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Benign prostatic hyperplasia (BPH) is characterized by an enlarge-
ment of the prostate, causing lower urinary tract symptoms in
elderly men worldwide. However, the molecular mechanism un-
derlying the pathogenesis of BPH is unclear. Anoctamin1 (ANO1)
encodes a Ca2+-activated chloride channel (CaCC) that mediates
various physiological functions. Here, we demonstrate that it is
essential for testosterone-induced BPH. ANO1 was highly ampli-
fied in dihydrotestosterone (DHT)-treated prostate epithelial cells,
whereas the selective knockdown of ANO1 inhibited DHT-induced
cell proliferation. Three androgen-response elements were found
in the ANO1 promoter region, which is relevant for the DHT-
dependent induction of ANO1. Administration of the ANO1 blocker
or Ano1 small interfering RNA, inhibited prostate enlargement and
reduced histological abnormalities in vivo. We therefore concluded
that ANO1 is essential for the development of prostate hyperplasia
and is a potential target for the treatment of BPH.

prostate | hyperplasia | anoctamin 1 | testosterone | proliferation

Benign prostatic hyperplasia (BPH) is characterized by the
anatomical enlargement of the prostate gland and is one of

the most common diseases among elderly men (1). More than
50% of men aged more than 60 suffer from lower urinary tract
symptoms, including urinary hesitancy, weak stream, and noc-
turia, which are commonly caused by bladder obstruction (2).
The availability of testosterone or dihydrotestosterone (DHT) is
known to cause the development of histologically characterized
BPH (3). Clinical reports on BPH have suggested a positive as-
sociation between BPH and prostate cancer, with increased risk
of and mortality from prostate cancer among BPH patients (4).
However, some epidemiologic studies have reported that BPH is
not a cause of prostate cancer (5). Despite the controversy on the
association between prostate cancer and BPH, common risk
factors for the two diseases include chronic inflammation, met-
abolic disturbance, and genetic variation (6, 7). Regardless of its
association with prostate cancer, BPH is still a social issue for the
elderly, but the etiologic mechanisms of its pathology remain unknown.
Anoctamin1 (ANO1, also known as TMEM16A) encodes a

Ca2+-activated chloride channel (CaCC) (8–10), and is widely
expressed in secretory epithelia, including the salivary gland, tra-
chea (11), and intestine, smooth muscle (12), and sensory neurons
(13). ANO1 is known to mediate various physiological functions,
such as fluid and electrolyte secretion, gut motility, vascular
smooth muscle contraction, and thermal nociception (14).
ANO1 has been suggested to be a regulator of cell pro-

liferation and tumorigenesis, even before it was discovered as a
CaCC, and is highly expressed in several carcinomas, including
gastrointestinal stromal tumors (15), esophageal squamous cell
carcinoma (16), head and neck squamous cell carcinoma (17),
oral cancer (18), breast cancer (19), and prostate cancer (20).
The disruption of Ano1 or the administration of a pharmaco-
logical ANO1 inhibitor impairs the proliferation of interstitial
cells of Cajal (21) and numerous cancer cells (19, 20, 22). ANO1

promotes tumorigenesis and cancer progression by inducing
epidermal growth factor receptor-activated mitogen-activated
protein kinase (MAPK)/AKT signaling (19) and regulates tumor
cell motility and metastasis via the ezrin/radixin/moesin protein
family (23). Thus, ANO1 is considered to be a potential target
for anticancer therapy (24).
BPH and prostate cancer share common characteristics, such

as testosterone-dependent growth and response to hormone
therapy, which indicates a causal link between the two diseases
(25). Notably, ANO1 is highly overexpressed in prostate cancer
cells (20). Knockdown of Ano1 results in reduced cell prolif-
eration and the suppression of tumor progression in the breast
cancer model (19). Thus, it is conceivable that ANO1 may
be involved in BPH, which may progress to prostate cancer.
Therefore, this study was performed to determine whether ANO1
plays a key role in testosterone-dependent prostate hyperplasia.

Results
Dihydrotestosterone Up-Regulates ANO1 in Prostate Epithelial Cells.
The main phenotype of BPH is an increase in cell numbers (3).
We therefore determined whether the expression of ANO1 was
related to prostate hyperplasia. To induce prostate hyperplasia,
we treated normal human prostate epithelial RWPE-1 cells with
DHT, an immediate metabolite of testosterone that is metabo-
lized in stromal cells by 5α-reductase and a critical mediator of
prostatic growth (3), and studied the changes in the ANO1
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expression. Western blot analysis revealed a dose-dependent
increase in ANO1 expression 24 h after DHT treatment (Fig. 1A).
The threshold concentration was 1 μM. ANO1 expression was
detected as early as 1 h after incubation with 2 μM DHT (Fig. 1B).
ANO1 immunoreactivity in RWPE-1 cells increased in a dose-
dependent manner after the treatment with DHT, whereas only
weak ANO1 immunoreactivity was observed in vehicle-treated
RWPE-1 cells (Fig. 1 C andD). Following the treatment with 10 μM
DHT, 89% of cells were ANO1-positive. These results indicate that
ANO1 is up-regulated by DHT in prostate epithelial cells.

Androgen-Response Elements in the Ano1 Promoter Region. Because
of the increase in ANO1 expression after DHT treatment, it was
conceivable that DHT controls the transcription of Ano1. Using
the MatInspector search engine program (www.genomatix.de),
the mouse Ano1 promoter region was searched for the androgen-
response element (ARE) that is known to regulate the tran-
scription of androgen-responsive genes (26). After ligand binding,
androgen receptors (ARs) are known to recognize and bind the
ARE region leading to subsequent transcription (26). When the
−3,000-bp promoter region upstream of the transcriptional initia-
tion site of Ano1 was analyzed, three ARE consensus sites were
found. As shown in Fig. 2A, the three putative AREs (ARE1,
ARE2, and ARE3) were located at −997 ∼ −979, −891 ∼ −873,
and −206 ∼ −188 bp upstream of the start codon, respectively. We
then performed a luciferase reporter assay to determine whether
testosterone acted on the AREs to stimulate the transcription of
Ano1. The promoter–luciferase constructs FR1, FR2, FR3, and
FR4 were created, containing ARE1 + ARE2 + ARE3, ARE2 +
ARE3, ARE3 alone, and none of the three, respectively. The
mouse mammary tumor virus promoter (MMTV)–luciferase re-
porter plasmid (MMTV-luc) containing four inverted repeats of
the 5′-TGTTCT-3′ sequence was used as a positive control (27).
The promoter activities of these constructs were examined in

RWPE-1 cells, which after transfection of the reporter plasmid
were treated with DHT for 24 h and lysed for luciferase activity.
A 5∼6-fold increase in luciferase activity was observed in cells
transfected with the FR1 and FR2 constructs in a dose-dependent
manner (Fig. 2B). A smaller increase was found in FR3-trans-
fected cells, but no increase occurred in cells transfected with the
blank (FR4) constructs (Fig. 2B). Simultaneously, the level of the
Ano1 transcript was increased in RWPE-1 cells after treatment
with DHT, but was blocked after transfection with small in-
terfering RNAs (siRNAs) of the AR (Fig. 2C).
We next performed a chromatin immunoprecipitation (ChIP)

assay to verify in vivo interaction of the AR with the ANO1
promoter region. To do this assay, the human promoter region of
Ano1 was searched for the putative ARE regions. There were
two putative ARE regions found in the human promoter region
(Fig. 2D). The chromatin fragments from RWPE-1 cells cultured
in presence of vehicle or 10 nM DHT were immunoprecipitated
with anti-AR antibody or control rabbit IgG. Then, approxi-
mately 200-bp fragments of the ANO1 promoter (designated as
P1 and P2) were amplified by PCR using two sets of primers
directed to cover the two putative ARE sites. In agreement with
the results from the reporter gene assay (Fig. 2B), the binding of
AR to the two putative AR-binding sites was clearly increased in
RWPE-1 cells treated with DHT for 24 h (Fig. 2E). These results
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Fig. 1. Dihydrotestosterone (DHT) increases ANO1 expression of human pros-
tate epithelial cells. (A and B) Western blot analysis of ANO1 in the RWPE-1 cells
cultured with DHT in a dose- (0.1, 0.3, 1, 3, 10 μM for 24 h) (A) and time- (1, 2, 4,
8 h at 2 μM) (B) dependent manner. The ANO1 band intensity was normalized
to β-actin (lower blot). (C) Representative microscopy images stained with
ANO1 (red) and Hoechst 33342 (blue) in vehicle- or DHT-treated RWPE-1
cells for 48 h. (Scale bar: 50 μm.) (D) Immunofluorescence quantification of
ANO1-positive and -negative cells.
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Fig. 2. Activation of the ANO1 promoter-driven luciferase reporter gene and
ChIP analysis. (A) Schema of ANO1 promoter-luciferase (Luc) constructs used for
reporter gene assays. (B) The luciferase reporter assay. The RWPE-1 cells were
transiently transfected with mouse ANO1 promoter FR1, FR2, FR3, and FR4-Luc
or MMTV-Luc and with CMV-β-gal as an internal control. After 4 h of trans-
fection, the cells were treated with 1 or 10 nM DHT or vehicle for 24 h. The
luciferase activity was normalized to β-gal activity. **P < 0.01 and ***P < 0.001
(one-way ANOVA). (C) Ano1 transcripts in RWPE-1 cells transfected with
scrambled siRNA or AR siRNAs for 48 h and treated with 10 nM DHT or vehicle
for 24 h. (D) Schematic representation of hAno1 promoter fragments. Putative
ARE sites are illustrated (gray box). (E) A ChIP assay for the AR binding to the
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each ARE site was amplified with two probes.
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further confirm that testosterone can activate the Ano1 promoter
through direct interaction of AR and ARE in the ANO1 promoter.

Ano1 Knockdown Abolishes DHT-Induced Cell Proliferation. Because
DHT up-regulates ANO1, it is conceivable that the ANO1 ex-
pression contributes to the hyperplasia. To address this issue, we
examined whether the knockdown of Ano1 affects cell pro-
liferation. Because RWPE-1 cells have a low level of endoge-
nous ANO1, human prostate cancer PC3 and LnCap cells that
have a high basal level of endogenous ANO1 were used to de-
termine the effect of Ano1 knockdown (20). Western blot
analysis showed that PC3 and LnCap cells expressed ANO1 at
the basal level, and the transfection of Ano1 siRNA effectively
silenced the endogenous expression of ANO1 in both cells (Fig.
3 A and D). DHT treatment induced the proliferation of PC3
and LnCap cells transfected with scrambled siRNA, whereas it
failed to induce the proliferation of PC3 and LnCap cells
transfected with Ano1 siRNA (Fig. 3 B, C, E, and F). Similarly,
ANO1 blockers, such as tannic acid, T16inh-A01, CaCCinh-
A01, and MONNA (28–30), also effectively inhibited the DHT-
induced proliferation of LnCap cells (Fig. 3G). These results
indicate that ANO1 is essential for the DHT-induced pro-
liferation of prostate cells.

DHT Induces ANO1 Currents in RWPE-1 Cells. We next determined
whether DHT up-regulates functional ANO1 in RWPE-1 cells by
measuring their Ca2+-activated Cl− currents after treatment with
DHT. Cells were voltage clamped to record the whole-cell cur-
rents. To obtain Ca2+-activated Cl− currents, 10 μM Ca2+ was
added to the pipette solution. Both the pipette and bath solutions
contained 140 mM N-methyl-D-glucamine-Cl to ensure that Cl−
was the only charge carrier. When a whole cell was formed at a
holding potential of −60 mV, small Cl− currents with an average
amplitude of 91 ± 39 pA (n = 14) were activated in the control
cells (Fig. 4A). In contrast, RWPE-1 cells treated with 2 μM DHT
for 18–24 h elicited large and robust currents with an amplitude of
575 ± 95 pA (n = 26) (Fig. 4 B and F). In addition, the DHT
treatment induced an increase in the number of cells responding
to the intracellular Ca2+ from 14.3% (2/14 cells) to 84.6% (22/26
cells) (Fig. 4E). These Ca2+-activated currents were inhibited by
ANO1 inhibitors, such as tannic acid, niflumic acid, and 5-nitro-2-
(3-phenylpropylamino)-benzoate (NPPB), MONNA, CaCCihn-
A01, and T16Ainh-A01 (28–30) (Fig. 4 C and F). These results
clearly suggest that DHT treatment induces the expression of
functional ANO1 in prostate epithelial cells.

Tannic Acid Suppresses Prostate Enlargement. Next we examined
whether the functional inhibition of ANO1 can block testoster-
one-induced prostate enlargement in vivo. To induce prostate
enlargement (BPH model), 6-wk-old male rats were castrated
and then treated with testosterone propionate (3 mg/kg, s.c.
injection) for 4 wk (Fig. 5A). The testosterone-treated group
showed a considerable increase in prostate weight compared
with vehicle-treated, castrated controls (Fig. 5B). As a positive
control, a 5α-reductase inhibitor, finasteride, was administered
to castrated male rats. Chronic administration of finasteride
(10 mg/kg, orally) reduced prostate weight significantly (P < 0.001,
n = 8), suggesting that the development of prostate hyperplasia
requires the conversion of testosterone to DHT (3) (Fig. 5B).
Similarly, when tannic acid (150 mg/kg, orally for 4 wk) was
administered, prostate weight was also significantly reduced
(P < 0.001, n = 5) (Fig. 5B). A postmortem analysis of ANO1
expression in the BPH-model rats revealed that the levels of both
ANO1 messenger RNA (mRNA) and protein were markedly
increased (Fig. 5 C and D).

In Vivo Knockdown of Ano1 Reduces Prostate Hyperplasia. We then
induced the in vivo depletion of Ano1 in the rat prostate by
treatment with Ano1 siRNA to investigate whether it can ef-
fectively block BPH in vivo. Ano1 siRNA (32-40 μg per rat) was
injected directly into the prostate twice (day 1 and 8) after cas-
tration of BPH-model rats (Fig. 6A). The prostates from tes-
tosterone-treated rats showed marked increase in size and weight
relative to castrated controls (Fig. 6B). In contrast, treatment
with Ano1 siRNA reduced the prostate weight significantly
(60.5%, P < 0.001, n = 4–5), whereas prostates injected with
scrambled siRNA showed a similar increase in weight to those of
BPH-model rats (Fig. 6B). Similarly, intraprostatic injections
(days 1, 5, and 9) of ANO1 inhibitors with some nonspecific
activity as well, T16Ainh-A01, CaCCinh-A01, and MONNA
(300 μM in 50 μL per rat) (28–30), significantly reduced the
prostate weights of BPH model rats (Fig. 6C).
We examined whether abnormal histologic changes in the

prostates of BPH rats were affected by Ano1 depletion. Hema-
toxylin/eosin (H&E) staining showed highly overgrown epithelial
cells in a multilayer array in the prostates from the BPH-model
group compared with those in the control group that had well-
arranged epithelial cells in a single layer (Fig. 6D). However, the
histologic abnormalities were considerably reduced following
Ano1 siRNA treatment (Fig. 6D). ANO1-immunoreactive cells
that were markedly increased along the epithelia in the prostates
of BPH-model rats were reduced by treatment with Ano1 siRNA,
but not with scrambled siRNA (Fig. 6E). These results further
suggest that ANO1 plays a key role in testosterone-induced
prostate hyperplasia.
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Ano1 Knockdown Suppresses Cell Proliferation. To determine whether
Ano1 knockdown suppressed cell proliferation in vivo, we exam-
ined the expression of specific markers, such as Ki-67 and pro-
liferating cell nuclear antigen (PCNA) (31), in the prostates of
BPH-model rats. Treatment with Ano1 siRNA markedly reduced
the number of Ki-67–positive cells compared with that in the
scrambled siRNA-treated BPH-model rats (Fig. 7A) and the level
of PCNA (Fig. 7C).
The extracellular signal-regulated kinase (ERK) and protein

kinase B (AKT) pathways are the main pathways regulating cell
proliferation, survival, and differentiation (32). In addition, ERK
and AKT are known to vary with ANO1 expression in prostate
and other cancer tissues (19, 20, 33). Thus, to define the
downstream mechanisms underlying the effects of ANO1 on
prostate hyperplasia, we performed Western blots in the pros-
tates of BPH-model rats with antibodies of phosphorylated AKT
(S473) and ERK (T202/Y204). In addition, because gene abla-
tion of a tumor suppressor phosphatase, PTEN, leads to prostate
cancer (34), its expression along with BPH was also determined.
The phosphorylation of AKT was markedly increased in BPH
prostates compared with those in castration control prostates
and completely inhibited by ANO1 knockdown in BPH prostate
(Fig. 7 B and C). The level of phosphorylated ERK was not af-
fected by the change in prostate size. Taken together, these re-
sults suggest that Ano1 knockdown inhibits cell proliferation in
prostates by blocking of the AKT phosphorylation.
Finally, we investigated whether ANO1 expression is increased

in BPH patient samples. Tissue microarray (PR804, Biomax) was
prepared from 70 cases of BPH and 10 cases of prostate ade-
nocarcinoma. Notably, ANO1 immunoreactivity was observed in
36 of 70 prostate samples (51%) from BPH patients. In addition,
among the 10 samples from adenocarcinoma prostates, 9 sam-
ples (90%) were immunoreactive to ANO1-specific antibody
(Fig. 7D). To further confirm the ANO1 expression in human
hyperplastic prostates, we also obtained pathological tissue
specimens from BPH patients. As shown in Fig. 7D, six of eight
BPH specimens (75%) were positive to ANO1 immunoreactivity.

The ANO1 immunoreactivity was found in multilayer-thickening
epithelia (Fig. 7D).

Discussion
BPH is characterized by an enlargement of the prostate, which
compresses the urethral canal and results in urinary tract ob-
struction. The major symptoms of BPH are urinary hesitancy,
frequent urination, incomplete voiding, and urinary retention
leading to renal failure (2). Androgen signaling through the AR
is known to play a role in the development of BPH by promoting
the proliferation of epithelial or stromal cells (35). The blockage
of this signaling can reduce the volume of BPH and relieve the
lower urinary tract symptoms (35). Despite the androgen de-
pendence of hyperplasic cell growth, its downstream signals are
still unclear. In this study, we showed that the treatment of
prostate epithelial cells with DHT increased endogenous ANO1
expression and enhanced cell proliferation. Because the level of
ANO1 was correlated with the concentration of DHT applied to
the RWPE-1 cells, ANO1 transcription was suspected to be di-
rectly controlled by androgen. Indeed, ARE domains were
identified in the Ano1 promoter region, by which the expression
of ANO1 was controlled transcriptionally through in vivo in-
teraction between the AR and AREs of ANO1 promoter in
the presence of DHT. The application of an ANO1 blocker or
ANO1 knock-down suppressed DHT-induced cell proliferation
in vitro and testosterone-induced prostate hyperplasia in vivo.
AR downstream signaling is mediated by transcriptional acti-

vation when the AR complex binds to the ARE in the promoter
regions of target genes. The ARE consensus sequence comprises
two 5′-TGTTCT-3′ inverted repeats separated by three nucleo-
tides (36). Nucleotide sequencing of the promoter region of
Ano1 revealed that the Ano1 promoter contains three putative
AREs that had high transcriptional activities in the luciferase
reporter assay. ANO1 encodes a CaCC (8–10), and the main
function of ANO1 is transepithelial Cl− secretion (8). When Cl−

is fluxed out of epithelial cells, water also moves out, resulting in
fluid secretion into the lumen. Because ANO1 does not appear
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to control the cell cycle or mitogenic activity directly, the in-
creased expression of ANO1 in proliferating cells, including tu-
mor cells, is enigmatic. ANO1 is highly expressed in many types
of cancer tissues including prostates (see for review; ref. 24). The
ANO1 amplification is linked to the Ras-ERK pathway in breast
cancer or head and neck carcinoma (19, 33). However, the AKT
pathway also appears to mediate the ANO1 downstream signals
for the cell proliferation in breast cancer cells (19). Consistent
with the latter observation, the level of AKT covaries with cell
proliferation in prostates in the present study. The change in the
ERK or AKT level in the ANO1-dependent cell proliferation
largely depends on the activity of ANO1 as a channel (19, 33).
However, how the channel activity of ANO1 is linked to the
ERK or AKT pathway is not known. One theory is that the
ANO1 activity leads to the increase in intracellular Cl− con-
centration, which is often found in cancer cells (24). However,
when ANO1 is active as a channel, the intracellular concentra-
tion of Cl− would decrease, if any, because the Cl− flows out of
the cell due to electrochemical gradient in epithelial cells. De-
polarization is known to stimulate PI3K/AKT pathway in lung

epithelial cells (37), which provides a clue to a missing link be-
tween the channel activity of ANO1 and cell proliferation in
hyperplastic prostates as well as in cancer cells. Thus, it is likely
that the membrane depolarization due to the activity of ANO1
would stimulate the PI3K/AKT pathway, resulting in the cell
proliferation. However, this idea needs to be clarified. Because
ANO1 mediates the secretion in epithelia as a CaCC (8), the
secretion of fluid into the interstitial space via ANO1 could
conceivably be advantageous for the proliferative microenvi-
ronment. Another hypothesis would be the regulation of cell
volume, which is under the control of Cl− channel functions. A
volume-regulated anion channel (VRAC) regulates the decrease
in volume when a cell is exposed to hypoosmotic shock, and is
also known to control the apoptosis-regulated volume (38).
Thus, the regulation of cell volume is closely associated with
apoptosis. Although ANO1 is not sensitive to hypoosmotic
shock, the activity of ANO1 is probably involved in the control of
cell volume, which eventually leads to changes in apoptotic
activity.
Several clinical studies have supported the association be-

tween BPH and prostate cancer. Prospective and retrospective
epidemiologic studies and clinical diagnostic examinations have
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suggested that BPH is a risk factor for prostate cancer (39). A 27-y
follow-up study suggested a connection between BPH and the
incidence of and mortality from prostate cancer (4). In contrast,
other studies found a partial association, depending on surgical
interventions in BPH patients (40), or no association between
BPH and prostate cancer (41). Although no clear evidence of a
close relationship between BPH and prostate cancer has been
found, they share some common features such as hormone-
dependent growth, responses to antiandrogen therapy, and common
risk factors such as chronic inflammation and metabolic and ge-
netic factors (6, 7).
Interestingly, ANO1 is also highly expressed in prostate cancer

cells and in prostate adenocarcinoma in patients in vivo (20).
Thus, regardless of the association between BPH and prostate
cancer, ANO1 is expressed both in prostate hyperplasia and
cancer cells (20). Because they are susceptible to androgens that
appear to regulate ANO1 expression, unsurprisingly the level
of ANO1 has been found to be up-regulated in both diseases.
Furthermore, the suppression of ANO1 expression reduces both
tumor growth and invasiveness in human prostate carcinoma and
the size of the prostate in the BPH model (20). Thus, ANO1 pro-
bably plays a key role in the progression of BPH and prostate cancer.

Materials and Methods
Cell Culture and Transfection. RWPE-1, PC3, and LnCap cells were purchased
from ATCC and cultured in Keratinocyte-SFM (Gibco) and RPMI medium 1640
(Invitrogen), supplemented with 10% (vol/vol) FBS, respectively.

Reporter Gene Assay. For the luciferase reporter encoding FR1, FR2, FR3, and
FR4, the mouse Ano1 promoter region from −3000 to +78 relative to the
transcription start site was amplified by PCR and cloned into the pGL3 basic
vector. The MMTV-luciferase reporter plasmid (MMTV-luc) containing four
inverted repeats of the 5′-TGTTCT-3′ sequence was used as a positive control.

Chromatin Immunoprecipitation Assay. The chromatin, cross-linked to pro-
teins, was digested with micrococcal nuclease. The digested chromatin was
immunoprecipitated with control IgG or anti-AR antibodies (Millipore). The
DNA-protein cross-links of immunoprecipitants were reversed, and then the
DNA was purified. The association between AR and the putative AR binding
regions of the ANO1 promoter was analyzed by PCR.

Rat BPH Model. Animal care was carried out according to the guidelines of the
Institutional Animal Care of the Seoul National University. Six-week-old male
Wistar rats weighing 150–200 g were castrated to exclude the influence of in-
trinsic testosterone. BPH was generated in rats by s.c. injections of 3 mg/kg
testosterone propionate for 4 wk after castration. The drugs were administered
orally once daily for 4 wk. The rats were weighed weekly during the experi-
ments. Under heavy anesthesia on day 29, prostates were removed, weighed,
fixed in paraformaldehyde, and snap frozen.
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