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Abstract 

Transient receptor potential vanilloid 3 (TRPV3) belongs to the family of highly 

calcium-permeable nonselective cation channels.  This channel is strongly expressed in 

skin keratinocytes and is involved in warmth sensation, itch, wound healing and 

secretion of several cytokines.  Previous studies showed that anoctamin1 (ANO1), a 

calcium-activated chloride channel (CaCC), is activated by calcium influx through TRP 

vanilloid 1 (TRPV1), TRP vanilloid 4 (TRPV4) or TRP ankyrin 1 (TRPA1).  These 

interactions between TRPs and ANO1 are important for TRP channel-mediated 

physiological functions.  ANO1 is expressed in epithelial cells, including the choroid 

plexus.  I found that ANO1 was expressed by normal human epidermal keratinocytes 

(NHEKs). Thus, I hypothesized that the physiological significance of ANO1 was linked 

to TRPV3 in keratinocytes.  The aim of this study is to elucidate the interaction 

between TRPV3 and ANO1, and to investigate the physiological functions of this 

interaction in keratinocytes.   

To clarify the functional interaction, I investigated ANO1-mediated currents 

upon TRPV3 activation in HEK293T cells.  ANO1-mediated currents were 

dramatically increased through TRPV3 activation, and this event was also observed in 

NHEKs.  Furthermore, the ANO1-mediated currents depended on extracellular 

calcium.  These results suggested that ANO1 functionally interacted with TRPV3 in 

keratinocytes.  In addition, direct interaction was suggested by 

co-immunoprecipitation.  Then, I investigated the effects of an ANO1 blocker, 

T16Ainh-A01 (T16A), using a kind of in vitro wound healing assay with NHEKs. I found 

that T16A inhibited cell migration and proliferation.  Low chloride medium (4 mM 

chloride) also inhibited cell migration and/or proliferation.  These results indicated 

that chloride flux through ANO1 enhanced keratinocyte migration and/or proliferation. 

Furthermore, T16A or low chloride medium induced phosphorylation of p38 and c-Jun 

N-terminal kinase, members of the Mitogen-Activated Protein Kinase (MAPK) family. 

These MAPKs are cell cycle-related MAPKs.  Therefore, I investigated the effect of 

T16A on the cell cycle using a redox dye.  T16A induced cell cycle arrest.  Taken 

together, I conclude that TRPV3-ANO1 interaction positively regulates cell migration 

and proliferation processes via MAPK phosphorylation and cell cycle control. 
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Introduction  

Transient Receptor Potential (TRP) channels are comprised of six related protein 

families in mammals. They include TRPA (ankyrin), TRPC (canonical), TRPM 

(melastatin), TRPML (mucolipin), TRPP (polycystin) and TRPV (vanilloid), and many 

are highly calcium-permeable non-selective cation channels1.  TRP channels are well 

known for their contribution to sensory transduction, such as temperature, pain, itch, 

touch and various other stimuli1-9.  Consistent with the sensory function, many TRP 

channels (TRPA1, TRPM8, TRPM2, TRPM3, TRPV1, TRPV2 and TRPV4) are 

reportedly expressed in primary sensory neurons.  One of the important mechanisms 

for TRPA1 activation is through covalent modification at cysteines at the N terminus by 

irritants, including allyl isothiocyanate (AITC)10-12.  Moreover, it was recently reported 

that reactive oxygen species (ROS) generated from mitochondria in cold conditions 

sensitized TRPA1 followed by cold responses13.  This molecular mechanism could be 

involved in cold hypersensitivity.  TRPM8 is also involved in cool sensations because 

this ion channel can be activated by cool temperature and menthol analogues. The 

involvement of TRPM8 in cold pain sensation has been proposed14.  TRPM2, TRPM3, 

TRPV1, TRPV2 and TRPV4 are known to be heat sensitive TRP channels.  Although 

TRPM2, TRPM3 and TRPV4 can be activated by body temperature and TRPV1 and 

TRPV2 activities are induced by noxious heat stimulation, it is well known that TRPV1 

and TRPV4 are involved in pain sensations 4,15.  Interestingly, the warm-sensitive TRP 

channel, TRPV4, is also expressed in the brain16.  Depolarization through slight 

activation of TRPV4 enhances neuronal excitation in CA1 neurons of the hippocampus17.   

In choroid plexus epithelial cells, calcium influx activates a chloride channel, 

anoctamin 1 (ANO1, also called TMEM16A). Activation is followed by secretion of 

cerebrospinal fluid18.  The same report showed that ANO1 was activated by calcium 

influx through TRPV4 and that chloride efflux through ANO1 caused the efflux of water 

to the apical side of choroid plexus epithelial cells. According to previous reports, other 

epithelial cells have both TRPV4 and ANO1.  For instance, these ion channels are 

co-expressed in the salivary tract and salivary secretion could be accelerated by the 

functional interaction between TRPV4 and ANO119.  Recently, other interactions 

between TRP channels and ANO1 have been suggested.  TRPC2 and ANO1 interaction 

could be important for iodide homeostasis in thyroid cells20, and TRPC6 and ANO1 

interaction is involved in vasoconstriction21.  Moreover, calcium homeostasis in 

epithelial principal cells of the rat epididymis depends on TRPV6 and might be 

modulated by ANO1 activation22.  On the other hand, the expression patterns of these 

ion channels are different in tracheal epithelium.  There are mainly two types of cells 
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in the tissue, ciliary and goblet cells.  Mucin secretion is enhanced by ANO1 in goblet 

cells23.   TRPV4 is reportedly involved in movement of cilia24.  Thus, TRP channel 

functions are modulated by ANO1 even though the function of each ion channel is 

physiologically significant by itself. As a result, one cannot investigate the channels’ 

functions without their interactions when the TRP channel and ANO1 are co-expressed 

by the same cells.   

As described above, epithelial cells are more than simple borders between the 

external environment and the interior of the body.  Intriguingly, epithelial cells can 

contact primary sensory neurons by using transmitters, including ATP.  ATP is 

released from bladder epithelial cells when TRPV4 or piezo 1 is activated by 

extension23,24.  Furthermore, TRPV4 could be involved in the detection of ultraviolet B 

(UVB) in skin keratinocytes, and endothelin-1 release is enhanced in the skin 

keratinocytes exposed to UVB25.  TRPV3 is also involved in the relationship between 

the skin and peripheral neurons.  TRPV3 is a warm-sensitive TRP channel and 

calcium permeability is approximately 10 times higher than that of sodium26.  

Although TRPV3 is reportedly expressed by entire body regions, its physiological 

significance is not well understood except for in skin keratinocytes.  Previous studies 

showed that TRPV3 contributed to itch, warmth sensation and wound healing in 

keratinocytes27-30.  For instance, warmth-induced ATP release from keratinocytes is 

dependent on TRPV3 activation, but not TRPV4, and the release of ATP could activate 

P2X receptors in primary sensory neurons28.  Moreover, TRPV3 activation enhanced by 

cell signaling downstream from the epidermal growth factor receptor accelerates 

warmth-dependent wound healing in oral epidermal cells27.  In summary, these reports 

describe the functional expression of TRPV3 and its physiological functions.  However, 

the molecular mechanism of wound healing in skin is still unclear because the 

environmental conditions between the skin and the oral cavity are different. 

Body fluid homeostasis is achieved by regulating water movement across the skin.  

TRPV4 is involved in the skin-barrier function via formation of tight junctions and 

adherens junctions31.  Furthermore, skin has an important role in protecting the body 

against bacterial infection following injury. Importantly, bacteria can be harmful to 

organisms even if they are otherwise benign on healthy skin surfaces32.  Therefore, 

enhancement of wound healing is an important function.  Wound healing of skin 

depends on cell migration and cell proliferation.  Although some growth factors and 

interleukins are involved in wound healing33, ion channels on plasma membranes of 

keratinocytes could also be important.  For example, Ano1 is reportedly a 

carcinoma-related gene34,35, and a recent study revealed that ANO1 is involved in the 
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proliferation of prostate epithelial cells in benign prostatic hyperplasia36.  In addition, 

ANO1 inhibition reduced cell migration in some cancer cells35,37,38.  However, the 

physiological function of ANO1 in skin keratinocyte is not clear even though many 

epithelial cells express it39.  Here, I show that ANO1 is expressed in human 

keratinocytes and that these channels are involved in wound healing.  This study is 

the first report showing the significance of ANO1 in cell migration and proliferation in 

normal cells, but not cancer cells. 
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Materials and Methods  

 

Cell Culture 

HEK293T cells were maintained at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s 

medium (Wako) containing 10% fetal bovine serum (BioWest), 50 units/mL penicillin, 

50 μg/mL streptomycin (Life Technologies) and 2 mM/L glutamine (GlutaMAX, Life 

Technologies). Normal human epidermal keratinocytes (NHEK, Adult, KURABO) were 

maintained at 37°C in 5% CO2 in Humedia-KG2 (KURABO).  Custom MCDB153 

medium lacking NaCl (Research Institute for Functional Peptides) was used for low 

chloride experiments.  Custom MCDB153 medium was used by adding 130 mM NaCl 

or 130 mM sodium aspartate and 0.1 mM O-phosphorylethanolamine (Sigma), 0.1 mM 

ethanolamine (Sigma), 0.5 μg/mL hydrocortisone (Sigma), 5 ng/mL epidermal growth 

factor (EGF, Miltenyi Biotec) and 5 μg/mL insulin (Sigma). 

 

Chemicals 

T16Ainh-A01 (T16A, Calbiochem), CaCCinh-A01 (Tocris Bioscience) and Ani9 

(Sigma-Aldrich) were used as Ano1 inhibitors. 

 

RT-PCR 

Total RNA was purified from NHEKs using Sepasol-RNA I Super G (Nacalai Tesque) or 

RNeasy Micro (QIAGEN). Reverse transcription was performed using Super Script III 

reverse transcriptase (Invitrogen) for 50 min at 50°C. For investigation of mRNA 

expression of transient receptor potentials (TRPs), anoctamins (ANOs) and 

Cation-Chloride-Cotransporters (CCCs) in NHEKs, DNA fragments were amplified 

using EmeraldAmp PCR Master Mix (TAKARA) with PCR primers shown in Table 1.  

The PCR products were confirmed by electrophoresis on 2% agarose gel containing 

ethidium bromide. 

 

Western blotting 

Proteins were extracted from NHEKs treated with 10 μM T16A or low chloride medium 

or control medium for 13 h.  The cells were washed with cold PBS and lysed by 

treatment with lysis buffer (1% Triton X-100 contained 150 mM NaCl, 10 mM Tris-HCl, 

1 mM EDTA, 1 mM Na3VO4 and protease inhibitor cocktail, cOmplete (Roche), pH 7.5).  

Following centrifugation at 10,000 g for 30 sec, the supernatants were denatured by 

treatment with SDS buffer containing 0.5 M Tris-HCl, 10% sodium dodecyl sulfate, 6% 

β-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue, 100 mM dithiothreitol, at 
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90°C for 5 min.  The protein samples were used in SDS-PAGE.  Blotting was done 

with rabbit anti-ANO1 antibody (Abcam, ab53213, 1:5), rabbit anti-phospho-ERK 

(extracellular signal-related kinase) antibody (Cell Signaling Technology, #4370, 1:1000), 

rabbit anti-phospho-p38 antibody (Cell Signaling Technology, #4511, 1:1000), rabbit 

anti-phospho-JNK (c-Jun N-terminal Kinase) antibody (Cell Signaling Technology, 

#4668, 1:1000), rabbit anti-ERK antibody (Cell Signaling Technology, #4695, 1:1000), 

rabbit anti-p38 antibody (Cell Signaling Technology, #8690, 1:1000), rabbit anti-JNK 

antibody (Cell Signaling Technology, #9252, 1:1000), mouse anti-β-actin antibody 

(Abcam, ab6276, 1:2500), anti-rabbit-HRP antibody (Cell Signaling Technology, #7074, 

1:2000) and anti-mouse-HRP antibody (Cell Signaling Technology, #7076, 1:2000).  

 

Transfection  

Transient transfection of HEK293 cells was achieved with Lipofectamine Transfection 

Reagent (Life Technologies), PLUS Reagent (Life Technologies) and Opti-MEM I 

Reduced Serum Medium (Life Technologies).  Plasmid DNAs (hTRPV6/pcDNA3.1, 

hTRPV3/pcDNA3, hANO1/pcDNA3.1 or pcDNA3.1) were transfected with pGreen 

Lantern 1 into HEK293T cells, and the transfected cells were used for patch-clamp 

recording and immunoprecipitation 16–30 h after transfection. 

 

Calcium imaging 

NHEKs on coverslips were incubated at 37°C for 30 min in Humedia-KG2 containing 5 

μM Fura-2-acetoxymethyl ester (Molecular Probes).  The cover slips were washed with 

a standard bath solution containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM 

MgCl2, 10 mM HEPES and 10 mM D-glucose at pH 7.4, adjusted with NaOH.  A 

calcium-free bath solution was prepared by omitting 2 mM CaCl2 from the standard 

bath solution and adding 5 mM EGTA.  Fura-2 was excited with 340- and 380-nm 

wavelength lights and the emission was monitored at 510 nm with a CCD camera, Cool 

Snap ES (Roper Scientific/Photometrics) at room temperature.  Data were acquired 

using IP lab software (Scanalytics) and analyzed with ImageJ software (National 

Institutes of Health).  Ionomycin (5 μM, Sigma-Aldrich) was applied to confirm the 

maximal response of each cell.  High K+ bath solution contained 65 mM NaCl, 80 mM 

KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES and 10 mM D-glucose at pH 7.4, 

adjusted with NaOH. 

 

Whole cell patch-clump 

Transfected HEK293T cells or NHEKs were used for whole-cell recordings.  Patch 



8 

 

pipettes were made from borosilicate glass (type 8250, King Precision Glass) with a 

five-step protocol using a P-2000 (Sutter Instrument).  The pipette resistance was 3-8 

MΩ.  Currents were recorded at 10 kHz using an Axopatch 200B amplifier (Molecular 

Devices) and filtered at 5 kHz with a low-pass filter.  Currents were digitized with a 

Digidata 1440A or 1550 (Axon Instruments).  Data acquisition was achieved with 

pCLAMP 10 software (Axon Instruments).  Four extracellular solutions for whole-cell 

recording were as follows: (1) a standard bath solution (140 mM NaCl, 5 mM KCl, 2 mM 

CaCl2, 2 mM MgCl2, 10 mM HEPES and 10 mM D-glucose at pH 7.4, adjusted with 

NaOH); (2) an NMDG-Cl bath solution (140 mM NMDG, 140 mM HCl, 2 mM CaCl2, 2 

mM MgCl2, 10 mM HEPES and 10 mM D-glucose at pH 7.4, adjusted with HCl); (3) a 

calcium-free NMDG-Cl bath solution that was prepared by omitting 2 mM CaCl2 from 

the NMDG-Cl bath solution and adding 5 mM EGTA and (4) an NMDG-aspartate bath 

solution that was prepared by using L-aspartic acid instead of HCl.  The pipette 

solutions were as follows: (1) a standard pipette solution (140 mM KCl, 5 mM EGTA, 2 

mM MgCl2 and 10 mM HEPES at pH 7.3, adjusted with KOH) or (2) an NMDG-Cl 

pipette solution (140 mM NMDG, 140 mM HCl, 5 mM BAPTA, 2 mM MgCl2 and 10 mM 

HEPES at pH 7.3, adjusted with HCl).  CaCl2 was added to the pipette solution so that 

the free calcium concentration was 100 nM.  Free calcium concentrations were 

calculated with the MAXC program of Stanford University. 

I used the following solutions for voltage-gated calcium channel experiments. 

Voltage-gated calcium channel: bath solution contained 145 mM NMDG, 145 mM HCl, 5 

mM EGTA, 2 mM MgCl2, 10 mM HEPES and 10 mM D-glucose at pH 7.4, adjusted with 

HCl. BaCl2 was added to bath solution so that the free barium concentration was 2 mM.  

NMDG-Cl pipette solution was used without CaCl2. 

 

Immunoprecipitation 

Proteins were extracted from HEK293T cells after transfection.  The cells were lysed 

as described above.  Following centrifugation at 16,100 g for 30 min, the supernatants 

were incubated in a rotator for 2 h with protein G Mag Sepharose (GE Healthcare). 

After removal of magnetic beads, the supernatants were incubated in a rotator  

overnight with rabbit anti-TRPV3 antibody (Cell Signaling Technology, #3484, 1:50) or 

rabbit anti-ANO1 antibody (Abcam, ab53212, 1:00). After incubation, protein G Mag 

Sepharose was added, and the solutions were incubated in a rotator for 2 h. After 

incubation, the magnetic beads were rinsed with washing buffer (50 mM Tris-HCl, 150 

mM NaCl, pH7.5).  The proteins were denatured by SDS buffer at 95°C for 5 min.  

The protein samples were assessed by SDS-PAGE.  Blotting was done by rabbit 
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anti-TRPV3 antibody (Cell Signaling Technology, #3484, 1:1000) and anti-rabbit-HRP 

antibody (Cell Signaling Technology, #7074, 1:2000). 

 

DNA microarray 

NHEKs were cultured in low chloride medium, 10 μM T16A-containing medium or 

MCDB153 medium (control) for 13 h.  Total RNA was purified from the NHEKs using 

FastGene RNA Premium Kit (NIPPON Genetics) and analysed by SurePrint G3 Human 

Gene Expression 8x60K v3 (Takara Bio). 

 

Culture insert assay 

NHEKs were seeded confluently in 2-well culture inserts (ibidi) on glass-bottom dishes 

(Matsunami).  Culture-inserts were removed after overnight incubation, followed by 

washing with PBS. Cells were then cultured in Humedia-KG2, MCDB153 medium or 

low chloride MCDB153 medium.  After 12 or 24 h of cultivation, calcein-AM (Dojindo) 

was added to the culture medium to visualize the cells.  ImageJ software was used for 

data analysis.  For time-lapse analysis, cells were cultured in a Stage Top Incubator 

(TOKAI HIT) on a confocal laser scanning microscope (IX83 Olympus) and images were 

captured every 10 min. 

 

MTT assay 

NHEKs were seeded on 96-well plates (Falcon). Cells were cultured in control medium, 

10 μM, 5 μM or 2.5 μM T16A-containing medium for 24 h or 48 h.  After culture, MTT 

assays were done using an MTT Cell Proliferation Assay Kit (Cayman).  Absorbance of 

the formazan was measured with a microplate reader (Multiskan Spectrum, Thermo 

Fisher) at 570 nm. 

 

Chloride imaging 

NHEKs were seeded on glass bottom dishes (Matsunami).  Cells were incubated with 

10 mM MQAE (chloride ion-quenched fluorescent indicator, Dojindo) for 60 min at 37°C 

in a Stage Top Incubator (TOKAI HIT) on a confocal laser scanning microscope (LSM 

510META, Carl Zeiss).  MQAE was excited at 780 nm using a two-photon excitation 

laser system (Mai Tai, Spectra-Physics), and emission was at 458-479 nm. 

The 0 mM chloride calibration solution contained 10 mM NaNO3, 140 mM KNO3, 0.5 

mM Ca(NO3)2, 0.5 mM Mg(NO3)2, 10 mM HEPES, 5 mM D-glucose at pH 7.4, adjusted 

with CsOH.  The 100 mM chloride calibration solution contained 10 mM NaNO3, 100 

mM KCl, 40 mM KNO3, 0.5 mM Ca(NO3)2, 0.5 mM Mg(NO3)2, 10 mM HEPES, 5 mM 
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D-glucose at pH 7.4, adjusted with CsOH.  The 50 mM chloride calibration solution 

was made by mixing 0 mM and 100 mM chloride calibration solution 1:1.  Each 

calibration solution was used by adding nigericin (monovalent cation ionophore), 

valinomycin (potassium ionophore) and tributyltin (chloride ionophore) so that final 

concentrations were 5 μM, 10 μM and 10 μM, respectively.  All experiments were done 

at 37°C.  

 

Cell cycle assay 

NHEKs were seeded in the same way as the wound-healing assay.  After removing the 

culture insert at 12 h, cells were stained with a Cell-Clock Cell Cycle Assay Kit 

(Biocolor).   ImageJ software was used for data analysis.  The distribution of cell cycle 

phases were defined as the threshold color.  G2/M phase (dark blue) cells were defined 

as Hlu 0-255, Saturation 40-255, Brightness 0-90.  S phase (green) cells were defined 

as Hlu 70-255, Saturation 40-255, Brightness 90-255.  G0/G1 phase (yellow green) cells 

were defined as Hlu 0-70, Saturation 40-255, Brightness 90-255. 
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Results 

4-1. Expression of TRPs and ANOs in normal human epidermal keratinocytes 

The status of endogenous gene expression of TRP channels and ANOs was unclear in 

NHEKs.  To clarify the expression patterns, I performed RT-PCR analysis of cultured 

NHEKs (Fig. 1A).  While previous reports suggested that TRPV1, TRPV3, TRPV4, 

TRPV6 proteins were expressed in keratinocytes40, mRNAs of TRPV1, TRPV2, TRPV3, 

TRPV4, TRPV6, ANO1, ANO4, ANO9 and ANO10 were detected in my hand (Fig. 1A). 

Although ANO2 is also a calcium-activated chloride channel (CaCC), a clear band with 

the predicted molecular weight was not detected in NHEKs.  In contrast, ANO1 

protein expression was observed by Western blotting (Fig. 1B).  These results 

suggested significant expression of ANO1 in NHKEs.  Additionally, I performed 

calcium-imaging experiments using Fura-2 to investigate functional expression of TRP 

channels.  Whereas camphor (10 mM, a TRPV3 agonist) and GSK1016790A (300 nM, a 

TRPV4 agonist) obviously induced intracellular calcium increases in all cells, capsaicin 

(300 nM to 3 µM, a TRPV1 agonist), probenecid (100 µM, a TRPV2 agonist), allyl 

isothiocyanate (AITC, 100 µM or 1 mM, a TRPA1 agonist), menthol (100 µM, a TRPM8 

agonist) and 1-oleoyl-acetyl-sn-glycerol (OAG, 90 µM, a TRPC6 agonist) did not produce 

clear responses (Fig. 1C).  I also performed calcium-imaging experiments using 

calcium-free extracellular medium because intracellular calcium concentrations are 

supposed to be reduced upon removal of extracellular calcium in cells expressing TRPV6, 

which can be constitutively active.  However, the intracellular calcium concentrations 

were not different in the presence or absence of extracellular calcium (Fig. 1D).  

Additionally, a typical current with inward rectification by TRPV6 activation was not 

observed in NHEKs (Fig.1E).  These results indicated that the most functional TRP 

channels were TRPV3 and TRPV4, although expression of other TRP channel was 

suggested in RT-PCR experiments.  Thus, ANO1 could be activated by calcium influx 

through TRPV3 and TRPV4 in cells that co-expressed these ion channels.  Therefore, I 

decided to focus on the interaction between TRPV3 and ANO1 in this study because 

their interaction had not received attention in the literature.  

 

4-2. TRPV3-ANO1 interaction in HEK293T cells 

I performed whole cell patch-clamp experiments using HEK293T cells heterologously 

expressing TRPV3 and ANO1 to investigate their functional interaction.  NMDG-Cl 

bath and pipette solutions were used to identify chloride currents through ANO1 

because NMDG is known not to permeate pores of cation channels.  I used camphor as 

a TRPV3 agonist since a previous report showed other TRPV3 agonists, 2-APB and 
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carvacrol, inhibited ANO1 currents41.  Under these conditions, chloride currents were 

clearly observed in cells expressing human TRPV3 (hTRPV3) and human ANO1 

(hANO1), but not in cells expressing hTRPV3 or hANO1 alone (Fig. 2A, B).  The 

currents were interpreted to be chloride currents passing through hANO1 that had been 

activated by calcium entering cells through hTRPV3.  The currents were observed with 

intracellular 1, 2-bis (o-aminophenoxy) ethane-N,N,N’,N’-tetraacetic acid (BAPTA) (5 

mM), which is a relatively strong calcium chelator.  Thus, this result suggested that 

TRPV3-ANO1 interaction could occur in a local calcium nanodomain in which 

BAPTA-mediated calcium chelation did not function.  Previous studies suggested that 

both TRPV1 and TRPV4 physically interacted with ANO118,19,42.  Therefore, I 

performed immunoprecipitation and Western blotting experiments using anti-ANO1 

and anti-TRPV3 antibodies, respectively, with extracts from HEK293T cells (Fig.2C).  

There were no TRPV3 bands in negative control extracts from cells transfected with 

hANO1 cDNA, hTRPV3 cDNA or pcDNA3.1 plasmid alone. The results indicated that 

hTRPV3 physically interacts with ANO1.  These results suggested that the functional 

interaction between hTRPV3 and hANO1 in the heterologous expression system occurs 

in calcium nano-domain just under a plasma membrane expressing hTRPV3 and 

hANO1. 

 

4-3. TRPV3-ANO1 interaction in NHEKs 

Intracellular calcium increases were observed in all NHEKs upon camphor application 

(Fig. 1C).  Therefore, I performed whole-cell patch-clamp experiments in NHEKs. 

Camphor-induced chloride currents were observed in 148 mM chloride-containing bath 

solution (Fig. 3A). In this experiment, the BAPTA concentration in the pipette solution 

was 5 mM.  The reversed potential of the chloride currents was shifted to a positive 

direction when the extracellular chloride concentration was changed to 4 mM (Fig.3B, 

C). That result indicated that chloride was a major ion carrier of the camphor-induced 

currents.  Calcium releases from the endoplasmic reticulum might not be a major 

contributor to increases in intracellular calcium concentrations in NHEKs because the 

increase in intracellular calcium concentrations was small in the calcium-free bath 

solution (Fig.3D).  This interpretation was confirmed in patch-clamp experiments in 

which the camphor-induced currents were very small in the extracellular calcium-free 

solution (Fig. 3E).  Therefore, TRPV3 agonist-induced chloride currents through ANO1 

in NHEKs mainly depend on the calcium influx through TRPV3 from extracellular 

regions. 

There was no inhibition of TRPV3 or TRPV4 activities following application of 
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T16Ainh-A01 (T16A), an ANO1 inhibitor, in the calcium-imaging experiments. In 

contrast, another ANO1 inhibitor, CaCCinh-A01 reduced the activities of both TRPV3 

and TRPV4 (Fig. 4).  In the calcium imaging experiments, the activity of TRPV3 was 

not inhibited by addition of Ani9, another strong ANO1 inhibitor (Fig. 4).  Therefore, I 

used T16A or Ani9 as ANO1 inhibitors in the following experiments.  The 

camphor-induced chloride currents were inhibited by Ani9 (Fig. 3F).  This result 

suggested TRPV3-ANO1 interaction in NHEKs. 

ANO1 is reportedly activated by activation of voltage-gated calcium channels43, and 

previous studies showed the expression of some voltage-gated ion channels in 

keratinocytes44-46.  Therefore, activation of ANO1 could possibly be caused, in part, by 

intracellular calcium increases downstream of the activation of voltage-gated calcium 

channels.  To investigate this possibility, I executed whole-cell patch-clamp recordings 

of voltage-gated calcium channels (Fig. 5).  However, no barium currents were 

observed upon the membrane potential changes.  Furthermore, no intracellular 

calcium increases were induced by application of a high potassium solution in the 

calcium-imaging experiments (Fig. 5B).  These results suggested there was no 

functional expression of voltage-gated calcium channels. 

 

4-4. Effects of an ANO1 inhibitor or low chloride medium in a kind of wound-healing 

assays of NHEKs 

Previous studies showed that TRPV3 contributes to itch and warmth sensations and 

wound healing by keratinocytes27-30.  It has been strongly suggested that TRPV3 

activation accelerates wound healing in the oral cavity27.  Moreover, the basic 

histological properties of the oral cavity are similar to those of skin compared to other 

mucosa in the body47.  Furthermore, ANO1 could be involved in tissue development 

after birth48, and it is well-known to be a positive regulator of migration and 

proliferation in cancer cells34,35,37,38.  Therefore, I hypothesized that TRPV3-ANO1 

interaction might affect the migration and/or proliferation of NHEKs and the process of 

wound healing.  Indeed, DNA microarray analyses showed that T16A or low chloride 

conditions decreased positive regulators of wound healing such as MMP7 (matrix 

metalloproteinase 7), CXCL10 (C-X-C motif chemokine ligand 10), IGF2 (insulin like 

growth factor 2) and NOS2 (nitric oxide synthase 2) in NHEKs (Fig. 6 and Table 2).  To 

investigate the involvement of ANO1 in wound healing, I analyzed the effects of an 

ANO1 blocker, T16A, in a kind of in vitro wound healing assay through the use of a 

culture insert (Fig.7).  In this experiment, NHEKs were cultivated within a culture 

insert at almost 100 % confluency in which cells migrated to spaces between cell 
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clusters49 (Fig. 7A).  NHEKs usually migrated to the open spaces, an area separated by 

the insert, for approximately 12 h after the insert was removed. In this way, migration 

and proliferation filled the area by about 80% within 24 h.  However, cell migration 

and/or proliferation in 5 µM T16A-containing medium was obviously inhibited although 

the inhibition was gone after washout of T16A (Fig. 7B, C), suggesting that the T16A 

effect was not due to cell-death or irreversible cell damage.  In addition, I analyzed cell 

migration velocity using time-lapse imaging with a confocal microscope and cell 

proliferation using an MTT assay (Fig. 7D-F).  Migration velocity was reduced after 

T16A application, and the reduction lasted throughout the continued presence of ANO1 

inhibition (Fig. 7D).  Moreover, the migration velocity recovered to the initial level 

after washout of T16A (Fig. 7D and E).  Cell proliferation was also reduced by T16A 

application (Fig. 7F).   

The above experiments were performed at 37°C, and TRPV3 is thought to be 

activated in this condition.  According to a previous report, ANO1 is also activated by 

rapid noxious heat stimulation50.  However, another group reported that ANO1 was 

activated by the temperature increase without a clear threshold for temperature-evoked 

activation in a physiological intracellular free-calcium concentration (100 nM)18.  Thus, 

ANO1 is also thought to be activated in this condition.  Therefore, I investigated 

temperature-dependency in the assay with a culture insert as described above (Fig. 8).  

The filled areas after the removal of the culture insert were significantly smaller with a 

reduction of temperature from 37 to 30˚C within which TRPV3 and TRPV4 are 

reportedly activated51-54 regardless of the presence of T16A (Fig. 8).  These data 

suggested that changes in the filled areas involve temperature-dependent mechanisms 

that could be due to activation of temperature-dependent molecules such as TRPV3, 

TRPV4 or ANO1. 

The results shown in Figure 7 suggested the importance of chloride ions for cell 

migration and proliferation.  Therefore, I performed an assay with a culture insert in 

low chloride medium at 37˚C (Fig. 9).  Intracellular chloride concentrations should be 

reduced upon depletion of extracellular chlorides55.  After removal of the culture insert, 

the filled areas were drastically reduced in the low chloride-containing medium, an 

effect that was lost after the change to the control medium (Fig. 9).  These results 

indicated that chloride flux through ANO1, possibly influx, plays critical roles in cell 

migration and/or proliferation.   

 

4-5. Direction of chloride movement through chloride channels in NHEKs 

Although the previous results suggested the importance of chloride ions for cell 
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migration and/or proliferation, the actual roles of chloride ions in keratinocytes are 

largely unknown.  To address this question, I attempted to determine the direction of 

chloride movement.  Chloride permeation through chloride channels depends on 

intracellular chloride concentrations and membrane potentials.  Although chloride 

channel function could affect intracellular chloride concentrations, they should be 

maintained by the function of several chloride transporters56.  Therefore, I examined 

the expression patterns of chloride transporters, including Na-K-Cl cotransporters 

(NKCCs) and K-Cl cotransporters (KCCs) using RT-PCR.  In this experiment, the 

expression of NKCC1, KCC1, KCC2, KCC3 and KCC4 mRNAs was suggested (Fig. 10A).  

KCC2 is a neuron-specific KCC, and intracellular chloride concentrations are kept at a 

low level through chloride efflux by KCC2 in cells in the central nervous system. It is 

believed that opening of the chloride-permeable channels causes chloride influx. 

Therefore, I performed a chloride-imaging experiment using a chloride indicator, 

MQAE57-59.  The calculated intracellular chloride concentrations of NHEKs (6.8 1.3 

mM) were relatively low, which is consistent with the relatively high KCC2 expression 

at least at the mRNA level in NHEKs. The equilibrium potential for chloride ions was 

-75.7 mV (Fig. 10B,C). The fact that the reported resting membrane potentials of skin 

keratinocytes are -24 to -40 mV60-62 suggested that chloride influx occurs through ANO1 

in NHEKs. 

 

4-6. An ANO1 inhibitor or a low chloride condition induces MAP kinase phosphorylation 

Previous studies suggested that low intracellular chloride concentrations induce the 

phosphorylation of mitogen-activated protein kinase (MAPK), although its precise 

mechanisms are not well known.  MAPK cascades are involved in the life and death of 

many cells63,64 (Fig. 11A).  For instance, extracellular signal-related kinase (ERK), 

which is phosphorylated by MAPK kinase (MKK)1/2, is involved in cell proliferation and 

differentiation.  On the other hand, p38 and c-Jun N-terminal kinase (JNK), which are 

phosphorylated by MKK3/4/6 and MKK4/7, respectively, induce cell cycle arrest and 

apoptosis.  Hence, I investigated MAPK phosphorylation using a Western blot method 

(Fig. 11B).  An ANO1 inhibitor, T16A or a low chloride condition increased 

phosphorylation of p38 and JNK, but not that of ERK.  These results suggested that 

ANO1 is involved in cell cycle arrest and/or apoptosis.  However, neither ANO1 

inhibition nor a low chloride condition induced cell death in the culture insert assay 

based upon the fact that cell appearance visualized with a calcein-AM staining was not 

affected by ANO1 inhibition or a low chloride condition (Figs. 7-9).  In addition, there 

were no effects of T16A treatment on the expression of differentiation-related genes, 
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including K1, IVL and TGM1, in both differentiated and undifferentiated conditions 

(Fig. 12).  This result is consistent with the lack of effects of the T16A treatment on 

ERK phosphorylation (Fig. 11B), which is known to be related to differentiation (Fig. 

11A).  Therefore, I decided to focus on cell cycle arrest. 

 

4-7. An ANO1 inhibitor induced cell cycle arrest during the culture insert assay  

Because the MAPK analyses suggested cell cycle arrest by ANO1 inhibition, I 

performed a cell cycle assay by using a redox dye (Fig. 13).  Redox conditions are 

closely related to the cell cycle65. For instance, intracellular redox conditions in cells in 

the G0/G1 phases are relatively reductive, whereas redox conditions are gradually 

shifted to more oxidative ones upon progression to G2/M phases.  In this assay system, 

cells at G0/G1 phases, S phase, and G2/M phases can be visualized as yellow green, 

green and dark blue, respectively (Fig. 13A).  To clarify the color variation, each cell 

was visualized as a red color depending on signal levels (Fig. 13B).  T16A treatment 

increased cell populations in G0/G1 phases and reduced cell populations in the S phase 

during the culture insert assay (Fig. 13B, C).  This result indicated that cell cycle 

progression from G0/G1 phases to S phase was suppressed by ANO1 inhibition. 
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Discussion 

In contrast to previous studies, my results showed that functional expression of TRPs 

was limited, although mRNA expression for a number of TRPs was observed in NHEKs.  

Functional expression was limited to TRPV3 and TRPV4 (Fig. 1).  Protein expression is 

reported to change depending on differentiation conditions in keratinocytes66. Thus, 

TRPs whose functional expression was not confirmed in our experiments could be 

functional in other specific differentiation conditions.  In particular, TRPV6 and 

TRPC6 were reported to be involved in keratinocyte differentiation, and TRPC6 

expression was increased by stimulation of differentiation67,68. ANO1 mRNA expression 

was observed under both differentiated and undifferentiated conditions (Fig. 12).  

While I observed TRPV3-ANO1 interaction in this study and my laboratory reported 

similar results for TRPV4-ANO1 in epithelial cells18, 19, interaction between ANO1 and 

other TRPs whose functional expression was not confirmed in this study might be 

present under differentiated conditions.  

Several studies, including ones in my laboratory, showed that TRPV1, TRPV4, 

TRPV6, TRPA1, TRPC2 and TRPC6 interact with ANO1.  The fact that TRPV6 and 

TRPC6 were reported to be involved in keratinocyte differentiation raises the possibility 

that ANO1 could play a role in the differentiation process.  However, it seems unlikely 

based on my experiments since functional expression of TRPV6 and TRPC6 was not 

observed (Fig. 1), and the expression patterns of differentiation-related genes were not 

different between control and ANO1 inhibitory conditions (Fig. 12). 

TRPV4 was the TRP channel that was known to interact with ANO1 in NHEKs, and 

TRPV3 was found to be a new candidate partner of ANO1.  Therefore, I focused on 

clarification of the novel TRPV3-ANO1 interaction in keratinocytes.  Patch-clamp 

experiments showed TRPV3-ANO1 interaction in HEK293T cells and NHEKs (Figs 2, 

3).  In addition, TRPV3 was co-immunoprecipitated using an anti-ANO1 antibody in 

HEK293T cells expressing both TRPV3 and ANO1. These results suggest that TRPV3 

and ANO1 form a complex with a calcium nano-domain and that ANO1 is effectively 

activated by calcium entering cells through TRPV3 as is the case with TRPV4.  It is 

known that increases in intracellular calcium concentrations downstream of activation 

of calcium-sensing receptor (CaSR) induce differentiation in keratinocytes69.  Thus, 

there could be two different types of increases in intracellular calcium concentrations: a 

local one through TRPV3 activation that activates ANO1 and a global one that can be 

caused by several mechanisms such as CaSR signaling. 

Next, I assessed the physiological function of TRPV3-ANO1 interaction.  A previous 

study showed that TRPV3 was involved in wound healing in keratinocytes27.  In fact, 
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TRPV3 is sensitized by epidermal growth factor receptor (EGFR) following stimulation 

by EGF released during wound healing. In addition, transforming growth factor alpha 

(TGF), an EGFR ligand, is released from keratinocytes by TRPV3 activation.  This 

autocrine system is thought to represent one of the molecular mechanisms for wound 

healing via TRPV3 activity.  My assays with culture inserts suggest that ANO1 

inhibition reduces cell migration and proliferation (Fig. 7).  Thus, TRPV3-ANO1 

interaction could be an important molecular mechanism for wound healing in skin, 

suggesting that there are two mechanisms for wound healing that involve TRPV3 

activity.  Furthermore, a previous report suggested that membrane localization of 

ANO1 is important for cancer cell migration, independent of the activity of chloride 

channel activity70.  However, my results showed that low chloride conditions inhibited 

cell migration and/or proliferation in culture insert assays (Fig. 9).  This result 

suggests that chloride movement through ANO1 is important for wound healing. 

The direction of chloride movement is strictly regulated by the balance of 

intracellular chloride concentration and membrane potential.  In mature neurons of 

the central nervous system, low intracellular chloride concentrations are maintained by 

KCC256.  Thus, the activation of chloride channels induces chloride influx followed by 

hyperpolarization.  On the other hand, primary sensory neurons and immature 

neurons in the brain have high intracellular chloride concentrations56,71.  Therefore, 

chloride channel opening induces chloride efflux at resting potentials, causing 

membrane depolarization.  Basal intracellular chloride concentrations are controlled 

by chloride transporters56.  Expressions of NKCC1, KCC1, KCC2, KCC3 and KCC4 

were observed in the RT-PCR analyses of NHEKs (Fig. 10A).  Furthermore, for the 

first time, basal intracellular chloride concentrations in keratinocytes were found to be 

low in my study (Fig. 10B).  Because the resting membrane potentials of skin 

keratinocytes are reported to range from -24 to -40 mV60-62, ANO1 opening should 

induce chloride influx in NHEKs.  Therefore, ANO1 inhibition likely decreases 

intracellular chloride ions within keratinocytes.  Although KCC2 is thought to be 

neuron-specific72, a recent report showed that pancreatic  cells also have KCC273, 

suggesting that KCC2 might be expressed more widely than expected.  Since both 

keratinocytes and neurons are ectodermal cells in origin74,75, there is a possibility that 

neuron-specific KCC2 could control intracellular chloride concentrations in 

keratinocytes.   

In cancer cells, decreases in intracellular chloride concentrations induce 

phosphorylation of p38 and JNK. That change in turn increases p21 expression, leading 

to the inhibition of CDK2/Cyclin E complex function, followed by arrest of the cell cycle 
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in the G1 phase76,77.  Consistent with the previous reports in cancer cells, p38 and JNK 

phosphorylation was induced by ANO1 inhibition or low chloride conditions in NHEKs 

(Fig. 11).  p38 and JNK are generally known to negatively regulate the cell cycle63. 

Therefore, this result together with the reduction in cell proliferation by ANO1 

inhibition shown in the MTT assay (Fig. 7F) suggest that ANO1 inhibition causes cell 

cycle arrest.  As expected, T16A treatment increased cells at the G0/G1 phases and 

reduced cells in the S phase as determined in the culture insert assay condition (Fig. 

13B, C). That outcome indicated cell cycle arrest between the G0/G1 phases and the S 

phase, which is consistent with the data in previous studies that showed cell cycle 

arrest at the G1/S checkpoint by intracellular low chloride concentrations in cancer 

cells76,77.  Thus, these results suggest that the cell cycle of keratinocytes also could be 

controlled by changes in intracellular chloride concentrations downstream of 

TRPV3-ANO1 signaling. 

A previous study showed that TRPV3 in keratinocytes participates in wound healing.  

My study suggests that TRPV3 induces chloride influx through ANO1.  This chloride 

influx could maintain the cell cycle properly through its inhibition of p38 and JNK 

phosphorylation.  Thus, the decreases in cell proliferation caused by T16A (Fig. 7F) 

could be partly explained by the cell cycle arrest through ANO1 inhibition.  My data 

also showed that ANO1 inhibition slowed cell migration (Fig. 7D, E).  The mechanisms 

for controlling migration velocity by ANO1 are unknown.  However, previous reports 

showed that molecules inhibiting the cell cycle such as p21 rearrange the cytoskeleton 

through an ROS-mediated pathway, resulting in the regulation of cell migration78.  

Thus, chloride could also control cell migration through the same molecules that inhibit 

the cell cycle.  Indeed, DNA microarray analyses showed that T16A or low chloride 

conditions decreased positive regulators of wound healing such as MMP7, CXCL10, 

IGF2 and NOS2 (Fig. 6, Table 2)79-82.  These wound healing-related genes could also be 

candidate regulators for cell migration. 

The exact mechanism by which chloride regulates MAPK phosphorylation is 

unknown.  A previous study showed that intracellular chloride concentrations directly 

affected phosphatase activity83.  This mechanism could explain MAPK phosphorylation.  

DNA microarray analyses showed a decrease of WNK (lysine deficient protein kinase) 2 

during T16A treatment or low chloride conditions in NHEKs (Table 2).  WNK1 is also 

expressed in keratinocytes in my study and in a previous report,84 although its 

expression level was not significantly affected by T16A treatment or low chloride 

conditions in NHEKs (Table 2).  The activities of the WNK family of proteins, which 

are reportedly involved in MAP kinase phosphorylation, are regulated by intracellular 
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chloride85,86.  These chloride-sensitive molecules are also candidates for proteins 

upstream of MAPK.  Further studies are necessary to clarify the roles of chloride in cell 

signaling pathways of keratinocytes. Nonetheless, the interaction of TRPV3 and ANO1 

found in my study suggests that together they could positively regulate keratinocyte 

proliferation and migration during wound healing. That interaction would be a 

promising starting point to investigate the detailed mechanisms through regulation of 

intracellular chloride concentrations.    
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Figure Legends 

 

Figure 1 

TRPs and ANOs expression in NHEK 

(A) RT-PCR of TRPs and ANOs in NHEK  

(B) Western blot of ANO1 in NHEK.  Predicted band size of ANO1 is 114 kDa. 

(C and D) Calcium imaging in NHEK.  Cam: Camphor, a TRPV3 agonist; GSK: 

GSK1016790A, a TRPV4 agonist; Cap: Capsaicin, a TRPV1 agonist; Pro: Probenecid, 

a TRPV2 agonist; AITC: Allyl isothiocyanate, a TRPA1 agonist; Men: Menthol, a 

TRPM8 agonist; OAG: 1-oleoyl acetyl-sn-glycerol, a TRPC6 agonist; Ca2+ (-): Calcium 

free bath solution. 

(E) Comparison of current-voltage relationship of the currents. Red line indicates 

current-voltage relationship of basal current in NHEKs using the standard bath and 

pipette solutions.  Blue line indicates current-voltage relationship in TRPV6- 

expressing HEK293T cells using standard bath solution and NMDG-Cl pipette 

solution.  Holding potential was -60 mV and ramp-pulse was from -100 to +100 mV 

for 300 ms duration. 

 

Figure 2 

TRPV3 and ANO1 interaction in HEK293T cells 

(A) Representative traces of camphor-induced currents in HEK293T cell expressing 

hTRPV3 and hANO1, hANO1 or hTRPV3 alone.  All data were collected using an 

NMDG-Cl bath and pipette solution.  Free calcium in pipette solution was 100 nM.  

Holding potential was -60 mV and ramp-pulse was from -100 to +100 mV for 300 ms 

duration. Dotted line indicates a current value at 0 pA. 

(B) Comparison of peak currents of (A) at -60 mV (n = 5 or 6).  Statistical significance 

was determined with a Bonferroni correction. 

(C) Immunoprecipitation of ANO1 or TRPV3 and Western blot of TRPV3 in HEK293T 

cells transfected with Trpv3 and Ano1 cDNAs, Ano1 alone, Trpv4 alone or 

pcDNA3.1. 

 

Figure 3 

TRPV3 and ANO1 interaction in NHEKs 

(A and B) Representative traces of camphor-induced currents in NHEKs.  (A) The trace 

was collected using an NMDG-Cl bath solution containing 148 mM chloride.  (B) 

The trace was collected using an NMDG-aspartate bath solution containing 4 mM 
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chloride.  The pipette solution contained 140 mM NMDG-Cl and 100 nM free 

calcium.  The holding potential was -60 mV and ramp-pulse was from -100 to +100 

mV for 300 ms duration. 

(C) Comparison of current-voltage relationships of the currents at arrowheads in (A) 

and (B). 

(D) Calcium imaging of NHEKs upon camphor application in calcium-free conditions. 

(E) Comparison of camphor-induced peak currents at -60 mV in an NMDG-Cl bath 

solution containing 2 mM calcium or calcium free bath solution (n = 5).  Statistical 

significance was determined with the Student's t-test. 

(F) Representative traces of camphor-induced currents with an ANO1 inhibitor, Ani9. 

The trace was collected using an NMDG-Cl bath solution containing 148 mM 

chloride. 

 

Figure 4 

Effect of ANO1 inhibitors on TRPV3 and TRPV4 activities  

Averaged changes in intracellular calcium concentrations (indicated by ratios 

normalized to that caused by ionomycin) upon camphor or GSK application 

(A) Calcium imaging of HEK293T cell-expressed hTRPV3 upon camphor application 

with or without ANO1 inhibitors, T16A or CaCC-A01. 

(B) Calcium imaging of HEK293T cell-expressed hTRPV3 upon camphor application 

with or without ANO1 inhibitor, Ani9. 

(C) Calcium imaging of HEK293T cell-expressed hTRPV4 upon GSK application with or 

without ANO1 inhibitors, T16A or CaCC-A01. 

 

Figure 5 

Voltage-gated calcium channel expression 

(A) Representative traces of NHEKs.  Step pulses for 500 msec were applied between 

-100 mV and +100 mV with 20 mV increments from -70 mV.  Calcium base bath 

and pipette solutions were used. 

(B) Calcium imaging of NHEKs upon 80 mM potassium bath solution (High K+).  

 

Figure 6 

DNA microarray analysis of NHEKs 

(A) Scatter Plot of signal value of each gene from NHEKs cultured in 10 μM 

T16-containing medium or control medium.  Red dots indicate Z score > 2, blue dots 

indicate Z score < -2. 
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(B) Scatter Plot of signal value of each gene from NHEKs cultured in low chloride 

medium or control medium.  Red dots indicate Z score > 2, blue dots indicate Z 

score < -2. 

 

Figure 7 

Effect of an ANO1 inhibitor in culture insert assay 

(A) Schematic image of culture insert assay. 

(B) Culture insert assay in medium with or without 5 μM T16A.  Bright field at 0 h and 

calcein staining at 24 h.  Washout indicates change of medium from 

T16A-containing medium to control medium at 12 h. 

(C) Increased areas at 12 h or 24 h in the medium with or without 5 μM T16A.  Data 

represent means ± SEM (n = 5).  Statistical significance was determined with 

Student's t-test or Bonferroni correction.  *, p < 0.05; **, p < 0.01. 

(D) Velocity of NHEKs with or without 5 μM T16A in culture insert assay.    

(E) Average velocity from (D).  Each column indicates average velocity during 

indicated time.  Data represent means ± SEM (n = 50).  Statistical significance 

was determined with Bonferroni correction.  *, p < 0.05; **, p < 0.01. 

(F) MTT assay of NHEKs cultured in indicated media.  Data represent means ± SEM 

(n = 6).  Statistical significance was determined with Dunnett’s test.  **, p < 0.01. 

 

Figure 8 

Effect of temperature on the in the culture insert assay 

Measurements of increased areas at 24 h at indicated temperatures.  Data represent 

means ± SEM (n = 10).  Statistical significance was determined with an independent 

t-test or Bonferroni correction.  *, p < 0.05 by Bonferroni correction; **, p < 0.01 

Bonferroni correction; ## p < 0.01, t-test (vs corresponding Cont). 

 

Figure 9 

Effect of a low chloride medium in the in the culture insert assay 

(A) Culture insert assay in the low chloride medium or control medium.  Bright fields 

at 0 h and calcein staining at 24 h.  Control 12h indicates a change of medium from 

low chloride medium to control medium at 12 h. 

(B) Measurements of increased areas at 12 h or 24 h in the low chloride medium or 

control medium.  Data represent means ± SEM (n = 6).  Statistical significance 

was determined with Student's t-test or Bonferroni correction. 

  *, p < 0.05; **, p < 0.01. 
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Figure 10 

Expression of cation-chloride cotransporters and calculated chloride concentrations in 

NHEKs 

(A) RT-PCR assessment of cation-chloride cotransporter genes in NHEKs. 

(B) Representative picture of chloride ion-quenched fluorescent indicator, MQAE in 

NHEKs. 

(C) Calibration curve and calculated intracellular chloride concentration in NHEKs.  

Calibration curve was made by Stern-Volmer plot, F0/F = 1 + Kq[Cl].  F0: 

fluorescence intensity at 0 mM chloride, F: fluorescence intensity at each chloride 

concentration, Kq: extinction coefficient. 

 

Figure 11 

Effect of an ANO1 inhibitor and a low chloride medium on MAP kinase phosphorylation  

(A) Schematic representation of MAP kinase signaling. 

(B) Western blotting of total MAP kinase and phosphorylated MAP kinase. 

 

Figure 12  

Effect of an ANO1 inhibitor on NHEK differentiation  

RT-PCR of differentiation marker genes in NHEKs 

KRT1: keratin 1, IVL: involucrin, TGM1: transglutaminase 1 

Differentiation was induced by the following conditions. 

Mild: cultured at medium cell density in 0.15 mM calcium medium for 2 days. 

Differentiated: cultured at high cell density in 1.5 mM calcium medium for 3 days. 

Undifferentiated: cultured at low cell density in 0.15 mM calcium medium for 3 days. 

Treatment with 10 μM T16 was done for 13 h. 

 

Figure 13 

Cell cycle analysis of NHEK 

(A) Representative picture of redox dye staining for cell cycle analysis. 

(B) Representative pictures of each phase cell (red) in the presence or absence of 5 μM 

T16A. 

(C) Comparison of rate of each phase cell.  Data represent means ± SEM (n = 7).  

Statistical significance was determined with Bonferroni correction.  *, p < 0.05; **, 

p < 0.01. 

 



32 

 

Tables 

 

Table 1  

Primer list for reverse transcription-PCR (RT-PCR) 

All primers span an exon-exon junction. 
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Table 2  

 

Comparison of expression of wound healing-related or chloride-sensing gene 

Low Cl-/Cont: the ratio of gene expression in low chloride condition to control condition 

T16A/Cont: the ratio of gene expression in T16A-treated condition to control condition 

Blue color indicates Z score < -2. 
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