
Cancer Letters 326 (2012) 41–51
Contents lists available at SciVerse ScienceDirect

Cancer Letters

journal homepage: www.elsevier .com/locate /canlet
Inhibition of Ca2+-activated Cl� channel ANO1/TMEM16A expression suppresses
tumor growth and invasiveness in human prostate carcinoma

Wen Liu a, Min Lu b, Baogang Liu c, Yi Huang d,⇑, KeWei Wang a,e,⇑
a Department of Neurobiology, Neuroscience Research Institute, Peking University Health Science Center, China
b Department of Pathology, Peking University Health Science Center, China
c Department of Pulmonary Oncology, The Third Affiliated Hospital of Harbin Medical University, Harbin 150040, China
d Department of Urology, Peking University Third Hospital, China
e Department of Molecular and Cellular Pharmacology, Peking University School of Pharmaceutical Sciences, 38 Xueyuan Road, Beijing 100191, China
a r t i c l e i n f o

Article history:
Received 28 March 2012
Received in revised form 6 July 2012
Accepted 11 July 2012

Keywords:
Prostate cancer
ANO1
PC-3 cells
Proliferation
Metastasis
0304-3835/$ - see front matter � 2012 Elsevier Irelan
http://dx.doi.org/10.1016/j.canlet.2012.07.015

⇑ Corresponding authors. Address: Department of
macology, Peking University School of Pharmaceutica
Beijing 100191, China (K. Wang). Tel./fax: +86 10 828

E-mail addresses: flyinghorse@china.com.cn (Y. H
(K. Wang).
a b s t r a c t

The etiology of prostatic adenocarcinoma remains unclear. Prostate cancer cells of varying metastatic
potential and apoptotic resistance show altered expression of plasma membrane ion channels and unbal-
anced Ca2+ homeostasis. Ca2+-activated Cl� channels (CaCCs) are robustly expressed in epithelial cells and
function to regulate epithelial secretion and cell volume for maintenance of ion and tissue homeostasis in
proliferation, differentiation and apoptosis. ANO1/TMEM16A was recently identified as a CaCC, and it is of
interest to determine whether ANO1 plays a role in development and metastasis of prostate carcinoma.
Here we show that ANO1 mRNA and protein are highly expressed in human metastatic prostate cancer
LNCaP and PC-3 cells by quantitative analysis of real-time PCR and Western blot. These findings were
confirmed by whole-cell patch clamp recording of LNCaP and PC-3 cells with increased current density
of ANO1 channels. Immunohistochemistry staining further revealed overexpression of ANO1 in human
prostate cancer tissues, which correlated with the clinical TNM stage and Gleason score. Experiments
with small hairpin RNAs (shRNAs) targeting human ANO1 resulted in a significant reduction of prolifer-
ation, metastasis and invasion of PC-3 cells using WST-8, colony formation, wound-healing and transwell
assays. Moreover, intratumoral injection of ANO1 shRNA completely inhibited established tumor growth
and survival in orthotopic nude mice implanted with PC-3 cells. Our findings provide compelling evi-
dence that upregulation of CaCC ANO1 is involved in the proliferation, progression and pathogenesis of
metastatic prostate cancer. Membrane ANO1 protein may therefore serve as a biomarker, and inhibition
of overexpressed ANO1 has potential for use in prostate cancer therapy.

� 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Prostatic adenocarcinoma arises in the glandular epithelial cells
and is one of the most common malignancies in males. However,
the pathogenesis of prostate cancer has not been clearly defined
[1]. Increasing evidence suggests that Ca2+ homeostasis is altered,
and upregulated expression of voltage-gated ion channels becomes
epigenetically abnormal in metastatic carcinoma cells [2–4]. Ion
channels are membrane proteins present in excitable or non-excit-
able cells, participating in diverse physiological activities integral
to excitability, contraction, the cell cycle, salt and water secretion
and metastatic cascades [5]. They are crucial for maintaining tissue
homeostasis during cellular proliferation, differentiation and apop-
d Ltd. All rights reserved.
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tosis. The major mechanisms by which ion channels contribute to
these crucial events include governing cellular ion fluxes, regulat-
ing cell volume and generating membrane potential [6,7].

Chloride channels are important for control of transepithelial
transport, regulation of cell volume and membrane excitability.
Activation of chloride currents through volume-regulated anion
channels (VRACs) in response to cell swelling (ICl,SWELL) is one of
the critical mechanisms by which cells restore their volume fol-
lowing osmotic perturbations and stress, a process which is known
as regulatory volume decrease (RVD) [8–10]. Effective counterac-
tion of abrupt volume changes, and maintenance of constant cell
volume and ion homeostasis during active uptake, exocytosis, pro-
liferation and differentiation are major prerequisites for cell sur-
vival [11]. There is evidence that overexpression of antiapoptotic
Bcl-2 protein upregulates swelling-activated Ca2+ entry that is a
critical signal for normal RVD and activation of swelling-activated
Cl� channel activity [12], indicating a causal link between apopto-
tic resistance and upregulation of swelling-activated Cl� current
and ion flux. In androgen-dependent apoptosis-resistant prostate
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cancer cells (LNCaP), there is prominent swelling-activated Cl� cur-
rent that provides effective RVD under hypoosmotic stress [13,14],
implying that Ca2+ homeostasis and volume homeostasis of pros-
tate cancer cells are interrelated based on their functional coupling
[15].

Calcium-activated chloride channels (CaCCs) are major regula-
tors of epithelial secretion and cell volume regulation [16,17].
TMEM16A (also known as DOG1, ORAOV2, or TAOS-2) was inde-
pendently demonstrated to be a bona fide Ca2+-activated Cl� chan-
nel (CaCC) [18–20]. It has also been referred to as anoctamin 1
(ANO1) because the channels are ANion selective and have eight
(OCT) transmembrane segments [19]. ANO1/TMEM16A is a mem-
ber of a family with nine other members (known as ANO2-10 or
TMEM16B-K) that all share a similar structure with eight putative
transmembrane domains and cytosolic amino- and carboxy ter-
mini. The ANO1/TMEM16A gene is localized on 11q13 [21], and this
region of the chromosome is frequently amplified in human cancer
[22], and is associated with a poor prognosis. This suggests that a
cassette ANO1/TMEM16A gene drives 11q13 amplification by pro-
viding growth or metastatic advantage to cancer cells [23,24].
ANO1/TMEM16A protein is upregulated in gastrointestinal stromal
tumors [25]. The relationship between cancer and channel protein
in Ca2+-dependent Cl� transport is unclear, but raises a question as
to whether the chloride channel plays a role in tumorigenesis of
prostate epithelial cancer.

In the present study, we found that CaCC ANO1 is highly ex-
pressed in human prostate cancer cells (PC-3), where increased
current density of ANO1 channels was confirmed by whole-cell
patch clamp recordings. In human prostate cancer tissues, the high
level expression of ANO1 correlates with the TNM stage and Glea-
son score. RNA interference-mediated knockdown of ANO1 can in-
hibit proliferation, metastasis and invasion of prostate cancer cells,
and can decrease tumor growth in nude mice implanted with PC-3
cells, suggesting this molecule is a potential biomarker for prostate
cancer and a target for antitumor therapy.

2. Materials and methods

2.1. Cell culture and transfection

LNCaP, PC-3 and DU145 cells (human prostate carcinoma cells) were gifts from
Dr. Dalong Ma at the Center for Human Disease Genomics, Peking University. Nor-
mal RWPE-1 cells (human normal prostate epithelial cells) were purchased from
the ATCC (American Type Culture Collection, Rockville, MD). Cells were maintained
in complete medium (RPMI 1640 medium) supplemented with 10% fetal calf serum,
100 IU/ml penicillin G, and 100 mg/ml streptomycin under standard culture condi-
tions. After washing, cells were detached with trypsin–EDTA solution and resus-
pended in fresh medium for subsequent experiments. Transfection with plasmids
was carried out using Lipofectamine™ 2000 reagent (Invitrogen, Carlsbad, USA)
according to the manufacturer’s instructions. Cells with >75% transfection efficiency
were used for further experiments. In all experiments with shRNA cell transfection,
a shRNA missense plasmid was included as negative control.

2.2. Real time-polymerase chain reaction

Total RNA was extracted from cells with Trizol reagent (Invitrogen). Two micro-
grams of total RNA were subjected to reverse transcription using an RT-PCR kit
(Promega, Madison, USA). Real-time PCR was carried out using the SYBR� Premix
Ex TaqTM II kit (TAKARA, Japan). All PCR reactions were performed in a total volume
of 20 ll with the following sequence: one cycle of initial denaturation for 30 s at
95 �C and 40 amplification cycles (5 s of denaturation at 95 �C and 34 s of annealing
and extension at 60 �C). For real-time PCR, ANO1/TMEM16A and control primers
used in this study were as follows: forward primer for ANO1/TMEM16A,
TCTGCTGGATGAAGTTTACGG; reverse primer for ANO1/TMEM16A, AGGCGACA
TAGAAGATGGGAG; forward primer for b-actin, TGTTACCAACTGGGACGAC and
reverse primer for b-actin GGTGTTGAAGGTCTCAAACAT. The threshold cycle (Ct)
values obtained from these experiments were used to indicate the fractional cycle
numbers at which the amount of amplified target reached a fixed threshold. The
amount of ANO1/TMEM16A mRNA in cancer cells, normalized to the internal con-
trol (b-actin) and evaluated relative to a calibrator (normal prostate epithelial cells),
is given by 2�DDCt, where Ct indicates the cycle number at which the fluorescence
signal of the PCR product crosses an arbitrary threshold set within the exponential
phase of the PCR. DDCt = [(Ct target (unknown sample) � Ct end-control (unknown sample))] �
[(Ct target (calibrator sample) � Ct end-control (calibrator sample))], which correlates the
expression of the gene of interest with the control gene. All PCR reactions were
performed with equal amounts of cDNA using the ABI PRISM 7500 Real-Time PCR
System.

2.3. Western blot analysis

Cells were washed twice with ice-cold phosphate-buffered saline (PBS) and
lysed in RIPA buffer containing 1 X Halt phosphatase and protease inhibitor cock-
tails (Pierce, Rockford, IL). Cell lysates were centrifuged at 13,000 rpm for 10 min
at 4 �C. Protein content in the supernatant was determined with a BCA protein assay
kit (Thermo Scientific, USA). Equal amounts of lysate protein (30 lg) were sepa-
rated on an 8% SDS–PAGE gel, and the proteins were electrophoretically transferred
onto nitrocellulose membranes. The blotting membrane was blocked with 5% milk
in tris-buffered saline (TBS) buffer for 1 h and incubated overnight at 4 �C with rab-
bit anti-ANO1/TMEM16A (1:1000; Abcam) and goat anti-b-actin (1:500; Santa Cruz,
CA). The membrane was washed with TBS and incubated with anti-rabbit or goat
lgG-HRP secondary antibody (1:5000, Santa Cruz, CA). For protein visualization,
the nitrocellulose membrane was incubated for 2–3 min using the Immobilon Wes-
tern HRP Substrate (that contains HRP substrate peroxide Solution and HRP sub-
strate luminal Reagent) prior to exposure of KODAK film. The expression levels of
ANO1/TMEM16A and b-actin proteins were quantified with densitometry using
Quantity one (Biorad). The signal strength of ANO1/TMEM16A was normalized to
the corresponding b-actin control.

2.4. Immunohistochemical staining

An array of normal tissue from multiple human organs was used in this study
(US Biomax Inc., catalog No. BN1002). This tissue microarray contained 20 types
of normal organs with five specimens per organ, including stomach, brain, colon,
bone marrow, rectum, cervix, small intestine, ovary, esophagus, breast, liver, pros-
tate, pancreas, testis, lung, spleen, kidney, lymph node, skin and thymus gland. The
human prostate carcinoma tissue array (US Biomax Inc., catalog No. PR8010) in-
cluded carcinomas ranging from TNM stage I to IV, and all of these samples were
from surgical resection specimens from patients of 26–82 years of age. Human
pathologic tissue collections which consisted of 10 cases of BPH (Benign prostate
hyperplasia) and 17 cases of prostate cancer were obtained from Peking University
Third Hospital. Normal human stomach tissue was a gift from the Department of
Pathology, Peking University Health Science Center.

Tissue sections were deparaffinized in xylene and hydrated in a graded series of
alcohols, followed by incubation with 3% hydrogen peroxide for 10 min at 37 �C.
Tissue sections were then placed in 0.01 M citrate antigen retrieval solution (pH
6.0), heated at 95 �C in a microwave oven for 10 min and cooled to room tempera-
ture. Slides were washed with PBS and reacted overnight at 4 �C with primary rab-
bit polyclonal antibody to ANO1 (Ab. dilution 1:100, ab53212, Abcam). PBS and
rabbit IgG (dilution 1:5000, ZDR-5002, ZSGB-BIO, China) were used for negative
control sections. After slides were washed with PBS, they were incubated with goat
anti-rabbit IgG-HRP (PV9000, Zymed Laboratories, South San Francisco, CA) for
30 min at 37 �C, and the reaction was visualized with aminoethylcarbazole (AEC)
as a chromogen (Zymed Laboratories, South San Francisco, CA). This AEC chromogen
color reaction is red in all sections and photomicrographs. Finally, all sections were
counterstained lightly with hematoxylin for 15 s [26].

Tissue specimen/samples were observed with a light microscope (Olympus
BX51). The immunohistochemical labeling was assessed by two experienced
pathologists in a double blind manner, and the distribution of staining of cancer
cells was scored as 0 (less than 25% of cells positive), 1+(25–50% of cell positive),
2+(50–75% of cells positive) and 3+(greater than 75% of cells positive). The staining
intensity was scored as negative (0), mild (1+), moderate (2+), and strong (3+).

2.5. Whole-cell patch clamp recordings

Normal human prostate epithelial cells (RWPE-1), and human prostate carci-
noma cells (LNCaP, PC-3 and DU145 cells) were seeded on glass coverslips.
Whole-cell recordings were performed at room temperature using an EPC-10 patch
clamp amplifier in combination with Patchmaster (HEKA). Patch electrodes were
pulled from borosilicate glass and filled with an internal solution containing (units
in mM) 140 NMDG-Cl, 7.4 Ca2+-EGTA, 2.6 NMDG-EGTA, and 10 NMDG-HEPES. The
pipette electrode had a final resistance of 3–5 MX. The external solution contained
(mM) 140 NMDG-Cl, 5 KCl, 2 CaCl2, 1 MgCl2, and 10 NMDG-HEPES. The pH value of
all solutions was adjusted to 7.2 with N-methyl-D-glucamine (NMDG) [20]. The cell
was clamped from holding potential (�80 mV) to voltages between �100 and
+100 mV in 20 mV steps.

2.6. shRNA preparation and plasmid construction

ANO1/TMEM16A shRNA (short hairpin RNA) and negative control shRNA plas-
mid were constructed by GeneChem Co., Ltd. (Shanghai, China). There were three
sites for siRNA targeting of the human ANO1/TMEM16A gene (GenBank
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NM_018043): CGTGTACAAAGGCCAAGTA (1077–1095 nt), GCATCTATTTGACTTGTCT
(991–1009 nt) and CGAAGAAGATGTACCACAT (837–855 nt). BLAST was performed
to ensure that these siRNAs did not have significant sequence homology with other
genes. An expression vector containing non-specific siRNA was designed as a neg-
ative control. The integrity of expression plasmids was confirmed by DNA sequenc-
ing analysis.

2.7. Cell proliferation assays

For assay of cell proliferation, a parallel assay for viability was used with the
Cell Counting Kit-8 (Dojindo Laboratories, Japan). The number of viable cells was
estimated using the WST-8 assay which provides effective and reproducible deter-
mination of proliferative activity [27]. Briefly, WST-8 [2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt] is reduced by the mitochondrial enzyme NAD-dependent succinate dehydro-
genase and produces a colored formazan product which is soluble in the culture
medium. The amount of formazan dye generated by the activity of intracellular
dehydrogenases is directly proportional to the number of living cells. After transfec-
tion with ANO1/TMEM16A shRNA3 or control shRNA, cells were inoculated into 96-
well plates at 5000 cells/well. To measure the proliferative activity of cancer cells,
10 ll of the Cell Counting Kit solution were added into each well followed by the
incubation of these microplates at 37 �C in 5% CO2/95% air for 5 h before measure-
ment of O.D. values at various time points on days 1, 2, 3 and 4. The number of via-
ble cells was quantified by absorbance measured at 450 nm using a microplate
reader (Molecular Devices) with a reference wavelength of 650 nm [28].

2.8. Colony formation assay

PC-3 cells transfected with the ANO1-shRNA3 expression vector or control
shRNA vector were plated at 200 cells per 35-mm dish. 800 lg/ml G418 were added
after transfection for 48 h, and the medium was changed every 2 days. On day 15,
G418-resistant colonies were fixed with 2% PFA/PBS and stained with crystal violet.
Colonies with P50 cells were counted [29].

2.9. Wound healing assay

Cell mobility was assessed using a scratch wound assay [29]. After transfection
with ANO1/TMEM16A shRNA3 or control shRNA for 3 days, tumor cells were cul-
tured in a 6-well plate until confluent. The cell layer was carefully wounded using
a sterile tip and washed twice with fresh serum free media. After incubation with
serum free medium for time intervals of 0, 12, 24 or 36 h, the cells were photo-
graphed at low magnification (40� amplification). These experiments were carried
out in triplicate.

2.10. Cell migration/invasion assay

Tumor cell invasion activity was evaluated in Transwell� cell-culture chambers
with polycarbonate filters of 8.0 lm pore size (Corning, Acton, MA, USA), and in Bio-
Coat Matrigel Invasion chambers (BD Biosciences, Bedford, MA, USA) coated with
basement membrane matrix [30]. After transfection with ANO1/TMEM16A shRNA3
or control shRNA for three days, tumor cells were starved for 18 h in serum free
media containing 0.1%BSA, and 1.5 � 104 of cells in 300 ll of medium were placed
in the upper chamber of the Transwell. The tumor cells in the upper chamber were
allowed to migrate into the lower chamber containing 10% fetal bovine serum (FBS)
medium (600 ll) by incubating for 24 h at 37 �C in a 5% CO2 atmosphere. Cells in the
top well of the upper chamber were removed by wiping them off the top membrane
with cotton swabs. The membranes were then fixed with methanol, and stained
with DAPI (40 ,6-Diamidino-2-phenylindole) for visualization of cell nuclei. The cells
which had invaded to the lower surface areas were counted under a microscope
(200�magnification) and the cell number was taken to represent invasion activity.

2.11. In vivo tumor growth

Male balb/c nu/nu mice (4–6 weeks old) were purchased from the Department
of Laboratory Animal Science of Peking University Health Science Center, and
housed five animals per cage in microisolator units under temperature-controlled
conditions at 70% humidity with free access to standard rodent chow and water.
The animals were quarantined for 1 week prior to their use in the study. Experi-
ments were carried out in accordance with the ethical guidelines of Department
of Laboratory Animal Science of Peking University Health Science Center. For tumor
implantation, PC-3 cells were seeded in RPMI 1640 medium supplemented with
10% FBS in 10 cm plastic dishes. The cells were then washed three times with
1 � PBS and resuspended in 0.1 ml saline solution. Each mouse was injected with
107 cells to form a tumor xenograft. When the tumor volume reached about 80–
100 mm3, the tumor-bearing mice were randomly divided into three experimental
groups (n = 4 mice/group): (1) Blank; (2) control shRNA; and 3) ANO1 shRNA3.
ANO1 shRNA3 or control shRNA diluted in saline was directly injected into the tu-
mor xenograft at a dose of 50 lg every week. Tumor volumes were assessed once
every week for a total period of 6 weeks by measuring two perpendicular dimen-
sions with a caliper according to the formula volume = (a � b2)/2, where a is the
largest and b is the smallest dimension of the tumor [31].
2.12. Statistical analysis

The data were obtained and statistically analyzed with paired and unpaired t-
tests or with the ANOVA test. For analysis of human tissue arrays and human path-
ologic tissue collections, statistical analysis was performed using the two-tailed
Fisher’s exact test, and a 2-sided P value of <0.05 was considered statistically signif-
icant. Data are presented as mean ± s.e.m. Statistical significance is given as
�p < 0.05; ��p < 0.01 and ���p < 0.001.
3. Results

3.1. ANO1 expression in human normal tissues

In order to investigate the expression level of ANO1 in human
normal tissues, we used multiple normal organ human tissue array
containing 20 types of normal organs, including stomach, brain, co-
lon, bone marrow, rectum, cervix, small intestine, ovary, esopha-
gus, breast, liver, prostate, pancreas, testis, lung, spleen, kidney,
lymph node, skin and thymus gland. Immunohistochemical stain-
ing of this array with ANO1 antibody revealed that ANO1 is ex-
pressed in human normal stomach, colon, rectum, small
intestine, esophagus, liver, pancreas, testis, lung and kidney
(Table 1).
3.2. Upregulation of CaCC ANO1 expression in prostate cancer cells

To investigate the expression level of ANO1 in prostate cancer
epithelial cells, we began by designing a specific cDNA probe for
targeting the N-terminus of ANO1, and selected three classic cell
lines of human prostate cancer, LNCaP, PC-3 and DU145. PC-3 cells
have high metastatic potential compared to DU145 cells, which
have moderate metastatic potential [32]. Quantitative analysis of
ANO1 mRNA by real time-PCR showed an increase of about 250%
in ANO1 mRNA in PC-3 cells and an increase of about 240% in
LNCaP cells, but not in DU145 cells, as compared with normal pros-
tate epithelial cells (RWPE-1), indicating that ANO1 transcripts
were upregulated in LNCaP and PC-3 (Fig. 1A). To quantify the rel-
ative expression of ANO1 protein, we performed Western blot
analysis. ANO1 proteins extracted from LNCaP, PC-3 or DU145 cells
were separated by gel electrophoresis under denaturing conditions
and probed with ANO1 antibody which specifically recognizes the
channel proteins. Fig. 1B shows that the protein level of ANO1 in
DU145, LNCaP and PC-3 cells increased 1.24-fold, 2.95-fold and
5.27-fold respectively, as compared with ANO1 protein in normal
control cells (RWPE-1). This result is consistent with the quantita-
tive real-time PCR analysis, indicating that ANO1 is upregulated in
prostate cancer LNCaP and PC-3 cells.

To further confirm the functional expression of ANO1 channels
in prostate cancer cells, we performed whole-cell patch clamp
recordings of DU145, LNCaP and PC-3 cells. In response to voltage
steps of stimuli, a family of ANO1 currents was recorded in control
RWPE-1 cells, and in DU145, LNCaP and PC-3 cancer cells (Fig. 2).
The ANO1 current was blocked by the chloride channel blocker
DIDS (5 lM). These results show that ANO1 current density was
5.1-fold (3.05 ± 1.2 nA, n = 9) in PC-3 cells and 3.9-fold
(2.31 ± 0.27 nA, n = 5) in LNCaP cells as compared with ANO1 cur-
rent in RWPE-1 cells (594.8 ± 92.5 pA, n = 5). The ANO1 current in
DU145 cells (917.5 ± 94 pA, n = 5) was slightly higher than that of
the RWPE-1 group (Fig. 2B). This demonstrated that functional
expression of ANO1 was also upregulated in LNCaP and PC-3 pros-
tate cancer epithelial cells.



Table 1
Tissue distribution of ANO1/TMEM16A in human multiple organs.

Distribution Total no. of samples No. of ANO1 positive samples % Positive (No./total)

Normal gastric tissue 10 10 100
Normal prostate tissue 12 0 0
Normal cerebral tissue 5 0 0
Normal colonic tissue 5 5 100
Normal myeloid tissue 5 5 100
Cancer adjacent normal rectal tissue 5 2 40
Normal uterine cervical tissue 5 5 100
Normal small intestine tissue 5 5 100
Normal ovarial tissue 5 0 0
Normal esophageal tissue 5 5 100
Cancer adjacent normal breast tissue 7 2 28.6
Normal hepatic tissue 5 4 80
Normal pancreatic tissue 5 5 100
Cancer adjacent normal testicular tissue 5 4 80
Normal pulmonary bronchioles 5 5 100
Normal splenic tissue 5 0 0
Normal renal tissue 5 5 100
Normal thymus gland tissue 5 0 0

Note: Immunohistochemical staining with ANO1 antibody reveals ANO1 expression in tissues of stomach, colon, rectum, small
intestine, esophagus, liver, pancreas, testis, lung and kidney.

Fig. 1. Up-regulation of ANO1 expression in prostate cancer cells. (A) Quantitative
real-time PCR analysis of ANO1 mRNA levels in normal prostate epithelial cells
(RWPE-1) and prostate cancer cell lines (DU145, LNCaP and PC-3). The ANO1 mRNA
level was increased 2.5-fold in PC-3 and 2.4-fold in LNCaP cells, as compared with
that of normal prostate RWPE-1epithelial cells or DU145 cells. (B) Top panel,
Western blot analysis of ANO1 protein expression in RWPE-1 cells and in DU145,
LNCaP and PC-3 cells by Western blot. The expression of ANO1 protein was
normalized to the expression level of b-actin. Bottom panel, the bar graph summary
from the top panel shows the relative expression of ANO1 protein in DU145, LNCaP,
and PC-3 cells, as compared with RWPE-1. The statistical significance between
groups is indicated as, ��p < 0.01 (n = 4). All data are shown as mean ± s.e.m.
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3.3. Over expression of ANO1 channel protein in human prostate
cancer tissues

To further validate the role of ANO1 in prostate cancer, we
examined ANO1 expression in both human pathologic tissue spec-
imens from prostate cancer patients and human tissue arrays by
immunohistochemical staining with specific antibody against
ANO1. Fig. 3 shows that ANO1 is highly expressed in prostate can-
cer tissues, as compared with benign prostate hyperplasia (BPH)
and benign glands adjacent to carcinoma.

Based on tissue arrays, ANO1 expression was observed in 90.3%
of the cases (65/72) and the immunohistochemical scoring for all
tissues from prostate cancer patients is shown in Table 2. Based
on TNM staging (Tumor, Lymph Nodes, Metastasis), we classified
prostate cancer cases into two subgroups consisting of Group 1
containing stage I and II cases, and Group 2 containing stage III
and IV cases (Table 3). In Group 1, 88.1% of tumors (37/42) showed
negative or weak expression of ANO1, and 11.9% (5/42) of tumors
showed strong ANO1 staining (Table 3). In Group 2, 26.6% of tu-
mors (8/30) showed negative or weak expression, whereas 73.4%
of tumors (22/30) showed strong ANO1 expression (Table 3). The
significant difference between these two groups indicates that
higher TNM stage correlates with increased ANO1 expression.

Using the Gleason scoring system that is based on microscopic
tumor patterns, we classified the tissues specimen into three sub-
groups: subgroup 1 (Gleason score <4) where 100% of tumors (3/3)
showed negative or weak expression, and on tumor (0/3) showed
strong ANO1 expression; subgroup 2 (Gleason score 4–7) in which
71.1% (27/38) of tumors showed negative or weak expression, and
28.9% (11/38) of tumors showed strong expression; and subgroup
3 (Gleason score >7 group) where 51.8% (14/27) of tumors showed
negative or weak expression, and 48.2% (13/27) of tumors showed
strong ANO1 expression. These results show that higher Gleason
scores are associated with greater ANO1 expression.

To further confirm the results obtained from evaluation of tis-
sue arrays, we examined the pathologic tissue specimens from
17 prostate cancer patients. ANO1 expression was observed in
76.5% of cases of carcinoma (13/17) as shown in Table 4A. Using
Gleason scoring, we classified the tissues specimen into two sub-
groups: subgroup 1 (Gleason score 6–7) in which 71.4% (5/7) of tu-
mors showed negative or weak expression, and 28.6% (2/7) of
tumors showing strong ANO1 expression; and subgroup 2 (Gleason
score >7) where 30% (3/10) of tumors showed negative or weak



Fig. 2. Functional expression of ANO1 current in prostate cancer cells. (A) Whole-cell ANO1 currents were recorded by whole-cell patch clamp recording and cells were held
at �80 mV followed by a family of voltage steps of 20 mV each between �100 and 100 mV. In the presence of CaCC ANO1 blocker DIDS (5 lM) ANO1 current was blocked.
Upon washing out, the ANO1 currents were recovered. (B) The bar graph summarizes the peak currents recorded at 100 mV voltage in cancer cells DU145 (n = 5), LNCaP
(n = 5) and PC-3 (n = 9), compared with normal control RWPE-1 cells (n = 5). Functional expression of ANO1 in PC-3 cells (n = 9) was 5.1-fold higher and 3.9-fold higher in
LNCaP cells (n = 5) than in RWPE-1 cells (n = 5), student-t test ���p < 0.001. All data are shown as mean ± s.e.m.

Fig. 3. Immunohistochemical staining of ANO1 expression in human prostate tissues of benign prostate hyperplasia, benign glands adjacent to carcinoma and prostate
cancer. (A) Benign prostate hyperplasia (BPH) tissue shows negative staining for ANO1. (B) Benign glands adjacent to carcinoma showing negative ANO1 staining. (C)
Representative field showing human prostate cancer tissue with ANO1 staining of neoplastic epithelium. (B and C) are from the same patient. The scale bar indicates 20 lm.

Table 2
ANO1 staining and scoring in human tissue array.

Total no. of samples No. of ANO1 positive samples % Positive (No./total) P value

Normal prostate tissue 5 0 0
Benign prostate hyperplasia 16 2 12.5 <0.005*

Adenocarcinoma 72 65 90.3

Note: Tissue specimen from 72 prostate cancer patients and 16 patients with benign prostate hyperplasia, and 5 specimen of normal tissues from
cancer-free prostates were analyzed. Positive ANO1staining was seen in 90.3% of patient samples examined.
* Statistical difference in the percentage of ANO1 positive samples between normal tissues or benign prostate hyperplasia and prostate
adenocarcinomas (p < 0.005)
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Table 3
Correlation between ANO1 expression and prostate cancer from human tissue array.

Characteristics No. of patients No. of samples in categories of scores for ANO1 immunostaining signal P value

[0,3] [4,6]

Age (y) >60 y 61 39 (63.9%) 22 (36.1%) 0.736
660 y 11 6 (54.5%) 5 (45.4%)

TNM stage I and II 42 37 (88.1%) 5 (11.9%) <0.05a

III and IV 30 8 (26.6%) 22 (73.4%)
Gleason score <4 3 3 (100%) 0 (0%) <0.05b

[4,7] 38 27 (71.1%) 11 (28.9%)
>7 27 14 (51.8%) 13 (48.2%)

Note: In the pathologic TNM staging, the stage I and II as a group, and the TNM stage III and IV as a group. There was a significant difference between the two groups, showing
the higher the TNM stage the more ANO1 expression. With the Gleason score, there was also significant difference between the three groups, indicating the correlation
between prostate cancer and ANO1 expression.

a Statistical significance in ANO1 expression between the TNM staging I-II group and the TNM staging III-IV group (p < 0.05).
b Statistical significance in ANO1 expression among groups of Gleason score less than 4, 4-7 and greater than 7 (p < 0.05).

Table 4A
ANO1 staining and scoring in tissues from human pathological tissue specimen.

Total No.
of samples

No. of ANO1 positive
samples

% Positive
(No./total)

P value

Benign prostate hyperplasia 10 0 0 <0.005*

Adenocarcinoma 17 13 76.5

Note: Tissue specimen from 17 prostate cancer patients and 10 patients with benign prostate hyperplasia were analyzed. Positive ANO1 staining was seen in 76.5% of patient
samples examined.
* Statistical significance in percentage of ANO1 positive samples between benign prostate hyperplasia and prostate adenocarcinomas (p < 0.005)

Table 4B
Correlation between ANO1 expression and prostate cancer from human pathological tissue specimen.

Characteristics No. of patients No. of samples in categories of scores
for ANO1 immunostaining signal

P value

[0,3] [4,6]

Age (y) >60 y 15 7(46.7%) 8(53.3%) 0.735
660 y 2 1(50%) 1(50%)

Gleason score [6,7] 7 5(71.4%) 2(28.6%) <0.05a

>7 10 3(30%) 7(70%)

Note: In Gleason score, score 6–7 as a group, and score above 7 as a group. There was a significant difference between these three groups, suggesting that the higher the
Gleason score, the more ANO1 expression.

a Statistical significance in ANO1 expression between Gleason score 6-7 group and the score >7 group (p < 0.05).
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expression, and 70% (7/10) of tumors showed strong ANO1 expres-
sion (Table 4B). These results further confirmed the positive corre-
lation of ANO1 expression with tumor grade in prostate cancer.

3.4. Inhibition of PC-3 cell proliferation by silencing endogenous ANO1

To investigate the function of ANO1 in proliferation of PC-3
cells, we first designed three short hairpin RNAs (shRNA1-3) tar-
geting the N-terminus of ANO1, and used these probes for
in vitro silencing of ANO1 gene expression via RNA interference.
Transfection of three shRNA1-3 (shRNA1, shRNA2 or shRNA3) in
PC-3 cells expressing ANO1 proteins resulted in an 85% reduction
in ANO1 expression in the group treated with shRNA1, an 87%
reduction with shRNA2, and a 96% reduction with shRNA3, as com-
pared with the control shRNA or positive control (ANO1) in which
robust expression of ANO1 remained unaltered (Fig. 4). This con-
firmed that ANO1 shRNA1 is effective in silencing ANO1 expres-
sion, and the ANO1 shRNA3 probe was most effective in silencing
endogenous expression of ANO1.

To further examine the role of ANO1 in prostate cancer cell pro-
liferation, we used this ANO1 shRNA3 probe and investigated the
effect of shRNA3 on proliferation in PC-3 cells. Cell proliferation
was evaluated using the WST-8 assay which is more stable and less
cytotoxic than the conventional MTT assay. As shown in Fig. 5A
from four independent repetitions of these experiments, transfec-
tion of ANO1 shRNA3 resulted in a significant inhibition of PC-3
cell proliferation from 82% on day 2% to 73% on day 3, and 59%
on day 4 in a time-dependent manner, as compared with PC-3 cells
treated with control shRNA. To further confirm these results, we
utilized the Colony Formation assay. As shown in Fig. 5B, transfec-
tion of ANO1 shRNA3 resulted in a significant inhibition of PC-3
cell colony formation. These results indicate that silencing endog-
enous ANO1/TMEM16A can decrease proliferation of prostate can-
cer PC-3 cells.

3.5. Silencing endogenous ANO1 decreases migration and invasiveness
in PC-3 cells

To study the effect of endogenous ANO1 on cell migration, we
carried out a scratch wound-healing assay that evaluates wound
closure at various time points of the experiment. After transfection
of ANO1 shRNA3 or control shRNA for 3 days, tumor cells were cul-
tured until confluent. The cell layer was carefully wounded using
sterile tips. ANO1 shRNA3 delayed wound filling of PC-3 cells as
compared with control shRNA-treated cells where wound filling
was much faster (Fig. 6A), indicating that endogenous ANO1 pro-
motes tumor cell migration.

The most threatening feature of malignancy in cancer is the po-
tential for invasion and metastases. To investigate the role of ANO1
in cell invasion, we examined the effect of ANO1 knockdown on the



Fig. 4. RNAi knockdown of ANO1 protein expression in PC-3 cells expressing ANO1
proteins. Three different ANO1 shRNAs (shRNA1, shRNA2 and shRNA3) were
transfected into ANO1 expressing PC-3 cells. Three days after the transfection,
extracted membrane proteins were immunoblotted with ANO1 antibody. Expres-
sion of ANO1 protein was normalized with the expression level of b-actin. ANO1
shRNA3 was most effective in silencing ANO1 expression, compared with the other
two shRNAs and the control shRNA. The bottom panel summarizes the protein
expression of ANO1 from the top panel.

Fig. 5. Suppression of prostate cancer cell proliferation by ANO1 silencing. (A) Cell p
extracellular reduction of WST-8 by NADH produced in the mitochondria (see metho
measurement of absorbance at 450 nm using a microplate reader. Transfection of AN
dependent manner, compared with PC-3 cells treated with control shRNA. The data are p
inhibits the clonogenicity of carcinoma cells (n = 9). Representative inhibition of colony fo
The statistical significance between groups is indicated as, �p < 0.05; ��p < 0.01; ���p < 0.0

W. Liu et al. / Cancer Letters 326 (2012) 41–51 47
invasive potential of PC-3 cells using the Transwell assay which is
used to characterize tumor cell metastasis and progression. After
transfection with ANO1 shRNA3 or control shRNA for 3 days, PC-
3 cells were starved for 18 h prior to placement in the upper cham-
ber of the Transwell. Cells in the top well were removed by wiping
off the top of membrane with cotton swabs. Fig. 6B shows DAPI
stained images of PC-3 cells transfected with ANO1 shRNA3 in
which the invading cells are significantly fewer than those in the
control shRNA group. These results indicate that silencing endoge-
nous ANO1 can decrease migration and invasion in prostate cancer
PC-3 cells.
3.6. Suppression of xenograft tumor growth in vivo by ANO1
knockdown

To investigate the effect of ANO1 knockdown on the growth of
prostate cancer in vivo, 107 PC-3 cells were injected into the right
flank of mice for formation of a tumor xenograft. When tumor size
reached approximately 80–100mm3, the mice were randomly di-
vided into three groups. ANO1 shRNA3 or control shRNA diluted
in saline was directly injected into the tumor xenograft at a dose
of 50 lg every week for a continuous period of 6 weeks. Tumor vol-
umes were measured every week during the period of treatment
until the animals were sacrificed. During the experiment, no animal
death or signs of toxicity were observed. As shown in Fig. 7A and B,
the PC-3 cell induced average tumor volume at the termination of
the experiment was 782.75 ± 60.72 mm3 (n = 5) and 868.25 ±
127.32 mm3 (n = 5) for the blank control and control shRNA respec-
tively. In contrast, treatment with ANO1 shRNA3 resulted in a sig-
nificant reduction in tumor volume to 224.75 ± 68.37 mm3 (n = 5),
which is about one forth the tumor volume of the control group
(Fig. 7B). The average weight of tumor in the ANO1 shRNA group
roliferation of PC-3 cells was first assessed using the WST-8 assay based on the
ds). One day after transfection, the number of PC-3 cells was quantified by the
O1 shRNA3 resulted in significant inhibition of PC-3 cell proliferation in a time-
resented from four independent repetitions of these experiments. (B) RNAi of ANO1
rmation by ANO1-shRNA on PC-3 cells. (C) Quantitative analysis of colony numbers.
01 (n = 6). All data are shown as mean ± s.e.m.



Fig. 6. Inhibition of cell migration and invasion by ANO1 knockdown. (A) PC-3 cell migration was assessed by the wound healing assay in the presence of ANO1 shRNA3,
compared with control shRNA. After transfection with ANO1 shRNA3 or control shRNA for 3 days, PC-3 tumor cells were cultured in a 6-well plates until confluent. The cell
layer was carefully wounded using sterile tips. During incubation with serum free medium, the wounded cell layer transfected were photographed at time points 0, 12, 24 and
36 h under low magnification (40�magnification). (B) After transfection with ANO1 shRNA or negative control shRNA for 3 days, PC-3 cells were starved for 18 h before cell
invasion assays were performed using Matrigel transwell filters. The invading cells were fixed with methanol and stained with DAPI. The image on the left represents one
microscopic field of the ANO1 shRNA3 group with decreased cell migration and invasion of PC-3 cells, and the right hand image shows the control shRNA group.
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was significantly less (0.49 ± 0.1 g; n = 4), as compared with the
blank group (1.58 ± 0.22 g, n = 4) and control shRNA group
(1.62 ± 0.18 g, n = 4) (Fig. 7B). H&E stained sections of tumor
xenografts showed tumor development in the blank, control shRNA
and ANO1 shRNA groups (Fig. 7C), and this was further confirmed by
immunohistochemical staining of ANO1 in tumor xenographs
(Fig. 7D). These results indicate that knockdown of ANO1 not only
suppresses the migration and invasion of prostate cancer cells but
also significantly inhibits tumor growth.

4. Discussion

In this study, we have shown for the first time that Ca2+-acti-
vated Cl� channel ANO1/TMEM16A is upregulated in both human
prostate epithelial cancer cells and carcinoma tissue samples, and
overexpression of ANO1 correlates with TNM stage and Gleason
score. The inhibition of ANO1 suppresses tumor cell proliferation
and migration in vitro, and tumor growth in vivo. Our findings have
several implications. First, since the ANO1 gene is overexpressed in
prostate carcinoma cells, ANO1 proteins may serve as a potential
biomarker for diagnosis and prognosis in prostate cancer. Second,
perturbed intracellular Ca2+ and Cl� ions and cell volume are crit-
ical factors that are likely associated with the pathogenesis, inva-
siveness and metastatic potential in androgen-independent
prostate cancer pathogenesis. Third, in vitro and in vivo experi-
ments indicate that ANO1 may be a potential therapeutic target
for prostate cancer. Development of small molecules aimed at spe-
cifically inhibiting ANO1 may prove to be useful in pharmacologi-
cal intervention in prostate cancer or others carcinomas where
ANO1 is overexpressed.

From the analysis of ANO1 expression, we found significant
upregulation of ANO1 in prostate carcinoma PC-3 cell lines, but



Fig. 7. In vivo suppression of tumor cell growth by intratumoral injection of ANO1 shRNA. 107 PC-3 cells were injected into the flank of nude mice for formation of a tumor
xenograft. ANO1 shRNA3 or control shRNA at a dose of 50 lg was injected into the tumor xenograft after it reached a size of approximately 80–100 mm3 for 6 consecutive
weeks. The tumor size was measured once a week, and tumor growth curves were generated over the 6-week period. (A) Representative images of mice bearing the tumors
(top panel) after PC-3 injection; and tumors (bottom panel) on the 42nd day of generation. (B) Measurements of tumor volumes and weights from nude mice at various time
points during shRNA treatment. The tumor volumes in each group (n = 5) were measured with calipers every 7 days. Statistical significance between groups is indicated as,
�p < 0.05, ��p < 0.01, ���p < 0.001. Data are expressed as mean ± s.e.m. (n = 5). (C) Representative H&E staining of tumor xenographs in the blank, control shRNA and ANO1
shRNA groups. (D) Representative immunohistochemical staining of ANO1 in tumor xenographs in blank, control shRNA and ANO1 shRNA groups.
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not in DU145 cells. The underlying cause for this difference is not
clear, although both PC-3 and DU145 cell lines have both been re-
ported to be androgen receptor-negative or androgen- non-respon-
sive [33–35]. PC-3 cells were originally derived from advanced
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androgen-independent prostate cancer bone metastases with high
metastatic potential. In contrast, DU145 cells have only moderate
metastatic potential [32]. PC-3 cells have low testosterone-5-alpha
reductase activity and express prostate specific antigen (PSA) that
is produced almost exclusively by cells of the prostate gland. In
contrast, DU145 cells were derived from brain metastasis, and they
are not hormone sensitive and do not express PSA. However, we
cannot exclude the possibility that differences in passage number
account for the difference in these two cells lines, although
DU145 cells can be passaged in vitro for a period of over two years
without significant changes in cell organelle structure [36].

Chloride channels are relatively unexplored in tumorgenesis,
although ion channels have been shown to play an important role
in tumor development, growth and malignancy [37]. In this study,
we utilized three different shRNAs that specifically target ANO1
transcripts and this resulted in a significant reduction of ANO1
channel expression and suppression of cell proliferation, migration
and invasion. Our results indicate that overexpression of CaCC
ANO1 likely makes a direct contribution to prostate cancer tumor-
genesis. Homeostasis of cell volume serves to maintain structural
integrity and constancy of the intracellular milieu. Maintenance
of consistent volume is one of the most critical factors for cellular
homeostasis and survival. One of the critical functions of CaCCs is
to mediate fluid secretion, which is important in cellular compen-
satory responses to changes in volume and osmotic stress. Activa-
tion of calcium sensitive and voltage-dependent ANO1 as a result
of elevation of intracellular calcium is likely to alter the cell volume
of cancer cells [38,39]. It has been shown that antiapoptotic onco-
protein BCL-2 regulates cell volume and ion flux by activating
swelling-activated Ca2+ entry that is critical for normal regulatory
volume decrease (RVD) [12]. BCL-2 is also associated with the
development of androgen-independent prostate cancer due to its
high levels of expression in androgen-independent tumors of ad-
vanced stage, suggesting that overexpression of ANO1 in prostate
cancer cells most likely induces the overexpression of BCL-2 which
in turn results in apoptotic resistance [40,41]. However, further
experimental work will be required to test this possibility.

In prostate carcinoma cells, as in other nonexcitable cell types,
Ca2+ entry from the extracellular space is mainly supported by the
capacitative calcium entry (CCE) mechanism for maintenance of
Ca2+ homeostasis [4,42]. This mechanism is mediated by special-
ized plasma membrane store-operated Ca2+ release-activated
channels (CRACs) [43].

CaCC ANO1 is located on chromosome 11 band q13 which
seems to be one of the most frequently amplified regions in human
cancer and is associated with a poor prognosis [22,23], and as such
ANO1 may be of clinical values as a biomarker for diagnosis of
prostate cancer and other cancers in which the 11q13 locus is
amplified.

In summary, our observations lead to identification of CaCC
ANO1/TMEM16A mRNA and protein upregulation in human pros-
tate carcinoma PC-3 cells, and ANO1 was found to be highly ex-
pressed in human prostate cancer tissues. Electrophysiology
results showed that functional expression of ANO1 in PC-3 cells
was much higher than in RWPE-1 cells. More significantly, inhibi-
tion of ANO1 expression can suppress proliferation, metastasis and
invasiveness in vitro and tumor growth in vivo. Development of
small molecules aimed at specifically inhibiting ANO1 may prove
to be useful in pharmacological intervention in prostate carcinoma
or other carcinomas where ANO1 is upregulated.
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