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Abstract

Tricellular tight junctions (tTJs) are specialized structures that occur where the corners of

three cells meet to seal adjacent intercellular space. The molecular components of tTJs

include tricellulin (TRIC) and lipolysis-stimulated lipoprotein receptor (LSR) which recruits

TRIC, are required for normal hearing. Although loss of TRIC causes hearing loss with

degeneration of cochlear cells, the detailed mechanisms remains unclear. In the present

study, by using temperature-sensitive mouse cochlear cells, US/VOT-E36 cell line, we

investigated the changes of TRIC and LSR during cochlear cell differentiation and the

effects of histone deacetylase (HDAC) inhibitors against cell degeneration induced by loss

of TRIC and LSR. During cell differentiation induced by the temperature change, expression

of TRIC and LSR were clearly induced. Treatment with metformin enhanced expression

TRIC and LSR via AMPK during cell differentiation. Loss of TRIC and LSR by the siRNAs

induced cell death in differentiated cells. Treatment with HDAC inhibitors trichostatin A and

HDAC6 inhibitor prevented the cell death induced by loss of TRIC and LSR. Collectively,

these findings suggest that both tTJ proteins TRIC and LSR have crucial roles for the differ-

entiated cochlear cell survival, and that HDAC inhibitors may be potential therapeutic agents

to prevent hearing loss.

Introduction

The tight junctions (TJs) between epithelial cells are necessary to maintain cell polarity and the

transepithelial barrier, and regulate the flow of solutes through paracellular spaces [1, 2]. In the

inner ear, TJs between epithelial cell that line the cochlear duct (or scala media) function to

compartmentalize endolymph and perilymph [3]. Tricellular tight junctions (tTJs) occur at the
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convergence between two bicellular TJs, and aid in the formation of a strong barrier for the

cellular sheet [4]. The formation of tricellular contacts requires tricellulin (TRIC), the first pro-

tein identified at these contacts [4], and the newly identified lipolysis-stimulated lipoprotein

receptor (LSR) [5]. In particular, the LSR localizes at the corners of epithelial cells to generate a

landmark for tricellular tight junction formation, while TRIC is recruited to the tricellular con-

tacts via its interaction with LSR [5].

Previous reports demonstrate that knockdown of occludin causes TRIC to mislocalize to

bicellular TJs, resulting in progressive cochlear hair cell apoptosis [6–8]. Mutations in the gene

encoding TRIC lead to autosomal recessive nonsyndromic hearing loss (DFNB49) [9, 10]. In

comparison, LSR has two closely related proteins encoded in the mammalian genome, immu-

noglobulin-like domain-containing receptor (ILDR) 1 and ILDR2. ILDR1 is the causative gene

of familial nonsyndromic deafness (DFNB42) and mediates TRIC recruitment, which is

required for normal hearing [11, 12].

Metformin is an antidiabetic drug known to protect against cisplatin-induced ototoxicity

[13] and gentamycin-induced apoptosis in auditory cells [14]. Similarly, histone deacetylase

inhibitors (iHDACs) reportedly limit noise-induced outer hair cells death and hearing loss

[15, 16], and attenuate gentamicin-induced hearing loss [17]. HDACs are a class of enzymes

that remove acetyl groups from the lysine residues of target proteins, thereby promoting chro-

matin condensation and reduced transcription [18]. Eighteen mammalian HDACs have been

identified to dates and are divided into 4 classes: class I HDACs (HDACs 1, 2, 3, and 8), class

II HDACs (HDACs 4, 5, 6, 7, 9, and 10), class IV (HDAC 11), and class III (sirtuin family:

SIRT1-SIRT7) [19]. Class II HDACs are further divided into two subgroups: Class IIa (4, 5, 7,

and 9) and IIb (6 and 10). In particular, HDAC6 is a unique cytoplasmic enzyme that regulates

many biological processes via its deacetylase and ubiquitin-binding activities. For example,

HDAC6 is a target for protection and regeneration following nervous system injury [20].

Moreover, HDAC6 is a crucial driver for the disassembly of cilia in sensory hair cells of the

mammalian cochlea, which play important role in maintaining normal hearing [21]. On the

other hand, previous studies described that metformin elevates LSR expression in human

endometrial cancer cells [22], whereas iHDACs upregulate TJ molecules in cancer cells

[23, 24]. However, the functional significance of tTJ molecules, including LSR and TRIC, and

their association with HDACs in cochlear cell death remains unclear.

In the present study, we investigated changes in tTJs during differentiation using tempera-

ture-sensitive mouse cochlear cells, as well as the effect of metformin and iHDACs on LSR and

TRIC expression. In addition, we examined the correlation between the presence of tTJs and

apoptotic cochlear cell death, and the potential protective properties of iHDACs against

cochlear cell death in an auditory cell line.

Materials and methods

Reagents and antibodies

Metformin was purchased from Wako (Tokyo, Japan). Trichostatin A (TSA) was purchased

from Sigma-Aldrich (St. Louis, MO, USA). HDAC6 inhibitor was purchased from Santa Cruz

Biotechnology (Dallas, TX, USA). Rabbit polyclonal anti-LSR antibodies were obtained from

Novus Biologicals (Littleton, CO, USA). Rabbit polyclonal anti-TRIC and ZO-1 antibodies

were obtained from Zymed Laboratories (San Francisco, CA, USA). Rabbit polyclonal anti-

acetylated lysine, anti-phospho-AMPKα (Thr172), and anti-HDAC6 antibodies were obtained

from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal anti-acetylated

tubulin and polyclonal rabbit anti-actin antibodies were obtained from Sigma-Aldrich. Mono-

clonal mouse anti-α-tubulin and anti-β-tubulin antibodies were purchased from Wako. Alexa
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488 (green)-conjugated anti-rabbit IgG and Alexa 594 (red)-conjugated anti-mouse IgG anti-

bodies were acquired from Molecular Probes, Inc. (Eugene, OR, USA). The ECL Western blot

system was purchased from GE Healthcare UK, Ltd. (Buckinghamshire, UK).

Temperature-sensitive mouse cochlear precursor cells

We used the conditionally immortal cell line University of Sheffield/ventral otocyst-epithelial

cell line clone 36 (US/VOT-E36) gifted from Professor Matthew Holley [25]. In this model,

cell proliferation is maintained when cultured at 33˚C, but undergo growth arrest and differ-

entiation at 39˚C. The cells were cultured in minimum essential medium (Nacalai Tesque,

Inc., Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS, Invitrogen; Carlsbad,

CA, USA), 100 μg/mL streptomycin, and 50 μg/mL amphotericin B. The cells were plated on

60-mm culture dishes (Corning Glass Works, Corning, NY, USA) were coated with rat tail col-

lagen (500 μg dried tendon/mL in 0.1% acetic acid) in a humidified atmosphere with 5% CO2

at 33˚C. After incubation at 33˚C for several days, the temperature was raised to 39˚C to

induce cell differentiation. For some experiments, cells were treated with the indicated concen-

trations of metformin, TSA, or an HDAC6 inhibitor for 24 h prior to analysis.

RNA interference and transfection

Duplex siRNA oligonucleotides directed to TRIC and LSR were synthesized by Santa Cruz

Biotechnology. The sequences were as follows: TRIC sense: 50-CGAUCGAGAACGCUAU
AAGtt-30, antisense: 50-CUUAUAGCGUUCUCGAUCGtt-30; LSR sense: 50-CAUGAGGGUC
CUAUACUAUtt-30; antisense: 50-AUAGUAUAGGACCCUCAUGtt-30. Cells were transfected

with LipofectamineTM RNAiMAX Reagent (Invitrogen) at 24 h after plating. A scrambled

siRNA sequence (BLOCK-iT Alexa Fluor fluorescent, Invitrogen) was employed as control

siRNA.

RNA isolation and RT-PCR

Total RNA was extracted and purified using TRIzol (Invitrogen). Total RNA (1 μg) was

reverse-transcribed into cDNA using a mixture of oligo (dT) and Superscript II reverse tran-

scriptase under the recommended conditions (Invitrogen) in a total volume of 20 μL for 50

min at 42˚C, and terminated by a 15 min incubation at 70˚C. PCR was performed in a 20-μL

mixture containing 100 pM primer pairs, 1.0 μL cDNA, PCR buffer, dNTPs, and Taq DNA

polymerase under the recommended conditions (Takara, Kyoto, Japan). Amplifications were

carried out for 35 or 40 cycles depending on the target gene with the following thermocycler

protocol: 15 s at 96˚C, 30 s at 55˚C or 57˚C, and 60 s at 72˚C. The final elongation time was 7

min at 72˚C. Then, 6 μL of PCR product was analyzed by 1% agarose gel electrophoresis with

ethidium bromide staining with a GeneRuler 100-bp DNA ladder (Fermentas, Ontario, Can-

ada). The PCR primers were as follows: mouse TRIC sense: 50-CTCGGAGACATCGGGAGTTC-
30, antisense: 50-GCTGATCCCTCTGTCGATCACT-30; mouse LSR sense: 50-CGCAGAGCT
CATTGTCCTTTGATTG-30, antisense: 50-GGAGGTTACTTCACTTCACTCATGGCCCG-30;
G3PDH sense 50-ACCACAGTCCATGCCATCAC-30, antisense 50-TCCACCACCCTGTTGCT
GTA-30.

Western blot analysis

Cultured cells were scraped from a 60-mm dish containing 300 μL of buffer (1 mM NaHCO3

and 2 mM phenylmethylsulfonyl fluoride), collected in microcentrifuge tubes, and then soni-

cated for 10 seconds. The protein concentrations of the samples were determined using a BCA
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protein assay regent kit (Pierce Chemical Co., Rockford, IL, USA). Proteins (15 μg/lane) were

separated by electrophoresis in 5–20% SDS polyacrylamide gels (Wako, Osaka, Japan), and

transferred to nitrocellulose membranes (Immobilon; Millipore Co.; Bedford, UK). The mem-

brane were incubated for 30 min at room temperature with blocking buffer (25 mM Tris, pH

8.0, 125 mM NaCl, 0.1% Tween 20, and 4% skim milk), and then the appropriate primary anti-

body (1:1000 dilution) for 1 h. The probed membranes were incubated with HRP-conjugated

anti-mouse or anti-rabbit IgG antibodies at room temperature for 1 h and the immunoreactive

bands detected with an ECL Western blot system.

Immunoprecipitation

Cultured cells were scraped from a 60-mm dish containing 600 μL NP-40 lysis buffer (50 mM

Tris—HCl, 1% NP-40, 0.25 mM Na-deoxycholate, 150 mM NaCl, 2 mM EGTA, 0.1 mM

Na3VO4, 10 mM NaF, 1 mM PMSF), collected in microcentrifuge tubes, and then sonicated

for 10 s. The lysates were incubated with protein A-Sepharose CL-4B (Pharmacia LKB Bio-

technology, Uppsala, Sweden) for 30 min at 4˚C and then clarified by centrifugation at 5,000

rpm for 3 min at 4˚C. The supernatants were incubated with polyclonal anti-LSR, anti-TRIC,

and anti-acetylated lysine antibodies bound to protein A-Sepharose CL-4B overnight at 4˚C.

After incubation, immunoprecipitates were washed extensively with the same lysis buffer and

analyzed by western blotting with the indicated antibodies (1:1000 dilution).

Immunocytochemistry

Cells cultured in a 35-mm glass-coated dish (Iwaki, Chiba, Japan) were fixed with cold acetone

and ethanol (1:1) at -20˚C for 10 min, rinsed in PBS, and then incubated with anti-acetylated

tubulin (1:400), anti-TRIC (1:200), anti-LSR (1:200), or anti-ZO-1 (1:200) at room tempera-

ture for 1 h. Alexa Fluor 488 (green)-conjugated anti-rabbit IgG and Alexa Fluor 594 (red)-

conjugated anti-mouse IgG (Invitrogen) were used as secondary antibodies. Specimens were

examined with either an epifluorescence (Olympus, Tokyo, Japan) or confocal laser scanning

microscope (LSM5; Carl Zeiss, Jena, Germany).

Scanning electron microscopy (SEM)

For scanning electron microscopy (SEM), cells cultured on 15-mm cover glasses (Matsunami

Glass, Ind., Ltd, Bellingham, WA, USA) were fixed in 2.5% glutaraldehyde in 0.1 M PBS

(pH 7.3) at 4˚C for 3 h. After rinsing in PBS, the cells were postfixed in 1% osmium tetroxide in

PBS at 4˚C for 3 h, dehydrated with a graded ethanol series (70% to 100% ethanol) at 4˚C for

20 min in each step, and dried with butyl alcohol. The dried samples were sputter-coated with

platinum and examined under a scanning electron microscope (S-4300; Hitachi, Tokyo, Japan).

Transepithelial electrical resistance (TER) analysis

Cells were cultured to confluence on the inner chambers of 12-mm Transwell inserts with 0.4-

μm pore filters (Corning Life Sciences, NY, USA). TER was measured using an EVOM voltme-

ter with an ENDOHM-12 (World Precision Instruments, Sarasota, FL, USA). Data are

expressed in O/cm2 and presented as the mean ± S.D. of triplicate experiments. For calcula-

tion, the resistance of blank filters was subtracted from that of filters covered with cells.

Apoptosis and necrosis assay

Apoptosis and necrosis assay were examined with a FAM-FLICA in vitro Caspase Detection

Kit (ImmunoChemistry Technologies, Bloomington, IN, USA). Briefly, cultured cells were
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seeded onto 35-mm glass-coated wells (Iwaki, Chiba, Japan), incubated with FLICA at 39˚C

for 2 h, replated in fresh media, and then incubated again at 39˚C for 1 h. The stained cells

were incubated with Hoechst33258 and propidium iodide at room temperature for several

minutes, fixed, and visualized with an epifluorescence microscope (Olympus, Tokyo, Japan).

Statistical analysis

All data are representative of at least three independent experiments. Results are given as the

means ± SEM. Differences between groups were tested by analysis of variance (ANOVA) fol-

lowed by a post-hoc test, or unpaired two-tailed Student’s t test. P< 0.05 was considered to be

statistically significant.

Results

Metformin induces expression of TRIC and LSR via AMPK activation

during cochlear cell differentiation

To investigate changes in TRIC and LSR expression during cochlear cell differentiation, tem-

perature-sensitive mouse cochlear cells were examined by immunocytochemistry, western

blotting, and RT-PCR analysis. Few TRIC molecules and LSRs were observed in the cytoplasm

of undifferentiated cochlear cells; however, abundant TRIC molecules and LSRs were observed

on the membrane and in the cytoplasm in differentiated counterparts (Fig 1A). Consistently,

TRIC and LSR expression increased with progressive differentiation in western blotting and

RT-PCR analyses (Fig 1B).

To investigate whether metformin induced TRIC and LSR expression, the cochlear cells

were pretreated with metformin and then examined by immunocytochemistry. Notably, both

undifferentiated and differentiated cochlear cells showed increased TRIC and LSR expression

in the presence of metformin (Fig 1D). Moreover, western blotting showed elevated AMPK

phosphorylation following treatment with 50 μM metformin (Fig 1E), as well as a dose-depen-

dent increase in TRIC and LSR expression at the protein (Fig 1F) and mRNA level (Fig 1G).

HDAC inhibitors induce expression of TRIC, LSR and tubulin acetylation,

and increased epithelial barrier function

To examine the influence of TRIC, LSR, and acetylated tubulin (Ac-tubulin) in differentiated

cochlear cells, we used trichostatin A (TSA) and a HDAC6 inhibitor (iHDAC6). Immunocyto-

chemical analysis revealed increased TRIC and LSR expression at the periphery of differenti-

ated cochlear cells treated with TSA and iHDAC6 (Fig 2A). Ac-tubulin was also increased in

cells treated with TSA and iHDAC6 (Fig 2A). Similarly, scanning electron microscopy (SEM)

analysis showed loose sealing elements like zipper between adjacent control cells, but tight

sealed junctions such as line in cells treated with TSA and iHDAC6 (Fig 2B). Consistent with

these findings, western blotting and RT-PCR analysis demonstrated that TRIC and LSR

expression increased with TSA and iHDAC6 treatment in a dose dependent manner, whereas

the expression of HDAC1 and HDAC6 were decreased (Fig 3A and 3B). Moreover, increased

Ac-tubulin was observed in treated cells, particularly in those treated with TSA.

The functional significance of TRIC and LSR expression in differentiated cochlear cells

after TSA or iHDAC6 treatment was examined by immunoprecipitation using anti-TRIC,

anti-LSR, and anti-acetyl-Lysine (Ac-Lysine) antibodies (Fig 3C). The expression of TRIC and

LSR in cells treated with TSA or iHDAC6 was found to be increased, whereas the expression

of Ac-Lysine was not changed. An increased in Ac-tubulin was also found in cells treated with
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TSA or iHDAC6; in particular, TSA induced stronger expression of Ac-tubulin. However,

there was no change in the expression of α- and β-tubulin.

Subsequently, TER was assessed to determine whether the increase in tTJs observed follow-

ing iHDAC treatment altered epithelial barrier function. As expected, cochlear cells treated

with TSA or iHDAC6 displayed a significant increase in TER value (Fig 3D).

HDAC inhibitors do not alter ZO-1 expression

Immunostaining and western blotting were used to examine whether HDAC inhibitors altered

a bicellular tight junction protein ZO-1. No changes in ZO-1 expression were observed with

either treatment (Fig 4A and 4C). Moreover, ZO-1 was in part colocalize with LSR in cells

treated with TSA (Fig 4B).

Loss of TRIC and LSR induce cochlear cell death during cochlear cell

differentiation

TRIC and LSR siRNA knockdown cells were used to investigate the role of each factor in dif-

ferentiated cochlear cells. As expected, immunostaining and western blotting analysis demon-

strated an effective knockdown in transfected cells (Fig 5A and 5B). Interestingly, phase

Fig 1. Induced LSR and TRIC expression in temperature-sensitive mouse cochlear cells. (A) LSR and

TRIC immunocytochemistry of cells incubated at 33˚C and 39˚C. Scale bar: 20 μm. (B) Western blotting and

(C) RT-PCR analysis of LSR and TRIC expression after 1 and 2 days incubated at 39˚C. (D) LSR and TRIC

immunocytochemistry of cells incubated at 33˚C and 39˚C after treatment with 100 μM metformin. Scale bar:

20 μm. (E) Western blotting for phospho-AMP kinase (pAMPK) in cells cultured at 33˚C treated with 10 or

50 μM metformin. (F) Western blotting and (G) RT-PCR for LSR and TRIC expression in cells incubated at

39˚C treated with 10 or 100 μM metformin.

https://doi.org/10.1371/journal.pone.0182291.g001
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contrast imaging also showed that siRNA-knockdown cells displayed a suppressed viability as

compared to untransfected counterparts. As such, we analyzed cell death by FLICA and PI

staining to determine whether the decrease in cell number resulted from increased cell death

or attenuated cell growth. Cell imaging showed that PI- and FLICA colocalized in both LSR

and TRIC siRNA-knockdown cells (Fig 5C).

We next examined number of PI and FLICA double-positive cells after TRIC or LSR

knockdown. Notably, PI staining increased significantly after knockdown of LSR and TRIC

Fig 2. Trichostatin A (TSA) and histone deacetylase 6 inhibitor (iHDAC6) treatment induced LSR,

TRIC, and acetylated-tubulin (Ac-tubulin) expression in differentiated cochlear cells. (A)

Immunocytochemical staining for LSR, TRIC, and Ac-tubulin after TSA and iHDAC6 treatment. Scale bar:

20 μm. (B) Scanning electron microscopy (SEM) of differentiated cochlear cells after treatment with TSA and

iHDAC6. Arrow heads indicate the sealing elements between two adjacent cells. Scale bars: 20 μm.

https://doi.org/10.1371/journal.pone.0182291.g002
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(Fig 6A and S6 Fig), whereas FLICA staining increased only in TIRC knockdown cells (Fig 6A

and S6 Fig). Furthermore, TSA and iHDAC6 treatment greatly increased the viability of LSR

and TRIC knockdown cells (Fig 6B).

HDAC inhibitors prevent cochlear cell death induced by loss of TRIC and

LSR during cochlear cell differentiation

To confirm that iHDACs were sufficient in rescuing cochlear cell apoptosis and necrosis, we

examined the viability of LSR and TRIC knockdown cells following TSA treatment. Signifi-

cantly, PI and FLICA staining was markedly reduced in knockdown cells following treatment

with TSA, as well control cells (Fig 7A and S7 Fig). Moreover, a significant decrease was found

in PI- or FLICA-positive LSR and TRIC knockdown cells following iHDAC6 treatment, albeit

to a less extent than that observed with TSA (Fig 7B and S8 Fig).

Fig 3. (A) Western blotting for TRIC, LSR, HDAC1, HDAC6, and Ac-tubulin in differentiated cochlear cells

after treatment with 0.1 or 1 μM TSA and 0.1 or 1 μM iHDAC6. (B) RT-PCR for LSR and TRIC after treatment

with 0.1 or 1 μM TSA and 0.1 or 1 μM iHDAC6. (C) Western blotting for LSR, TRIC, acetylated lysine (Ac-

Lysine), Ac-tubulin, α-tubulin, β-tubulin in LSR, TRIC, or Ac-Lysine immunoprecipitates (IP) from cochlear

cells treated with 1 μM TSA and 1 μM iHDAC6. (D) Transendothelial resistance (TER) analysis in cochlear

cells treated with 1 μM TSA and 1 μM iHDAC6. *P < 0.05 and **P < 0.01 vs. control.

https://doi.org/10.1371/journal.pone.0182291.g003
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Discussion

The present study demonstrated that metformin and iHDACs induced the expression of TRIC

and LSR, but not of ZO-1, and increased epithelial barrier function in differentiated cochlear

cells. We also found that knockdown of TRIC and LSR led to cochlear cell death via apoptosis

and necrosis, which could be mitigated by treatment with either TSA and iHDAC6.

The barrier function of tight junctions in cochlear cells is critical to separate high K+/low

Na+ endolymph from low K+/high Na+ perilymph. TRIC and LSR are essential for the genera-

tion of tTJs necessary for full barrier function of epithelial cellular sheets. In this study, we

used temperature-sensitive mouse cochlear precursor cells to investigate the behavior of tTJ

proteins during the sensory cochlear cell differentiation. Notably, TRIC and LSR expression

were increased in differentiated cells in an AMPK-dependent manner. Consistently, treatment

with metformin, a type 2 diabetes drug that elevates AMPK activity, enhanced TRIC and LSR

expression in both undifferentiated and differentiated cochlear cells.

iHDACs are also known to reduced noise-, gentamicin-, and cisplatin-induced ototoxicity

[15, 16, 17, 26]; however, the mechanism by which this occurs remains unclear. In the present

study, iHDAC treatment increased both TRIC and LSR expression. Mutations in the gene

Fig 4. ZO-1 expression was unchanged following treatment with TSA and iHDAC6. (A)

Immunocytochemical staining for ZO-1, LSR, TRIC, and Ac-tubulin in differentiated cochlear cells after TSA

and iHDAC6 treatment. Scale bar: 20 μm. (B) Double-immunocytochemistry for ZO-1 and LSR in

differentiated hair cells after TSA. Scale bar: 20 μm. (C) Western blotting for ZO-1 after treatment with 0.1 or

1 μM TSA and 0.1 or 1 μM iHDAC6.

https://doi.org/10.1371/journal.pone.0182291.g004
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encoding TRIC are responsible for autosomal recessive nonsyndromic hearing loss [9, 10],

which was determined to result from a loss in mechanosensory cochlear cells in transgenic

mouse studies [27]. Significantly, disruption of the strands of intramembrane particles con-

necting bicellular and tricellular junctions may affect the paracellular permeability of ions or

small molecules, creating a toxic microenvironment for cochlear cells [26]. On the other hand,

recent report indicates that LSR regulates TRIC recruitment to tTJs [5]. Consistently, LSR has

two homologous genes known as ILDR1 and ILDR2, of which mutations in ILDR1 result in

familial nonsyndromic deafness [11].

Moreover, the siRNA knockdown of either TRIC or LSR resulted in differentiated cochlear

cell death via apoptosis and necrosis. Recently, Kamitani et al. reported that TRIC-knockout

mice displayed hearing loss associated with increased cochlear cell apoptosis [28], resulting in

increased paracellular ion permeability in the organ of Corti. Notably, exposure to endolymph

(with high K+ concentration) likely causes prolonged cochlear hair cell depolarization and sub-

sequent cell death. In addition, increased paracellular permeability has been observed in TRIC

knockdown Eph4 cells4, while the opposite was found in MDCK II cells with TRIC overex-

pression [29]. Thus, disruption of tTJs and epithelial barrier function likely alters ion homeo-

stasis, leading to cochlear cell death; however, we cannot exclude the possibility that

knockdown of tTJ molecules may affect the survival of cochlear cell directly.

Fig 5. (A) Immunocytochemistry and (B) western blotting for LSR and TRIC in siRNA-knockdown cochlear

cells. White scale bar: 20 μm. Black scal bar: 150μm. (C) Cell death analysis by fluorescence microscopy for

propidium iodide (PI) and caspase staining. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0182291.g005
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Lastly, we showed that iHDACs prevent cochlear cell death induced by TRIC and LSR

knockdown. HDACs have a crucial role in both, transcription regulation and protein modifi-

cation [30]. Previous studies have identified iHDACs as a promising strategy for therapeutic

intervention in cancer, neurological disorders, immune disorders31, and hearing loss [15, 16,

17, 26]. The deacetylation of histone core proteins may trigger cell death; thus, iHDACs could

function to attenuate the apoptotic-signaling pathways involved in noise-induced hearing loss

[15, 16]. Although the precise mechanisms relating iHDACs to cochlear cell survival remain

unclear, our results suggest an important role for iHDAC in increased tTJs and epithelial bar-

rier function, thereby mitigating cochlear cell death.

The present study used TSA and iHDAC6 as iHDACs. TSA is an anti-inflammatory agent

derived from streptavidin metabolites and reduces cisplatin-induced ototoxicity by regulating

the IL-4/STAT6 signaling pathway [26]. In addition, TSA leads to a prolonged NF-κB activa-

tion and a subsequent increase in the pro-inflammatory response [31]. Tight junction proteins

are regulated by various cytokines and growth factors via distinct signal transduction pathways

[32]. JNK and NF-κB are largely involved in the regulation of tTJs, including TRIC expression

[33]. On the other hand, HDAC6 is unique among the classical HDAC family in being a cyto-

plasmic enzyme that regulates several important biological processes, including cell migration,

immune synapse formation, viral infection, and misfolded protein degradation [34].

Fig 6. LSR and TRIC knockdown induced cochlear cell death. (A) Hoechst H33342/PI/FLICA viability

analysis in cochlear cells transfected with LSR or TRIC siRNA. Graphs show the number of cochlear cells with

positive PI or caspase staining. *P < 0.05 and **P < 0.01 vs. control. (B) Phase contrast microscopy images

and the number of siRNA-transfected cells after treatment with TSA and iHDAC6. Scale bar: 150 μm.

https://doi.org/10.1371/journal.pone.0182291.g006
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Additionally, HDAC6 was recently identified as a target for protection and regeneration fol-

lowing nervous system injury20. Moreover, iHDAC6 induce Ac-tubulin and prevent the loss

of intestinal TJ proteins and promote cellular viability during hemorrhagic shock and anoxia

[35]. Thus, TSA and iHDAC6 may increase the number of tTJs to prevent cochlear cell death.

Conclusions

The results of the present study provide novel evidence that TRIC and LSR are tTJ constituent

proteins upregulated in response to metformin and iHDAC treatment and necessary for the

survival of differentiated mouse cochlear cells. Collectively, these data support the novel appli-

cation of metformin and iHDACs as pharmacotherapy for various forms of ototoxicity.

Supporting information

S1 Fig. Graph of Fig 1 (B) western blotting and (C) RT-PCR analysis of LSR and TRIC

expression after 1 and 2 days incubated at 39˚C.

(TIF)

S2 Fig. Graph of Fig 1 (E) western blotting for phospho-AMP kinase (pAMPK) in cells cul-

tured at 33˚C treated with 10 or 50 μM metformin. (F) Western blotting and (G) RT-PCR for

LSR and TRIC expression in cells incubated at 39˚C treated with 10 or 100 μM metformin.

(TIF)

S3 Fig. Graph of Fig 3 (A) western blotting for TRIC, LSR, HDAC1, HDAC6, and Ac-tubu-

lin in differentiated cochlear cells after treatment with 0.1 or 1 μM TSA and 0.1 or 1 μM

iHDAC6.

(TIF)

Fig 7. TSA and iHDAC6 treatment blocked apoptotic and necrotic cochlear cell death induced by LSR

and TRIC knockdown. (A) Hoechst H33342/PI/FLICA viability analysis in cochlear cells transfected with

LSR and TRIC siRNA and treated with (A) TSA or (B) iHDAC6. Graphs show the number of treated cells

positive for PI or FLICA staining. *P < 0.05 and **P < 0.01 vs. control.

https://doi.org/10.1371/journal.pone.0182291.g007
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S4 Fig. Graph of Fig 3 (B) RT-PCR for LSR and TRIC after treatment with 0.1 or 1 μM

TSA and 0.1 or 1 μM iHDAC6.

(TIF)

S5 Fig. Graph of Fig 4 (C) western blotting for ZO-1 after treatment with 0.1 or 1 μM TSA

and 0.1 or 1 μM iHDAC6, and Fig 5 (B) western blotting for LSR and TRIC in siRNA-

knockdown cochlear cells.

(TIF)

S6 Fig. Images of Hoechst H33342/PI/FLICA viability analysis in cochlear cells transfected

with LSR or TRIC siRNA. Scale bar: 20 μm.

(TIF)

S7 Fig. Images of Hoechst H33342/PI/FLICA viability analysis in cochlear cells transfected

with LSR and TRIC siRNA and treated with TSA. Scale bar: 20 μm.

(TIF)

S8 Fig. Images of Hoechst H33342/PI/FLICA viability analysis in cochlear cells transfected

with LSR and TRIC siRNA and treated with iHDAC6. Scale bar: 20 μm.

(TIF)

Acknowledgments

We thank Dr. Matthew Holley (The University of Sheffield, UK) for supplying the US/VOT-

E36 cell line.

Author Contributions

Conceptualization: Kenichi Takano, Tetsuo Himi, Takashi Kojima.

Data curation: Takuya Kakuki, Takashi Kojima.

Funding acquisition: Kenichi Takano, Takashi Kojima.

Investigation: Kenichi Takano, Takuya Kakuki, Yakuto Kaneko, Takayuki Kohno, Shin Kiku-

chi, Takashi Kojima.

Project administration: Tetsuo Himi, Takashi Kojima.

Resources: Takuya Kakuki, Yakuto Kaneko, Takayuki Kohno, Takashi Kojima.

Supervision: Kenichi Takano, Tetsuo Himi, Takashi Kojima.

Writing – original draft: Kenichi Takano.

Writing – review & editing: Takashi Kojima.

References
1. Furuse M, Tsukita S. Claudins in occluding junctions of humans and flies. Trends Cell Biol. 2006; 16(4):

181–188. https://doi.org/10.1016/j.tcb.2006.02.006 PMID: 16537104

2. Tsukita S, Furuse M, Itoh M. Multifunctional strands in tight junctions. Nat Rev Mol Cell Biol. 2001; 2(4):

285–293. https://doi.org/10.1038/35067088 PMID: 11283726

3. Gulley RL, Reese TS. Intercellular junctions in the reticular lamina of the organ of Corti. J Neurocytol.

1976; 5(4):479–507. PMID: 993823

4. Ikenouchi J, Furuse M, Furuse K, Sasaki H, Tsukita S, Tsukita S. Tricellulin constitutes a novel barrier

at tricellular contacts of epithelial cells. J Cell Biol. 2005; 171(6):939–945. https://doi.org/10.1083/jcb.

200510043 PMID: 16365161

Histone deacetylase inhibition prevents cochlear cell death induced by loss of tricellular tight junction

PLOS ONE | https://doi.org/10.1371/journal.pone.0182291 August 2, 2017 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182291.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182291.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182291.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182291.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182291.s008
https://doi.org/10.1016/j.tcb.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16537104
https://doi.org/10.1038/35067088
http://www.ncbi.nlm.nih.gov/pubmed/11283726
http://www.ncbi.nlm.nih.gov/pubmed/993823
https://doi.org/10.1083/jcb.200510043
https://doi.org/10.1083/jcb.200510043
http://www.ncbi.nlm.nih.gov/pubmed/16365161
https://doi.org/10.1371/journal.pone.0182291


5. Masuda S, Oda Y, Sasaki H, Ikenouchi J, Higashi T, Akashi M, et al. LSR defines cell corners for tricellu-

lar tight junction formation in epithelial cells. J Cell Sci. 2011; 124(4):548–555. https://doi.org/10.1242/

jcs.072058 PMID: 21245199

6. Ikenouchi J, Sasaki H, Tsukita S, Furuse M, Tsukita S. Loss of occluding affects tricellular localization

of tricellulin. Mol Biol Cell. 2008; 19(11):4687–4693. https://doi.org/10.1091/mbc.E08-05-0530 PMID:

18768749

7. Kitajiri S, Katsuno T, Sasaki H, Ito J, Furuse M, Tsukita S. Deafness in occluding-deficient mice with dis-

location of tricellulin and progressive apoptosis of the hair cells. Biol Open. 2014; 3(8):759–766. https://

doi.org/10.1242/bio.20147799 PMID: 25063198

8. Kitajiri S, Katsuno T. Tricellular tight junctions in the inner ear. BioMed Res Int. 2016; 2016: 6137541.

https://doi.org/10.1155/2016/6137541 PMID: 27195292

9. Riazuddin S, Ahmed ZM, Fanning AS, Lagziel A, Kitajiri S, Ramzan K, et al. Tricellulin is a tight-junction

protein necessary for hearing. Am J Hum Genet. 2006; 79(6):1040–1051. https://doi.org/10.1086/

510022 PMID: 17186462

10. Chishti MS, Bhatti A, Tamim S, Lee K, McDonald ML, Leal SM, et al. Splice-site mutations in the TRIC

gene underlie autosomal recessive nonsyndromic hearing impairment in Pakistani families. J Hum

Genet. 2008; 53(2):101–105. https://doi.org/10.1007/s10038-007-0209-3 PMID: 18084694

11. Borck G, Ur Rehman A, Lee K, Pogoda HM, Kakar N, von Ameln S, et al. Loss-of-function mutations of

ILDR1 cause autosomal-recessive hearing impairment DFNB42. Am J Hum Genet. 2011; 88(2):

127–137. https://doi.org/10.1016/j.ajhg.2010.12.011 PMID: 21255762

12. Higashi T, Tokuda S, Kitajiri S, Masuda S, Nakamura H, Oda Y, et al. Analysis of the ‘angulin’ proteins

LSR, ILDR1 and ILDR2––tricellulin recruitment, epithelial barrier function and implication in deafness

pathogenesis. J Cell Sci. 2013; 126(4):966–977. https://doi.org/10.1242/jcs.116442 PMID: 23239027

13. Chang J, Jung HH, Yang JY, Lee S, Choi J, Im GJ, et al. Protective effect of metformin against cisplatin-

induced ototoxicity in an auditory cell line. J Assoc Res Otolaryngol. 2014; 15(2):149–158. https://doi.

org/10.1007/s10162-013-0431-y PMID: 24297263

14. Chang J, Jung HH, Yang JY, Choi J, Im GJ, Chae SW. Protective role of antidiabetic drug metformin

against gentamicin induced apoptosis in auditory cell line. Hear Res. 2011; 282(1–2):92–96. https://doi.

org/10.1016/j.heares.2011.09.005 PMID: 21979311

15. Wen LT, Wang J, Wang Y, Chen FQ. Association between histone deacetylases and the loss of

cochlear hair cells: Role of the former in noise-induced hearing loss. Int J Mol Med. 2015; 36(2):

534–540. https://doi.org/10.3892/ijmm.2015.2236 PMID: 26046130

16. Chen J, Hill K, Sha SH. Inhibitors of histone deacetylases attenuate noise-induced hearing loss. J

Assoc Res Otolaryngol. 2016; 17(4):289–302. https://doi.org/10.1007/s10162-016-0567-7 PMID:

27095478

17. Wang J, Wang Y, Chen X, Zhang PZ, Shi ZT, Wen LT, et al. Histone deacetylase inhibitor sodium buty-

rate attenuates gentamicin-induced hearing loss in vivo. Am J Otolaryngol. 2015; 36(2):242–248.

https://doi.org/10.1016/j.amjoto.2014.11.003 PMID: 25554003

18. Shakespear MR, Halili MA, Irvine KM, Fairlie DP, Sweet MJ. Histone deacetylases as regulators of

inflammation and immunity. Trends Immunol. 2011; 32(7):335–343. https://doi.org/10.1016/j.it.2011.

04.001 PMID: 21570914

19. Yoon S, Eom GH. HDAC and HDAC Inhibitor: From Cancer to Cardiovascular Diseases. Chonnam

Med J. 2016; 52(1):1–11. https://doi.org/10.4068/cmj.2016.52.1.1 PMID: 26865995

20. Rivieccio MA, Brochier C, Willis DE, Walker BA, D’Annibale MA, McLaughlin K, et al. HDAC6 is a target

for protection and regeneration following injury in the nervous system. Proc Natl Acad Sci USA. 2009;

106(46):19599–19604. https://doi.org/10.1073/pnas.0907935106 PMID: 19884510

21. Ran J, Yang Y, Li D, Liu M, Zhou J. Deacetylation of α-tubulin and cortactin is required for HDAC6 to

trigger ciliary disassembly. Sci Rep. 2015; 6(5):12917. https://doi.org/10.1038/srep12917 PMID:

26246421

22. Shimada H, Satohisa S, Kohno T, Takahashi S, Hatakeyama T, Konno T, et al. The roles of tricellular

tight junction protein lipolysis-stimulated lipoprotein receptor in malignancy of human endometrial can-

cer cells. Oncotarget. 2016; 7(19):27735–27752. https://doi.org/10.18632/oncotarget.8408 PMID:

27036040

23. Bordin M, D’Atri F, Guillemot L, Citi S. Histone deacetylase inhibitors up-regulate the expression of tight

junction proteins. Mol Cancer Res. 2004; 2(12):692–701. PMID: 15634758

24. Krishnan M, Singh AB, Smith JJ, Sharma A, Chen X, Eschrich S, et al. HDAC inhibitors regulate

claudin-1 expression in colon cancer cells through modulation of mRNA stability. Oncogene. 2010;

29(2):305–12. https://doi.org/10.1038/onc.2009.324 PMID: 19881542

Histone deacetylase inhibition prevents cochlear cell death induced by loss of tricellular tight junction

PLOS ONE | https://doi.org/10.1371/journal.pone.0182291 August 2, 2017 14 / 15

https://doi.org/10.1242/jcs.072058
https://doi.org/10.1242/jcs.072058
http://www.ncbi.nlm.nih.gov/pubmed/21245199
https://doi.org/10.1091/mbc.E08-05-0530
http://www.ncbi.nlm.nih.gov/pubmed/18768749
https://doi.org/10.1242/bio.20147799
https://doi.org/10.1242/bio.20147799
http://www.ncbi.nlm.nih.gov/pubmed/25063198
https://doi.org/10.1155/2016/6137541
http://www.ncbi.nlm.nih.gov/pubmed/27195292
https://doi.org/10.1086/510022
https://doi.org/10.1086/510022
http://www.ncbi.nlm.nih.gov/pubmed/17186462
https://doi.org/10.1007/s10038-007-0209-3
http://www.ncbi.nlm.nih.gov/pubmed/18084694
https://doi.org/10.1016/j.ajhg.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21255762
https://doi.org/10.1242/jcs.116442
http://www.ncbi.nlm.nih.gov/pubmed/23239027
https://doi.org/10.1007/s10162-013-0431-y
https://doi.org/10.1007/s10162-013-0431-y
http://www.ncbi.nlm.nih.gov/pubmed/24297263
https://doi.org/10.1016/j.heares.2011.09.005
https://doi.org/10.1016/j.heares.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21979311
https://doi.org/10.3892/ijmm.2015.2236
http://www.ncbi.nlm.nih.gov/pubmed/26046130
https://doi.org/10.1007/s10162-016-0567-7
http://www.ncbi.nlm.nih.gov/pubmed/27095478
https://doi.org/10.1016/j.amjoto.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25554003
https://doi.org/10.1016/j.it.2011.04.001
https://doi.org/10.1016/j.it.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21570914
https://doi.org/10.4068/cmj.2016.52.1.1
http://www.ncbi.nlm.nih.gov/pubmed/26865995
https://doi.org/10.1073/pnas.0907935106
http://www.ncbi.nlm.nih.gov/pubmed/19884510
https://doi.org/10.1038/srep12917
http://www.ncbi.nlm.nih.gov/pubmed/26246421
https://doi.org/10.18632/oncotarget.8408
http://www.ncbi.nlm.nih.gov/pubmed/27036040
http://www.ncbi.nlm.nih.gov/pubmed/15634758
https://doi.org/10.1038/onc.2009.324
http://www.ncbi.nlm.nih.gov/pubmed/19881542
https://doi.org/10.1371/journal.pone.0182291


25. Helyer R, Cacciabue-Rivolta D, Davies D, Rivolta MN, Kros CJ, Holley MC, et al. A model for mamma-

lian cochlear hair cell differentiation in vitro: effects of retinoic acid on cytoskeletal proteins and potas-

sium conductances. Eur J Neuro. 2007; 25(4):957–973. https://doi.org/10.1111/j.1460-9568.2007.

05338.x PMID: 17331193

26. Huang J, Wang P, Li M, Ge J, Chen J, Chen X. Trichostatin A reduces cisplatin-induced ototoxicity

through the STAT6 signaling pathway. Int J Mol Med. 2015; 36(2):493–500. https://doi.org/10.3892/

ijmm.2015.2249 PMID: 26080623

27. Nayak G, Lee SI, Yousaf R, Edelmann SE, Trincot C, Van Itallie CM, et al. Tricellulin deficiency affects

tight junction architecture and cochlear hair cells. J Clin Invest. 2013; 123(9):4036–4049. https://doi.org/

10.1172/JCI69031 PMID: 23979167

28. Kamitani T, Sakaguchi H, Tamura A, Miyashita T, Yamazaki Y, Tokumasu R, et al. Deletion of tricellulin

causes progressive hearing loss associated with degeneration of cochlear hair cells. Sci Rep. 2015;

18(5):18402. https://doi.org/10.1038/srep18402 PMID: 26677943

29. Krug SM, Amasheh S, Richter JF, Milatz S, Günzel D, Westphal JK, et al. Tricellulin forms a barrier to

macromolecules in tricellular tight junctions without affecting ion permeability. Mol Biol Cell. 2009;

20(16):3713–3724. https://doi.org/10.1091/mbc.E09-01-0080 PMID: 19535456

30. Falkenberg KJ, Johnstone RW. Histone deacetylases and their inhibitors in cancer, neurological dis-

eases and immune disorders. Nat Rev Drug Discov. 2014; 13(9):673–691. https://doi.org/10.1038/

nrd4360 PMID: 25131830

31. Zhang J, Zhong Q. Histone deacetylase inhibitors and cell death. Cell Mol Life Sci. 2014; 71(20):

3885–3901. https://doi.org/10.1007/s00018-014-1656-6 PMID: 24898083

32. Takano K, Kojima T, Sawada N, Himi T. Role of tight junctions in signal transduction: an update. EXCLI

J 2014; 13(13):1145–62. PMID: 26417329

33. Kojima T, Fuchimoto J, Yamaguchi H, Ito T, Takasawa A, Ninomiya T, et al. c-Jun N-terminal kinase is

largely involved in the regulation of tricellular tight junctions via tricellulin in human pancreatic duct epi-

thelial cells. J Cell Physiol. 2010; 225(3):720–733. https://doi.org/10.1002/jcp.22273 PMID: 20533305

34. Valenzuela-Fernandez A, Cabrero JR, Serrador JM, Sanchez-Madrid F. HDAC6: a key regulator of

cytoskeleton, cell migration and cell-cell interactions. Trends Cell Biol 2008; 18(6):291–297. https://doi.

org/10.1016/j.tcb.2008.04.003 PMID: 18472263

35. Chang Z, Li Y, He W, Liu B, Duan X, Halaweish I, et al. Inhibition of histone deacetylase 6 restores intes-

tinal tight junction in hemorrhagic shock. J Trauma Acute Care Surg. 2016; 81(3):512–519. https://doi.

org/10.1097/TA.0000000000001137 PMID: 27257709

Histone deacetylase inhibition prevents cochlear cell death induced by loss of tricellular tight junction

PLOS ONE | https://doi.org/10.1371/journal.pone.0182291 August 2, 2017 15 / 15

https://doi.org/10.1111/j.1460-9568.2007.05338.x
https://doi.org/10.1111/j.1460-9568.2007.05338.x
http://www.ncbi.nlm.nih.gov/pubmed/17331193
https://doi.org/10.3892/ijmm.2015.2249
https://doi.org/10.3892/ijmm.2015.2249
http://www.ncbi.nlm.nih.gov/pubmed/26080623
https://doi.org/10.1172/JCI69031
https://doi.org/10.1172/JCI69031
http://www.ncbi.nlm.nih.gov/pubmed/23979167
https://doi.org/10.1038/srep18402
http://www.ncbi.nlm.nih.gov/pubmed/26677943
https://doi.org/10.1091/mbc.E09-01-0080
http://www.ncbi.nlm.nih.gov/pubmed/19535456
https://doi.org/10.1038/nrd4360
https://doi.org/10.1038/nrd4360
http://www.ncbi.nlm.nih.gov/pubmed/25131830
https://doi.org/10.1007/s00018-014-1656-6
http://www.ncbi.nlm.nih.gov/pubmed/24898083
http://www.ncbi.nlm.nih.gov/pubmed/26417329
https://doi.org/10.1002/jcp.22273
http://www.ncbi.nlm.nih.gov/pubmed/20533305
https://doi.org/10.1016/j.tcb.2008.04.003
https://doi.org/10.1016/j.tcb.2008.04.003
http://www.ncbi.nlm.nih.gov/pubmed/18472263
https://doi.org/10.1097/TA.0000000000001137
https://doi.org/10.1097/TA.0000000000001137
http://www.ncbi.nlm.nih.gov/pubmed/27257709
https://doi.org/10.1371/journal.pone.0182291

