent experiments were performed at 48–72 h after transfection and repeated in triplicate.

To generate stable GLC82 cell line expressing ANO1 shRNA, transfected cells were selected

under 800 μg/ml G418.

Immunohistochemical staining

Surgically resected human cancer tissue samples consisting of 44 cases of lung adenocarcinoma

and 40 cases of squamous cell lung carcinoma were obtained retrospectively from Peking Uni-

versity Third Hospital. The tissue samples were fully de-identified before access by us and all

the patients were informed and consented for the use of their excised tissue for future research.

The tissue sections were incubated in a 60°C dry chamber for an hour before de-paraffinized in

xylene three times and hydrated through a graded series of ethanol. Treated in 3% hydrogen

peroxide for 10 minutes, the tissues were then boiled in 10 mM citrate antigen retrieval solution

(pH 6.0) for 20 minutes using a microwave oven. Immunohistochemical (IHC) staining was

carried out by incubating the tissues with the primary antibody to ANO1 (1:100; ab53212,

Abcam) at 4°C overnight. After incubating the tissues with goat anti-rabbit IgG-HRP for 30

minutes at 37°C, DAB chromogen system was used for visualization. Scores were calculated by

multiplying the intensity (integer between 0 and 3).

Western blot analysis

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 (Pierce, Rockford, IL). Samples

were quantified using a BCA protein assay kit (Thermo Scientific, USA). Equal amounts of

protein (50 μg) were separated using PAGE (8%) and transferred to nitrocellulose membranes.

After blocked with Tris-buffered saline (TBS) containing 5% milk, the blotting membrane was

incubated overnight at 4°C with rabbit anti-ANO1 (1:1000; Abcam) and rabbit anti -β-actin
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(1:500; Santa Cruz, CA). The membrane was incubated with an anti-rabbit lgG-HRP secondary

antibody (1:5000, Santa Cruz) for an hour at room temperature and visualized using the

Immobilon Western HRP Substrate.

CCK8 cell proliferation assay

Cell proliferation was measured with the Cell Counting Kit-8 (Dojindo Laboratories, Japan).

500 cells per well were inoculated in 96-well plates. 10 μl of the Cell Counting Kit solution were

added into each well at 24, 48, 72 and 96 hours after seeded. Then the 96-well plates were incu-

bated for 2 hours at 37°C before the optical density (O.D.) was measured at 450 nm by a micro-

plate reader.

Colony formation assay in culture

For colony formation in culture, transfected cells (treated with 800 μg/ml G418 for 2 days after

48 hours of transfection) were plated at 200 cells per well in 6-well plates and incubated in

RPMI-1640 medium containing 10% fetal bovine serum for 12–15 days. The remaining colo-

nies were stained with 0.1% crystal violet and counted, and images were taken after staining.

Soft agar colony formation assay

Colony formation assay in soft agar was carried out in a 6-well plate. The base layer was made

by mixing 1.2% agarose (Invitrogen) and equivalent volume of 2× medium with 20% FBS.

Then cells from each group were harvested and suspended in medium containing 0.4% agarose

and plated over the base layer in triplicate at a density of 3000 cells per well. After 30 days, the

clones were observed apparently and the cells were iced for four hours, and then stained by

0.02% crystal violet. Images were taken after staining.

Wound-healing assay

To measure the migration activity, cells were inoculated in six-well plates, grown to 90% con-

fluence in RPMI-1640 medium containing 10% fetal bovine serum. Then the cells were starved

by changing the medium to serum free RPMI-1640 and cultured for 24 h. Cells were scraped

with 100 μl plastic pipette tips and washed with phosphate buffer solution. Images were col-

lected every 24 hours by an inverted phase contrast microscope (Olympus; magnification:

10×). The ratio of the remaining wound area was calculated relative to the initial wound area

and normalized to scrambled shRNA group or DMSO group.

Transwell assay

Cell invasion activity was evaluated in 8.0 μm pore size transwell 24-insert plate chambers

(Corning, Acton, MA, USA) coated with BioCoatMatrigel (BD Biosciences, Bedford, MA,

USA). After pre-starved for 24 hours by culturing in serum free medium, 3X104 (NCI-H520)

or 5X104 (GLC82) cells per well were plated in the upper chambers with serum free medium

and incubated for 48 (NCI-H520) or 72 (GLC82) hours. The lower chambers were filled with

10% fetal bovine serum medium. After wiping the cells off from the upper side of the upper

chamber, the lower side of the upper chamber was fixed with methanol and stained with

4,6-diamidino-2-phenylindole (DAPI; Sigma). Images were photographed under microscope.

The DAPI staining area in the lower chamber was normalized to scrambled shRNA group or

DMSO group, indicating its relative invasiveness.

ANO1 Contributes to Lung Cancer
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In vivo xenograft tumor growth

Purchased from the Department of Laboratory Animal Science of Peking University Health

Science Center, 5-week-old female balb/c nu/nu mice were quarantined for 1 week prior to

their use in the study. Animals (8 animals per cage) were housed in microisolat with free access

to standard rodent chow and water under temperature-controlled conditions (23 ± 2°C) at

70% humidity [33]. Animals were maintained on a reverse 12 h/12 h light/dark cycle (lights on

at 7:00 AM). The animal experimental protocols were approved by the Animal Use and Care

Committee of Peking University and were consistent with the Ethical Guidelines. GLC82 stable

cells (1 x 107 cells per mouse) were obtained from American Type Culture Collection (ATCC,

Rockville, MD). GLC82 cells were transfected by scrambled shRNA, ANO1 shRNA1 and

ANO1 shRNA2, respectively, and selected by G418 for two weeks before use. GLC82 cells were

inoculated hypodermically into the right forelimbs of the nude mice, and in each group eight

animals were used. On the 7th day after injection, the tumor sizes were measured every 2–4

days for a period of 2 weeks and calculated by (L xW2)/2 (L andW represented the longest lon-

gitudinal and transverse diameter, respectively). The endpoint of the experiments was on the

19th day after injection of GLC82 cells to make sure that tumor mass did not significantly

interfere with normal body functions of mice or cause pain. Mice were euthanized by intraperi-

toneal injection of pentobarbital (120mg/kg) combined with 0.25% lidocaine before tumors

were removed. Representative pictures were obtained before tumors were weighed using an

electronic balance.

Statistical analysis

The GraphPad Prism 5 was used to analyze data. All data are expressed as mean ± s.e.m. Stu-

dent’s t-test was used in the data analysis of cellular experiments between two groups. The

ANOVA was applied to analyze the protein levels of ANO1 in several cell lines, and to compare

the difference in tumor growth. For the analysis of human pathologic tissue collections, the

Chi-square test was performed. The value of P<0.05 was considered to be statistically

significant.

Results

Overexpression of ANO1 in human lung adenocarcinoma tissues

To examine the expression level of calcium-activated chloride channel ANO1 proteins, we

used ANO1 antibody for immunohistochemical staining and detected ANO1 expression in

lung pathologic tissue specimens from 84 patients. As shown in Fig 1, ANO1 protein was

highly expressed in adenocarcinoma of lung, whereas tissues from benign alveoli adjacent to

carcinoma and squamous cell carcinoma showed negative staining of ANO1. The analysis of

immunohistochemical staining revealed that ANO1 protein expression was positive in 34 of 44

(77.3%) human lung adenocarcinoma tissue samples (Table 1). In tissue specimens from squa-

mous cell lung carcinoma, 6 of 40 (15%) were stained ANO1 positive. These results indicate

that ANO1 protein is overexpressed in tumorigenesis of human lung cancer and in particular,

the lung adenocarcinoma.

Upregulation of ANO1 expression in human lung cancer cell lines

Using immunohistochemistry, our initial finding revealed that ANO1 was overexpressed in

human lung cancer tissues especially in adenocarcinoma. To confirm the immunohistochemi-

cal finding and determine whether ANO1 is also upregulated in different pathological types of

lung cancer cell lines, we selected and tested 6 different cell lines that include the 2BS cells for

ANO1 Contributes to Lung Cancer
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normal human lung cell line, GLC82 and Calu-3 cells for adenocarcinoma, NCI-H520 cells for

squamous cell carcinoma, and A549 and H1299 cells for unconfirmed type of lung cancer (Fig

2). Proteins extracted from 2BS, NCI-H520, GLC82, Calu-3, A549 or H1299 cells were sepa-

rated by gel electrophoresis under denaturing conditions and probed with ANO1 specific anti-

body. As shown in the lower panel of Fig 2, quantitative analysis of ANO1 protein expression

level showed an elevation about 2.8-fold in NCI-H520, 6.9-fold in GLC82, 6.3-fold in Calu-3,

3.1-fold in A549 and 8.0-fold in H1299, as compared with normal lung 2BS cells. The increase

in GLC82, Calu-3 and H1299 cells was statistically significant, but not for NCI-H520 and A549

cells (P = 0.149 and P = 0.238, respectively) although there was a trend of increase in ANO1

expression. This result is consistent with the immunohistochemical analysis of lung cancer tis-

sues obtained from patients (Table 1), further confirming that ANO1 expression is higher in

lung adenocarcinoma GLC 82 cells than squamous carcinoma HCI-H520 cells. The GLC82

and NCI-H520 cells that had different expression levels of ANO1 proteins were selected for

further investigations.

Inhibition of GLC82 and NCI-H520 cell proliferation by silencing ANO1

To evaluate the biological role of ANO1 in lung cancer cell proliferation, we used shRNAs to

knockdown the expression of ANO1 in different cell lines. The effectiveness of three shRNAs

was evaluated by Western blot in GLC82 and NCI-H520 lung cancer cells. Compared with

transfection of scrambled shRNA, ANO1 shRNA1 transfection was most effective in silencing

endogenous expression of ANO1 proteins in both GLC82 and NCI-H520 cells (Fig 3A), and

thus it was used for the rest of experiments.

Fig 1. Immunohistochemical staining of ANO1 protein expression in human lung tissues of benign alveoli adjacent to carcinoma, squamous cell
carcinoma and adenocarcinoma. (A) Benign alveoli adjacent to carcinoma showing negative ANO1 staining. (B) Squamous cell lung carcinoma showing
negative ANO1 staining. (C) Human lung adenocarcinoma cancer tissue showing ANO1 staining (brown color) of neoplastic epithelium. The scale bar
indicates 50 μm.

doi:10.1371/journal.pone.0136584.g001

Table 1. Correlation between ANO1 expression and lung cancer genesis from human tissue samples.

Total No.of Samples No. of ANO1 Positive Samples % Positive (No./Total) P value

Adjacent tissues of cancer 84 0 0

Squamous cell carcinoma 40 6 15 <0.005a

Adenocarcinoma 44 34 77.3

Notes: Samples from 84 lung cancer patients were analyzed. Positive ANO1 staining was seen in 77.3% of adenocarcinoma patient samples examined.
a, Chi-square test was used to indicate the statistical significance in the percentage of ANO1 positive staining samples between adjacent tissues of lung

cancer or squamous cell carcinoma and adenocarcinoma (p<0.005).

doi:10.1371/journal.pone.0136584.t001
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To determine the viability and proliferation, we carried out cell proliferation CCK8 assay

using GLC82 and NCI-H520 cells. As shown in Fig 3B, silencing ANO1 significantly slowed

down the growth of lung adenocarcinoma GCL82 and lung squamous carcinoma NCI-H520

cells. Proliferation of GLC82 cells was inhibited in time-dependent manner from 89.1% at day

2, 81.6% at day 3 to 75.0% at day 4. Proliferation of NCI-H520 cells was also inhibited from

89.0% at day 2, 75.3% at day 3 to 71.7% at day 4. To further confirm these results, we used two

Fig 2. Upregulation of ANO1 expression in human lung cancer cell lines. Top panel: representative western blot images of ANO1 expression in different
lung cell lines. Bottom panel: statistical analysis bar chart (n = 3) of ANO1 relative levels in NCI-H520, GLC82, Calu-3, A549 and H1299 cell lines (compared
with normal 2BS cells). The expression of ANO1 was normalized to the expression level of β-Actin. ANO1 is significantly overexpressed in GLC82, Calu-3
and H1299 cell lines. Statistical significance by ANOVA is given as *p< 0.05; **p< 0.01 and ***p< 0.001. All data are shown as mean ± s.e.m.

doi:10.1371/journal.pone.0136584.g002
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Fig 3. Inhibition of cell proliferation by ANO1 knockdown. (A) RNAi knockdown of ANO1 protein expression in ANO1 expressing cells was shown by
Western blot images. The membrane proteins extracted from GLC82 and NCI-H520 cells on the 3rd day after transfection of different ANO1 shRNAs
(shRNA1, shRNA2 and shRNA3) were immunoblotted with ANO1 antibody. ANO1 shRNA1 showed the most effective inhibition of ANO1 expression,
compared with the other two shRNAs and the scrambled shRNA. (B) GLC82 or NCI-H520 cell proliferation was assessed by CCK8 assay based on the
extracellular decreasing of WST8 by NADH produced in mitochondria. Using a microplate reader, the number of cells was quantified by the measurement of

ANO1 Contributes to Lung Cancer
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assays of colony formation in both culture dish and soft agar. As shown in Fig 3C, silencing

ANO1 resulted in a decrease of 36.2% colony formation in GLC82 cells and 30.7% colony for-

mation in NCI-H520 cells, as compared to scrambled shRNA control. To further confirm the

effect of silencing ANO1 on proliferation, we used the soft agar colony formation assay that

monitors anchorage-independent cell growth. GLC82 cells could form colonies in soft agar in

thirty days, but NCI-H520 cells failed to form colonies. As shown in Fig 3D, proliferation of

GLC82 cells treated with ANO1 shRNA was significantly inhibited as compared with the

scrambled shRNA group. These results indicate that silencing endogenous ANO1 can inhibit

proliferation of GLC82 and NCI-H520 lung cancer cells.

Reduction of GLC82 and NCI-H520 cell migration and invasion by
silencing ANO1

To investigate the migration of lung cancer cells, we utilized wound-healing assay that evaluates

wound closure. Two days after transfection, cells were planted in a six-well plate until 90% con-

fluent before starved for 24 hours. The cell layer was carefully wounded by sterile tips, incubated

with serum free medium. As shown in Fig 4A and 4B, transfecting GLC82 lung cancer cells

with ANO1 shRNA inhibited the wound filling about 66.8% at 24 h, 67.5% at 48 h and 74.3% at

72 h, as compared with scrambled shRNA. In NCI-H520 lung cancer cells (Fig 4C and 4D), the

wound-healing in ANO1 knockdown group was only about 29.1% at 24 h and 27.6% at 48 h as

compared with the scrambled shRNA control group. At the 48 h, the wound-healing was almost

complete in the scrambled shRNA control group. These results show that endogenous ANO1

promotes tumor cell migration, and silencing ANO1 inhibits the migration of lung cancer cells.

The most threatening feature of malignancy in lung cancer is the potential for invasion and

metastases. To further examine whether silencing ANO1 also affects cell invasion, we used the

transwell assay. Two days after transfection with ANO1 shRNA1 or scrambled shRNA, GLC82

and NCI-H520 cells were starved for 24 hours before further incubation in the upper chamber.

After 48 hours incubation for NCI-H520 cells or 72 hours incubation for GLC82 cells, cells

invading into the lower chamber were fixed with methanol and stained with DAPI. As shown

in Fig 5, the invasion potential of tumor cells was dramatically suppressed by ANO1 knock-

down. The area of ANO1 silenced GLC82 cells that went through the upper chamber was only

4.0% of the scrambled shRNA group (Fig 5A and 5B). As shown in Fig 5C and 5D, the relative

transwell area of ANO1 knockdown in NCI-H520 cells was 12.2%, as compared with cells

transfected by scrambled shRNA. These results indicate that silencing ANO1 inhibits the

migration and invasion of lung cancer GLC82 and NCI-H520 cells.

Suppression of xenograft tumor growth in nude mice by ANO1
knockdown

To investigate the effect of ANO1 knockdown on growth of xenograft tumor in vivo, three

groups of GLC82 cells were individually transfected with ANO1 shRNA1, ANO1 shRNA2 and

scrambled shRNAs, and their knockdown efficiency was confirmed by western blot before

injection for formation of tumor xenograft in mice (Fig 6A). We injected 107 GLC82 cells per

mouse into right forelimbs of 5-week old nude mice in four groups for formation of a tumor

absorbance at 450 nm. Transfection of ANO1 shRNA1 resulted in significant inhibition of GLC82 and NCI-H529 cell viability in time-dependent manner as
compared with cells treated with scrambled shRNA (n = 6). (C) Cell proliferation of carcinoma cells was assessed by the colony formation assay in culture in
the presence of ANO1 shRNA1. Quantitative analysis of ANO1 silencing group showed less colony genesis, compared with scrambled shRNA group (n = 3).
Representative images are showed below bar charts. (D) RNAi of ANO1 inhibits the clonogenicity of GLC82 cells in soft agar (n = 3). NCI-H520 failed to form
colonies in soft agar. Statistical significance by Student’s t-test is indicated as *p< 0.05; **p< 0.01 and ***p< 0.001. Data are expressed as mean ± s.e.m.

doi:10.1371/journal.pone.0136584.g003
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xenograft. The size of tumors was first measured 7 days after the injection (as day 0). As shown

in Fig 6B and 6C, ANO1 silencing resulted in a significant reduction of tumor growth by 68.8%

in shRNA1 group and 42.1% in shRNA2 group, respectively, as compared with the scrambled

group at the observation of day 12. At day 12, the tumors were removed from mice and

weighted. A remarkable reduction of tumor weight in ANO1 shRNA groups was observed (Fig

6D and 6E). As compared with the control scrambled shRNA, the average tumor weight of

ANO1 shRNA1 and shRNA2 groups was about 38.7% and 70.1%, respectively (Fig 6D and

6E). Further immunohistochemical staining of ANO1 in xenograft tumor confirmed that the

reduction of ANO1 protein expression levels was consistent with the tumor volume in the

groups treated by ANO1 shRNAs with different potency and in the control group (Fig 6F and

6G). These results indicate that ANO1 silencing not only inhibits the migration and invasion

of lung cancer cells but also significantly suppresses tumor growth.

Discussion

The goal of this study was to investigate whether Ca2+-activated Cl- channel (CaCC) ANO1 or

TMEM16A, originally identified from airway epithelial cells, is involved in progression of non-

small-cell lung carcinoma that is typical of epithelial lung cancer.

Fig 4. Suppression of lung cancer cell migration by ANO1 silencing in wound-healing assay.Migration of GLC82 and NCI-H520 cells transfected with
ANO1 shRNA1 or scrambled shRNA was assessed by wound-healing assay. Two days after transfection, cells were planted in a six-well plate until 90%
confluent and then starved for 24 hours. The cell layer was carefully wounded by sterile tips, and incubated with serum free medium. (A) Bright field images of
wound at time points 0 h, 24 h, 48 h and 72 h (GLC82) were shown under low magnification. (B) Quantification for the change in wound-healing of GLC82
cells was displayed in line graph and normalized to scrambled shRNA group. (C) Photos of NCI-H520 wound-healing experiment at 0 h, 24 h and 48 h were
presented. (D) Line graph of NCI-H520 cells showing cell migration that was inhibited by ANO1 shRNA1 knockdown (n = 3). Statistical significance
(Student’s t-test) is indicated as *p< 0.05; **p< 0.01 and ***p< 0.001. All data are shown as mean ± s.e.m.

doi:10.1371/journal.pone.0136584.g004
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In this study, we have demonstrated that ANO1 is highly overexpressed in several lung can-

cer cell lines and human adenocarcinoma tissue samples. Silencing ANO1 suppresses cell pro-

liferation, migration and invasion, and the growth of implanted tumors. These findings

highlight the significance of ANO1 membrane protein as a potential biomarker and possible

therapeutic target in lung cancer therapy.

The ANO1 or TMEM16A has previously been reported to be overexpressed in many can-

cers including oral squamous cell carcinoma (OSCC), gastrointestinal stromal tumor (GIST),

head and neck squamous cell carcinoma (HNSCC), prostate cancer, breast cancer and pancre-

atic ductal adenocarcinoma (PDAC) as well as colorectal cancer cells [27, 30, 32, 33, 41–43]. It

is noticeable that these carcinomas are mostly epithelium originating tumors, indicating not

only a crucial role of ANO1 as an ion channel in sensing and transmitting extracellular signals

Fig 5. Inhibition of cell invasion by silencing endogenous ANO1 in transwell assay.GLC82 and NCI-H520 cells were starved for 24 hours before
incubated in the upper chamber with Matrigel transwell filters. After 48 hours (NCI-H520) or 72 hours (GLC82), cells invading into the lower chamber were
fixed with methanol and stained with DAPI. (A) Images represent microscopic fields of the invading GLC82 cells. (B) The invasiveness of cells expressing
ANO1 shRNA 1 or scrambled shRNA was quantified by stained area of invading GLC82 cells. The invasion area is normalized to scrambled shRNA group.
(C) Representative photos of NCI-H520 cells invaded through Matrigel transwell filters. (D) Bar chat of NCI-H520 cells showing the decrease of cell invasion
by ANO1 shRNA1 knockdown (n = 3). Statistical significance by Student’s t-test is indicated as *p< 0.05; **p< 0.01 and ***p< 0.001. Data are expressed as
mean ± s.e.m.

doi:10.1371/journal.pone.0136584.g005
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Fig 6. In vivo suppression of xenograft tumor growth by silencing ANO1.Normal GLC82 cells or stable GLC82 cells expressing ANO1 shRNA 1, ANO1
shRNA 2 and scrambled shRNA were inoculated hypodermically into the right forelimbs of 5-week-old female nude mice (1X107 cells per mouse). (A)
Western analysis of knockdown efficiency for wild type GLC82 cells and GLC82 cells stable expressing scrambled shRNA, ANO1 shRNA 1 and ANO1
shRNA 2. (B) Representative picture of nude mice carrying GLC82 implanted tumors in four groups: blank group (n = 7), scrambled shRNA group (n = 8),
ANO1 shRNA1 group (n = 8) and ANO1 shRNA2 group (n = 8). (C) Tumor size was measured every 2–4 days by Vernier caliper during its development since
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into intracellular machinery in epithelial cells, but also ANO1 dysfunction in alterations of ion

homeostasis and volume regulation in epithelial cancer development and progression.

In this study, our histochemical staining of human samples in this study reveals that 77.3%

of lung adenocarcinoma tissues are highly overexpressed with ANO1, whereas only 15% lung

squamous cell carcinoma samples show ANO1 positive in the staining. Lung adenocarcinoma

and squamous cell carcinoma differ on the basis of histopathological and clinical characteristics

and their possible etiologies. Whether such a difference that also relates to their etiology or

stage of cancer development is not clear, and requires further examination. Lung squamous

cell carcinoma is primarily due to smoking, and adenocarcinoma of the lung is the most com-

mon type in non-smokers. Lung adenocarcinoma is usually found in peripheral lung tissues

whereas lung squamous cell carcinoma usually originates near a central bronchus [44]. In com-

parison to squamous cell carcinoma, lung adenocarcinoma shows earlier local invasion and

hematogenous metastasis, and has worse prognosis responding to surgical treatment, chemo-

therapy and radiotherapy [45–47]. The observed difference in ANO1 expression between the

adenocarcinoma and squamous cell carcinoma likely highlights the biological differences

between these two subtypes, it also suggests different tumor suppressor genes that may be

related to the genesis of each histologic type [48, 49].The mechanism underlying ANO1 in pro-

liferation and migration of lung cancer cells is not investigated in this study. It is not quite clear

how overexpression or dysregulation of ANO1 contributes to cancer development. To date,

evidence has been accumulated indicating that chloride channels are important for control of

transepithelial transport for ion homeostasis and cell volume regulation, which is integral to

regulation of cell-cycle progression and proliferation [19, 21]. Cell-cycle progression is criti-

cally dependent on cell volume in which profound alterations in volume regulation can lead to

the generation of apoptosis-resistant cells [50]. The CaCC ANO1/TMEM16A gene is located in

chromosome band 11q13 that is one of the most frequently amplified regions in human cancer

and is associated with a poor prognosis [29, 51]. ANO1 expression is highly correlated with

cyclin D1 expression (CCND1) in cells [37, 52], and cyclin D1 is considered to be main driver

of the 11q13 amplicon and a key factor of cell cycle for transition from the quiescent G1 phase

to the proliferative S phase [53, 54]. This is confirmed by a recent observation that suppression

of ANO1 expression leads to reduction of cyclin D1 expression [37, 41]. In addition to the role

of ANO1 in cell-cycle progression and proliferation, ANO1 has recently been shown to be

involved in oncogenic signaling by activating EGFR and CAMK pathways to promote cancer

progression [30], and enhancing MAPK signaling for progression of cell cycle [37]. More

recently, ANO1 has been shown to associate with EGFR to facilitate the EGFR-signaling and

regulate HNSCC cell proliferation [40]. Therefore, it is likely that ANO1 overexpression in

lung cancer results in activation of oncogenic signaling pathways that are partially shared in

the pathogenesis of epithelial tumors.

In summary, we have shown in this study that ANO1 is overexpressed in human lung ade-

nocarcinoma tissues and upregulated in lung cancer cell lines. Genetic inhibition of ANO1

expression leads to suppression of proliferation, metastasis and invasiveness in vitro and

the 7th day after injection. The growth of tumors expressing ANO1 shRNA1 and ANO1 shRNA2 was significantly inhibited in a time dependent manner,
compared with the scrambled shRNA group. (D) Representative picture of tumors picked frommice on the 12th day of generation. (E) Tumors were weighed
and analyzed after surgical removal. Comparing with scrambled shRNA tumors, ANO1 shRNAs tumors were lighter. Statistical significance (ANOVA) is
shown as *p< 0.05; **p< 0.01 and ***p< 0.001. Data are expressed as mean ± s.e.m. (F) Representative images of immunohistochemical staining of ANO1
expression in xenograft tumor tissues. (G) Analysis of ANO1 expression in xenograft tumor tissues was conducted by scoring from 0 to 3 according to the
intensity and area of the staining.

doi:10.1371/journal.pone.0136584.g006
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xenograft tumor growth in vivo. Therefore, pharmacological inhibition of upregulated ANO1

may provide a strategy and therapeutic potential for treatment of lung cancer or other epithe-

lial cancers.
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