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Abstract 

Keratinocytes in the oral mucosal epithelium, which is a non-keratinized stratified epithelium, 

are exposed to various stimuli from the oral cavity. JNK and p38 are stress-activated mitogen-

activated protein kinases (MAPKs) that are phosphorylated by various stimuli and are 

involved in the assembly and disassembly of tight junctions (TJs) in keratinocytes. Therefore, 

we investigated the effects of stress-activated MAPKs on TJs in a mouse keratinocyte cell line 

(K38) during cell–cell junction formation in two-dimensional (2D) cultures or stratification to 

form non-keratinized epithelium in 3D cultures. In 2D cultures, calcium induced zipper-like 

staining for ZO-1 at 2 h and string-like staining for ZO-1 at 12 h, which indicated immature 

and mature cell–cell junctions, respectively. Anisomycin (AM), a JNK and p38 activator, 

inhibited formation of string-like staining for ZO-1, whereas inhibition of JNK, but not p38, 

after AM treatment restored string-like staining for ZO-1, although claudins (CLDNs) 4, 6, 

and 7 did not completely colocalize to ZO-1-positive sites. In 3D cultures, AM treatment for 2 

weeks activated only p38, suppressed flattening of the superficial cells, removed CLDN7 

from ZO-1-positive spots on the surface of 3D cultures, which represent TJs, and decreased 

transepithelial electrical resistance. Thus, short-term AM treatment inhibited maturation of 

cell–cell junctions by JNK, but not p38, activation. p38 activation by long-term AM treatment 

affected morphology of stratified structures and paracellular permeability, which was 

increased by CLDN7 removal from TJs. Various chronic stimuli that activate stress-activated 

MAPKs may weaken the keratinocyte barrier and be involved in TJ-related diseases. 

 

Key words: c-Jun NH2-terminal protein kinase (JNK); p38 mitogen-activated protein kinase 

(MAPK); Tight junction; Claudin; Keratinocyte; Three-dimensional culture. 

 

Introduction 
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The human epidermis is a keratinized stratified epithelium that consists of basal, spinous, 

granular, and cornified layers. Keratin (K) 14 and K5 are localized to basal cells (Moll et al. 

2008; Torma 2011), while K10 and K1 appear in spinous cells (Kim et al. 2002; Torma 

2011). The epithelia in the human oral cavity, esophagus, cornea, and vagina are non-

keratinized and stratified, and consist of basal, intermediate, and superficial layers (Al Yassin 

and Toner 1977); all keratinocytes in these layers possess a nucleus. In contrast to humans, in 

mice and rats, the epithelia in the oral cavity, esophagus, and forestomach are keratinized 

(Barrett et al. 1998; Jones and Klein 2013). 

Three-dimensional (3D) keratinocyte cultures on collagen gels containing dermal 

fibroblasts are widely used as a skin analog, and 3D cultures of keratinocytes on the filters of 

cell culture inserts are used as a model for a keratinized stratified epithelium (epidermis) 

(Frankart et al. 2012; Poumay et al. 2004; Seo et al. 2016) . However, there are only a few 

studies that used 3D cultures as a model for a non-keratinized stratified epithelium: mouse 

and human esophageal keratinocytes (Kalabis et al. 2012) or an immortalized human oral 

keratinocyte cell line, OKF6/TERT2 (Dongari-Bagtzoglou and Kashleva 2006), on collagen 

gels with fibroblasts and human bronchial epithelial cells on filter inserts (Oshima et al. 

2011). Although bronchial epithelial cells form a pseudostratified epithelium in vivo, they 

formed non-keratinized stratified epithelium in the presence of 0.3 nM retinoic acid in vitro 

(Oshima et al. 2011). Similarly, K38, a murine keratinocyte cell line derived from epidermis, 

formed non-keratinized stratified epithelium-like structures using recently established 3D 

culture methods (Seo et al. 2016). 

Tight junctions (TJ) regulate paracellular permeability; they comprise a multi-protein 

complex composed of transmembrane and cytosolic plaque proteins such as claudin (CLDN), 

occludin, tricellulin, ZO-1, ZO-2, and ZO-3. CLDN1 expression in TJ-free fibroblasts 

reconstituted TJ strands observed by freeze-fracture electron microscopy, indicating that 
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CLDNs form the backbone of TJ strands (Furuse et al. 1998). In the epidermis, TJs are 

formed in the second of three granular layers (Furuse et al. 2002; Kubo et al. 2009; Tsuruta et 

al. 2002). However, TJ proteins, including CLDNs 1, 4, 6, 7, 11, 12, 17, and 18, show distinct 

localizations from the basal layer to the granular layer in the epidermis (Brandner et al. 2002; 

Brandner et al. 2006; Brandner et al. 2003; Furuse et al. 2002; Haftek et al. 2011; Igawa et al. 

2011; Morita et al. 2004; Troy et al. 2005). CLDN6 was detected in the periderm of mouse 

embryo, but not in the granular layer of newborn mouse epidermis (Morita et al. 2002). In the 

cornea, cldns1, 4, and 7 were broadly distributed from the basal to the superficial layers, but 

occludin and ZO-1 were restricted to the superficial cells (Ban et al. 2003; Nakatsukasa et al. 

2010; Takaoka et al. 2007; Yoshida et al. 2009). With some variations, similar localization 

patterns for these TJ proteins were reported in the esophagus (Oshima et al. 2011; Oshima et 

al. 2012) and the oral mucosa (Babkair et al. 2016).  

Mitogen-activated protein kinases (MAPKs) are a family of serine-threonine kinases that 

are involved in modulating cellular responses (Bogoyevitch and Court 2004; Hagemann and 

Blank 2001; Pearson et al. 2001; Schaeffer and Weber 1999). MAPKs include extracellular 

signal-regulated kinase-1 and -2 (ERK1/2), c-Jun NH2-terminal kinases (JNK1/2/3), p38 

(p38α/β/γ/δ), ERK3/4, ERK5, and ERK7/8 in mammalian cells (Kyriakis and Avruch 2001). 

JNK1 and JNK2 are ubiquitously expressed, while JNK3 is localized to the brain, heart, and 

testes (Davis 2000).  

Keratinocytes in the oral mucosal epithelium are exposed to various stimuli from the 

surface including thermal, pH, and osmotic stresses, substances derived from bacteria and 

food, diagnostic or therapeutic radiation, and signals from connective tissues including 

cytokines. JNK and p38 are known as stress-activated MAPKs phosphorylated by various 

stimuli and are involved in the assembly and disassembly of TJs in keratinocytes (Siljamaki et 

al. 2014) and in other cells (Kojima et al. 2010; Naydenov et al. 2009). Consistent with these 
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observations, HaCaT cells (a normal human epidermal keratinocyte cell line) formed TJs 

when treated with SP600125 (an inhibitor of JNK) (Aono and Hirai 2008; Kitagawa et al. 

2014). Furthermore, SP600125-treated HaCaT cells stopped expressing K5 and accumulated 

occludin at cell–cell contacts, suggesting that these cells underwent differentiation (Kitagawa 

et al. 2014). The short-term effect of stress-activated MAPKs on TJs was examined in 2D 

culture of HaCaT cells (Minakami et al. 2015). However, the long-term effects of stress-

activated MAPKs on TJs in 3D keratinocyte cultures have not been thoroughly investigated to 

date. 

In this study, we investigated the short-term (within 12 h) and long-term (2 weeks) effects 

of stress-activated MAPKs activated by AM on TJs in 2D and 3D cultures of K38. 2D 

cultures are used to investigate the short-term effects of AM on cell–cell junction formation 

induced by calcium. K38 3D cultures, which reconstituted non-keratinized stratified 

epithelium-like multilayers, were used to examine the long-term effects of AM on 

morphology, expression, and localization of TJ proteins, and paracellular permeability in the 

course of stratification. 

 

Materials and methods 

Antibodies 

Primary antibodies used in this study were as follows: mouse anti-CLDN4, anti-occludin, 

and anti-ZO-1 antibodies and rabbit anti-CLDN1 and anti-ZO-1 (Mid) antibodies (Zymed, 

South San Francisco, CA, USA); rabbit anti-CLDN6 and anti-CLDN7 antibodies (IBL, 

Takasaki, Japan); mouse anti-phospho (P)-JNK (G9) and anti-JNK1 (2C6) antibodies and 

rabbit anti-P-ERK (p44/42 MAPK), anti-ERK, anti-JNK2 (56G8), anti-JNK (#9252), anti-P-

p38 (D3F9), anti-p38 (D13E1), anti-p38, anti-p38 (C28C2), anti-p38, anti-p38 (10A8) 

and anti-E-cadherin antibodies (Cell Signaling Technology, San Diego, CA, USA); mouse 
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anti-K4 (clone 5H5) and rabbit anti-actin antibodies (Sigma-Aldrich, Saint Louis, MO, USA); 

rabbit anti-loricrin (LOR) antibody (BioLegend, San Diego, CA, USA). 

 

Cell culture medium 

FAD medium (Biochrom GmbH, Berlin, Germany) consisted of DMEM/HAM’s F12 

(3.5:1.1), 50 μM CaCl2, and 4.5 g/L D-glucose, and was supplemented with 10% Chelex 100-

treated fetal bovine serum (FBS), 0.18 mM adenine (Sigma-Aldrich), 0.5 μg/mL 

hydrocortisone (Sigma-Aldrich), 5 μg/mL insulin (Life Technologies, Carlsbad, CA, USA), 

10
-10 

M cholera toxin (Sigma-Aldrich), 10 ng/mL epidermal growth factor (EGF; Sigma-

Aldrich), 2 mM L-glutamine (Nacalai Tesque, Kyoto, Japan), and 1 mM sodium pyruvate 

(Wako, Osaka, Japan). Calcium in the serum was removed by treating 500 mL FBS 

(HyClone, South Logan, UT, USA) with 20 g of Chelex 100 (Bio-Rad Laboratories, Hercules, 

CA, USA) (Lichti et al. 2008). EpiLife medium (Gibco, Grand Island, NY, USA) was 

supplemented with human keratinocyte growth supplement (Gibco) consisting of 0.2% bovine 

pituitary extract, 5 μg/mL bovine insulin, 0.18 μg/mL hydrocortisone, 5 μg/mL bovine 

transferrin, and 0.2 ng/mL human EGF. CnT-PR (CELLnTEC, Bern, Switzerland) and 

EpiLife are low calcium growth mediums, containing 70 μM and 60 μM CaCl2, respectively. 

For 3D culture (Seo et al. 2016), cells were grown in each growth medium supplemented with 

1.2 mM calcium chloride (Nacalai Tesque), 10 ng/mL human keratinocyte growth factor 

(KGF; PeproTech, Rocky Hill, NJ, USA), and 0.283 mM L-ascorbic acid phosphate 

magnesium salt n-hydrate (APM; Wako, Osaka, Japan), a stable derivative of ascorbic acid. 

 

2D and 3D cell culture 

The murine epidermal keratinocyte cell lines, COCA (Segrelles et al. 2011) and K38 

(Reichelt and Haase 2010; Vollmers et al. 2012), originating from the back skin of adult 
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C57BL/DBA mice and neonatal BALB/c mouse skin and grown in CnT-PR and FAD 

medium, respectively, were purchased from ECACC (Salisbury, UK). Adult human epidermal 

keratinocytes (HEKa) (Gibco) were grown in EpiLife medium. For 3D culture, keratinocytes 

(HEKa, COCA, and K38; 7.5 × 105 cells/mL) were seeded in each low calcium growth 

medium into Merck Millipore cell culture inserts (0.4 μm polycarbonate filter, 12 mm 

diameter; Darmstadt, Germany) in 24-well plates. Each insert and each well contained 0.4 mL 

cell suspension (3.0 × 105 cells) and 0.6 mL medium. Cells were grown for 1–2 days until 

they reached 100% confluence. The growth medium inside and outside of the insert was 

replaced with 3D high calcium medium and cells were cultured for 16–24 h to form 

intercellular adhesion structures. Then, up to 6 inserts were transferred to a 60-mm culture 

dish containing 3.2 mL 3D medium and airlifted cultures were established by removing the 

3D medium in the inserts. The surfaces within the inserts were kept dry following airlift by 

removing excess 3D medium in the inserts. The medium was changed every 2 days and the 

air-liquid interface culture was maintained for up to 3 weeks.  

CMT93 cells derived from mouse rectum carcinoma were obtained from ECACC, and 

CMT93-II cells were subcloned from CMT93 cells (Inai et al. 2008). MDCK II Tet-Off cells 

stably transfected with a Tet-Off regulatory plasmid were purchased from Clontech (Palo 

Alto, CA, USA). MDCK II Tet-Off cells and CMT93-II cells were grown in DMEM medium 

supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml 

streptomycin (Gibco). These cells were used to examine the specifications of antibodies used 

in this study by immunoblotting (Supplementary Fig. 1) and immunofluorescence staining 

(Supplementary Fig. 2). 

 

Immunofluorescence microscopy  

For 2D cultures, K38 cells were seeded at a density of 1.0 × 104 cells/well in the wells (6 mm 
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diameter) of 10-well glass slides printed with highly water-repellent marks (catalog number 

TF1006; Matsunami Glass Ind. Ltd., Osaka, Japan). The next day, when the cells reached 

confluence, they were treated with vehicle, AM, or AM plus SB202190 (Sigma-Aldrich), 

BIR796 (Cayman Chemical, Ann Arbor, MI, USA), or SP600125 (Sigma-Aldrich) at the 

indicated concentrations and time points in the presence of 1.2 mM calcium. For 3D cultures, 

cells were cultured in 3D medium containing vehicle or AM (30, 50, or 100 nM) for 2 weeks. 

A stock solution of AM was prepared by dissolving it in dimethyl sulfoxide (DMSO) at 

concentration of 100 μM. SB202190, BIRB 796, and SP600125 are inhibitors of p38α/β, 

p38α/β/γ/δ, and JNK, respectively, and stock solutions in DMSO were prepared at 

concentrations of 20 mM, 10 mM, and 20 mM, respectively. Cells were fixed with 1% 

paraformaldehyde in PBS for 10 min. For 3D cultures, filters with cultured keratinocytes were 

fixed with 1% paraformaldehyde in PBS for 1 h at 4°C, washed in PBS and cut away from the 

inserts. The filters with cells were sequentially soaked in 10%, 20%, and 30% sucrose in PBS 

at 4°C for 1–3 h each, and then embedded in OCT compound (Sakura Finetek Japan, Tokyo, 

Japan). Cryosections (5 μm) were cut and mounted onto glass slides. Some sections were 

stained with HE. Cells in the wells of glass slides or cryosections were washed in PBS and 

incubated in 0.2% Triton-X 100 in PBS for 15 min for permeabilization. Subsequently, the 

sections were washed in PBS, and then incubated with 1% bovine serum albumin in PBS 

(BSA-PBS) for 15–30 min to block nonspecific binding. They were incubated with primary 
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antibodies diluted in BSA-PBS for 1 h in a moist chamber. As controls for 

immunofluorescence, BSA-PBS was used in place of the primary antibodies; the results are 

shown in Supplementary Fig. 3. The following primary antibodies were used: rabbit anti-

CLDN1 (1:100), anti-CLDN6 (1:100), anti-CLDN7 (1:100), anti-ZO-1 (1:200), anti-E-

cadherin (1:100) and anti-LOR (1:100), and mouse anti-CLDN4 (1:200), anti-occludin (1:50), 

anti-ZO-1 (1:1,000) and anti-K4 (1:100). After rinsing 4X in PBS, the sections were 

incubated with anti-mouse or anti-rabbit immunoglobulin (Ig) conjugated with either Alexa 

488 or Alexa 568 (Molecular Probes, Eugene, OR, USA) at a 1:400 dilution in BSA-PBS for 

30 min in the dark. The sections were then washed 4X in PBS and mounted in Vectashield 

mounting medium containing 4', 6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlingame, CA, USA). The images were obtained by sequentially scanning the specimen to 

prevent bleed-through using a LSM710 confocal laser scanning microscope with the ZEN 

2010 software (Carl Zeiss, Oberkochen, Germany). The system settings were as follows: (1) 

objective lens: Zeiss Plan-Apochromat 63×/1.40 Oil DIC M27; fluorescence settings for 

DAPI: Diode 405-30 laser (405 nm) 4.0%, Channel (Ch) 1, pinhole 67.2 μm (1.0 μm section), 

filter 415–479 nm; Alexa 488: Argon laser (488 nm) 5.0%, Ch 1, pinhole 68.5 μm (1.0 μm 

section), filter 492–545 nm; Alexa 568: HeNe 543 laser (543 nm) 26.0%, Ch 2, pinhole 

64.9μm (1.0 μm section), filter 555–812 nm; beam splitters: MBS: MBS488/543/633, 

MBS_InVis: MBS-405; and image size: 512 pixel (134.7μm) x 512 pixel (134.7μm), pixel 
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size=0.26 μm. Using auto exposure and range indicator, the master gain, digital offset 

(basically 0.00), and digital gain (basically 1.00–1.24) were determined. Images of the HE-

stained sections were acquired using an Olympus BX51 microscope (Olympus Corporation, 

Tokyo, Japan) with an olympus objective lens (Ach, 60x/0.80) and an interlace scan CCD 

camera (Olympus DP12, 3.24 megapixel, 2048 x 1536 pixel resolution). 

 

Gel electrophoresis and immunoblot analysis  

Confluent cells cultured in 12-well plates or 3D-cultured cells in inserts were treated with 

vehicle (0.2% DMSO) or AM (Sigma-Aldrich) at the indicated concentrations and time 

points. Cells were washed with ice-cold PBS and lysed in 0.2 mL lysis buffer [62.5 mM Tris, 

pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 5% 2-mercaptoethanol, and 0.002% 

bromophenol blue] containing protease inhibitor cocktail (Sigma-Aldrich) and phosphatase 

inhibitor cocktail (Nacalai Tesque). Cell lysates (5 μL per lane) were fractionated by SDS-

polyacrylamide gel electrophoresis (PAGE) and then transferred onto polyvinylidene 

difluoride (PVDF) membranes. Precision Plus protein dual color standards (Bio-Rad 

Laboratories) were used to calculate the size of the detected bands. The membranes were 

incubated with Blocking One (Nacalai Tesque) for 1 h and then with primary antibodies 

(listed below) overnight at 4°C. Primary antibodies were diluted at 1:1000, except for anti-

actin antibody (1:2000), with Tris buffered saline (TBS) [20 mM Tris (pH 7.6) and 137 mM 

NaCl] containing 5% Blocking One. After washing with TBS containing 0.1% Tween 20 (T-

TBS), membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit 

or anti-mouse Ig (1:2000) (GE Healthcare UK Ltd, Buckinghamshire, England) for 1 h. They 

were then washed with T-TBS and the bands were detected using Luminata Forte Western 

HRP substrate (Millipore, Billerica, MA, USA). Some membranes were reprobed after 
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stripping primary and secondary antibodies with stripping buffer [62.5 mM Tris (pH 6.7), 2% 

SDS, and 100 mM 2-mercaptoethanol] at 50°C for 30 min. 

 

Measurement of transepithelial electrical resistance (TER) 

Two weeks after airlift, cell culture inserts were transferred into a 24-well plate. FAD 

medium containing 1.2 mM calcium was added to the inserts (0.4 mL) and wells (0.6 mL). 

TER was measured with a Millicell ERS-2 epithelial voltohmmeter (Millipore). After 

measurement of TER, filters with cultured keratinocytes were processed for 

immunofluorescence microscopy, HE staining, or immunoblot analysis. The TER values were 

calculated by subtracting the contribution of the bare filter and medium and multiplying it by 

the surface area of the filter. All experiments were performed twice in triplicate. 

 

Statistical analysis 

All data are expressed as the mean ± standard error of mean (SEM). Statistical differences 

between groups were determined by the two-sided Welch’s t- test. P < 0.05 was considered 

statistically significant. 

 

Results 

Characterization of 3D culture of K38 and COCA cells 

In 3D cultures, HE staining showed that K38 and COCA cells formed non-keratinized and 

keratinized stratified squamous epithelium-like structures, respectively (Fig. 1A). The 

uppermost layer of K38 3D cultures at 1, 2, and 3 weeks consisted of flattened cells with 

nucleus and no obvious stratum corneum which should be stained pink with eosin (Fig. 1A, 

a–c). In contrast to K38, COCA cells formed keratinized multilayers at 1 week, but the 

stratum corneum developed a loosely packed appearance at 3 weeks compared to 1 and 2 
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weeks (Fig, 1A, d–f). While the suprabasal cells in K38 3D cultures expressed K4 (Fig. 1B, 

a), which is expressed in suprabasal cells in non-keratinized oral epithelium in vivo, COCA 

3D cultures expressed LOR in cells just below the stratum corneum (Fig. 1B, b), 

corresponding to granular cells in keratinized epidermis in vivo. Specificity of antibodies 

against K4 and LOR was supported by immunolocalization of K4 and LOR in 3D cultures of 

K38 and COCA (Fig. 1B). In 2D monolayers cultured with 1.2 mM calcium, ERK and JNK1 

were detected in all 3 types of keratinocytes by immunoblot analysis (Fig. 1C). Very weak 

JNK2 signals were detected in COCA and K38 cells. While COCA and K38 cells expressed 

p38α and p38γ, HEKa cells expressed p38α, p38β, and p38δ. HEKa and COCA cells 

expressed CLDNs 1 and 4, while K38 cells expressed CLDNs 1, 4, 6, and 7 proteins. In this 

study, we used the K38 cell line as a model system for non-keratinized stratified squamous 

epithelium. 

 

JNK and/or p38 inhibited cell–cell junction formation in K38 2D cultures 

We examined effects of AM, which activates both p38 and JNK, on the localization of 

CLDN4 and ZO-1 during the formation of cell–cell junctions induced by 1.2 mM calcium for 

12 h (Fig. 2). Before addition of calcium, weak signals for CLDN4 and ZO-1 were detected in 

some cell–cell contacts and cytoplasm (Fig. 2a–c). In the absence of AM (Fig. 2d–l), dotted or 

zipper-like staining for CLDN4 and ZO-1 was detected in cell–cell contacts at 2 h (Fig. 2d–f), 

gradually replaced with straight and thin string-like staining for CLDN4 and ZO-1 at 6 h (Fig. 

2g–i), and completely replaced at 12 h (Fig. 2j–l). Some zipper-like staining for ZO-1 was 

negative for CLDN4 (arrowheads in Fig. 2 d–i), suggesting that ZO-1 was first recruited to 

cell–cell contacts and followed by CLDN4. In the presence of AM (Fig. 2m–u), string-like 

staining for ZO-1 and CLDN4 appeared slowly with time compared to the control, and 

zipper-like staining remained at 12 h. Zipper-like staining for ZO-1 and either CLDNs 4, 6, or 
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7 were still detected in some cell–cell contacts up to 24 h (Supplementary Fig. 4). CLDN1 

was detected only in a small number of cell–cell contacts in the control, and was not affected 

by AM treatment at 24 h (Supplementary Fig. 4). Therefore, we further examined the short-

term effects of AM at 12 h, but did not examine localization of CLDN1.  

 

JNK, but not p38, inhibited cell–cell junction formation in K38 2D cultures 

Because AM phosphorylated both p38 and JNK, we attempted to inhibit one of them 

using SB202190, BIRB 796 or SP600125. Immunoblot analysis (Fig. 3) showed that AM 

transiently phosphorylated both p38 and JNK at 0.5 h but not at 12 h. AM plus BIRB 796, but 

not AM plus SB202190, inhibited phosphorylation of p38 and the upper band of JNK but did 

not affect that of the lower band of JNK at 0.5 h. The result is consistent because K38 

expressed p38α and p38γ (Fig. 1C). AM plus SP600125 inhibited phosphorylation of the 

upper and lower bands of JNK and left p38 phosphorylated at 0.5 h. In the control, the lower 

band of ERK was highly phosphorylated at 0.5 h, compared to the upper band. After 

treatment with AM, phosphorylation of the upper and lower bands disappeared and decreased 

at 0.5 h, respectively. Phosphorylation of both bands was reduced by AM plus either 

SB202190 or SP600125 treatment at 0.5 h, but was not altered by AM plus BIRB 796 

treatment at 0.5 h. In the control, phosphorylation of the lower band of ERK reduced to the 

level of the upper band at 12 h. There was no difference in phosphorylation levels of ERK at 

12 h in case of the control, and after treatment with AM and AM plus either SB202190 , 

BIRB 796, or SP600125. 

We next examined the localization of ZO-1 and either CLDN4 (Fig. 4), CLDN6 (Fig 5), 

or CLDN7 (Fig. 6) 12 h after addition of calcium in the presence of either vehicle, AM, AM 

plus SB202190, AM plus BIRB 796, or AM plus SP600125. In the control, all cell–cell 

contacts had a string-like appearance and were positive for both ZO-1 and CLDN4 (Fig. 4a–
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c). As shown in Fig. 2, 12 h AM treatment (Fig. 4d–f) delayed formation of string-like 

staining for both ZO-1 and CLDN4 (arrows), leaving zipper-like staining for either ZO-1 

(small arrowheads) or ZO-1 plus CLDN4. AM plus SB202190 (Fig. 4g–i) and AM plus BIRB 

796 (Fig. 4j–l) did not induce formation of string-like staining, suggesting it was inhibited by 

activation of both p38γ and JNK or solely JNK. In contrast, AM plus SP600125 (Fig. 4m–o) 

induced formation of string-like staining, suggesting that inhibition of JNK activation restored 

formation of the string-like staining despite activation of both p38α and p38γ. Occasionally, 

string-like staining without CLDN4 was observed (large arrowheads in Fig. 4m–o) when 

treated with AM plus SP600125. Similar results were obtained when stained with ZO-1 and 

CLDN6 (Fig. 5) or ZO-1 and CLDN7 (Fig. 6). However, several differences were found for 

CLDNs 6 and 7, compared to CLDN4. AM (Fig. 5d–f), AM plus SB202190 (Fig. g–i), and 

AM plus BIRB 796 (Fig. 5j–l) treatments clearly decreased CLDN6 signal compared to the 

control (Fig. 5a–c). Although AM plus SP600125 (Fig. 5m–o) restored string-like staining for 

ZO-1, CLDN6 was partly recruited to cell–cell contacts and some areas were positive only for 

ZO-1 (large arrowheads in Fig. 5). In the control (Fig. 6a–c), CLDN7 was also localized in 

lateral plasma membranes as a fine dotted appearance in addition to the uppermost region of 

the lateral plasma membrane, where CLDN7 and ZO-1 were colocalized as a string-like 

appearance. AM (Fig. 6d–f), AM plus SB202190 (Fig. 6g–i), and AM plus BIRB 796 (Fig. 

6j–l) did not restore string-like staining for ZO-1. Treatment with AM plus SB202190 or 

BIRB 796 slightly decreased CLDN7 signal. AM plus SP600125 (Fig. 6m–o) restored string-

like staining for ZO-1. However, CLDN7 was not recruited to all the ZO-1 string-like staining 

(large arrowheads in Fig. 6m–o), although CLDN7 was detected in the lateral plasma 

membrane. 

 

Activation of p38 by long-term AM treatment in 3D cultures decreased CLDN7 and TER 
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We further examined the long-term effects of AM for 2 weeks in 3D cultures of K38. 

Morphological analysis by HE staining showed that the superficial cells were flattened in 

control (Fig. 7A, a). Flattening of the superficial cells was inhibited by 30 and 50 nM AM but 

stratification itself was not inhibited (Fig. 7A, b, c). E-cadherin staining of cell–cell borders 

revealed several layers of flattened cells on the surface of control 3D cultures (arrowhead in 

Fig. 7B, a). The superficial cells were not flattened (arrowhead in Fig. 7B, b) when treated 

with 50 nM AM. To examine the barrier function of TJs in 3D cultures, TER was measured. 

TER was reduced by ~ 30% by 50 nM AM but not by 30 nM AM (Fig. 7C). Immunoblot 

analysis showed that p38 was activated by 50 nM AM compared to the control (Fig. 7D). JNK 

and ERK were not activated by 50 nM AM. Treatment with 50 nM AM increased CLDN1 and 

especially CLDN6, while it decreased CLDN4, ZO-1, E-cadherin, and CLDN7 (Fig. 7D). We 

did not detect occludin by immunoblot analysis.  

In control 3D cultures, ZO-1-positive spots, which appear in cross sectional views of TJs, 

were observed in the first and second, and occasionally the third, layers from the surface in 

3D cultures (Fig. 8A, a, d, g, j, m). ZO-1 was also localized at cell–cell borders in layers 

deeper from the surface. CLDN1 was not detected at ZO-1-positive spots on the surface 

(arrowheads in Fig. 8A, a–c) but was observed in the cytoplasm (Fig. 8A, b). CLDNs 4 (Fig. 

8A, d–f) and 7 (Fig. 8A, j–l) were detected at ZO-1-positive spots (arrows) as well as cell–cell 

borders. CLDN6 was detected at some ZO-1-positive spots (arrows in Fig. 8A, g–i) but not at 

cell–cell borders (arrowheads in Fig. 8A, g–i). Occludin colocalized at ZO-1-positive spots 

(arrows in Fig. 8A, m–o) but not at cell–cell borders (Fig. 8A, m–o). 

In AM-treated 3D cultures, cytoplasmic staining for CLDN1 was slightly increased (Fig. 

8B, b). CLDN4 staining was not affected by AM (Fig. 8B, e). AM treatment induced CLDN6 

staining at cell–cell borders but the number of CLDN6-positive spots colocalized with ZO-1 

was not altered (Fig. 8B, h). However, the size of CLDN6-positive spots (arrows in Fig. 8B, 
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h) was smaller compared to the control (arrows in Fig. 8A, h). Similarly, the size of occludin-

positive spots colocalized with ZO-1 (arrows in Fig. 8A, n) became smaller when treated with 

AM (arrows in Fig. 8B, n). AM undoubtedly affected the localization of CLDN7. CLDN7-

positive spots were not observed even though ZO-1-positive spots were still observed on the 

surface of 3D cultures (arrowheads in Fig. 8B, j–l). CLDN7 staining at cell–cell borders in 

deeper layers was significantly decreased (Fig. 8B, k). 

 

Discussion 

K38 cells grown in low calcium medium were seeded onto filters of culture inserts at 

confluent cell density and induced to form cell–cell junction by addition of calcium before 

airlifting was performed to induce stratification. However, stratification is not achieved if the 

cells fail to form cell–cell junctions. Thus, there are two critical steps, cell–cell junction 

formation (the first step) and stratification (the second step), in the 3D culture system. In the 

course of stratification, cells differentiate, migrate, and reconstitute cell–cell junctions 

including TJs. We are interested in whether stress-activated MAPKs affect cell–cell junction 

formation and stratification. In this study we used 2D and 3D cultures to examine the effect of 

AM on cell–cell junction formation and stratification, respectively. From the 3D culture 

experiments, we found that p38 activation removed CLDN7 from the TJs and decreased the 

TER as well as the change of epithelial morphology; however, the effect of p38 activation was 

not clarified in 2D experiments. The 2D experiments revealed that JNK activation suppressed 

the formation and maturation of cell–cell junctions. 

 

K38 3D cultures formed non-keratinized stratified epithelium 

In this study, we used K38 3D cultures as a model for non-keratinized stratified epithelium 

because the 3D cultures expressed K4 but not LOR, in addition to the absence of a cornified 
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layer. Inconsistent with our result, K38 3D cultures were previously reported to form 

keratinized stratified epithelium, with expression of K10, filaggrin, and involucrin in the 

suprabasal cells and formation of a cornified layer (Vollmers et al. 2012). However, the 

purported cornified layer was too thin to be verified. Although filaggrin (Smith and Dale 

1986) and involucrin (Gibbs and Ponec 2000) have also been detected in non-keratinized 

epithelium such as buccal mucosal epithelium, LOR was restricted to keratinized epithelium 

(Gibbs and Ponec 2000). K4 was localized in non-keratinized epithelium, such as in the 

buccal mucosa and esophagus (Dale et al. 1990). Therefore, the present K38 3D cultures 

reconstituted non-keratinized epithelium but not keratinized epithelium. We investigated the 

localization of CLDNs 1, 4, and 7 in K38 cells, as they were detected in human non-

keratinized epithelium such as buccal and lip epithelia (Lourenco et al. 2010). In addition, we 

examined CLDN6, an embryonic CLDN (Morita et al. 2002).  

 

Maturation of cell–cell junctions from zipper-like junctions into string-like junctions was 

suppressed by AM treatment in K38 2D cultures 

In K38 2D cultures, the zipper-like staining for ZO-1 is probably equivalent to spot-like 

adherens junctions (AJs) that consist of E-cadherin (Suzuki et al. 2002; Vaezi et al. 2002; 

Vasioukhin et al. 2000; Yonemura et al. 1995). It was observed in the early stage of cell–cell 

junction formation induced by calcium at 2 h, gradually replaced with the string-like staining 

formed by fusion of the zipper-like staining at 6 h, and completely replaced at 12 h. Some 

zipper-like staining for ZO-1 was negative for CLDN4 in the control (Fig. 2d, g), suggesting 

that E-cadherin first formed spot-like AJs to where CLDN4 was later recruited. This 

hypothesis is supported by a previous study, in which CLDN1 was recruited to spot-like AJs 

later than ZO-1 and occludin (Suzuki et al. 2002). In MDCK cells, ZO-1 was first colocalized 

with E-cadherin through binding to catenins and later separated from E-cadherin during the 
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formation of TJs (Rajasekaran et al. 1996). Consistently, ZO-1 was first colocalized with E-

cadherin in spot-like AJs and later separated from E-cadherin to form belt-like junctions with 

occludin at the most apical region of the lateral plasma membrane (Ando-Akatsuka et al. 

1999; Pummi et al. 2001). In the present study, AM treatment suppressed the formation of the 

string-like staining for ZO-1 and incorporation of CLDNs 4, 6, and 7 into cell–cell contacts, 

suggesting that the activation of JNK and/or p38 may suppress maturation of cell–cell 

junctions from spot-like junctions into belt-like junctions. Depletion of extracellular calcium 

disrupts AJs, leading to disruption of TJs, indicating that AJs are required for the formation of 

TJs. In human primary keratinocytes, JNK inhibited AJ formation by phosphorylation of β-

catenin, whereas inhibition of JNK resulted in dephosphorylation of β-catenin, leading to AJ 

formation (Lee et al. 2009; Lee et al. 2011). In the human colonic epithelial cell lines, SK-

CO15 and T84, JNK1 activation by Rho-dependent kinase induced disruption of AJs and TJs 

(Naydenov et al. 2009). Based on these results, JNK activation by AM may inhibit maturation 

of AJs from a spot-like to belt-like pattern, and thus suppressing the incorporation of CLDNs 

4, 6, and 7 into cell–cell junctions to form TJs. 

 

Inhibition of JNK restored the formation of string-like junctions in K38 2D cultures by AM 

treatment 

Activation of p38α/γ by AM plus SP600125 in K38 cells restored the formation of string-

like staining for ZO-1 at 12 h, whereas activation of JNK by AM plus BIRB 796 or activation 

of JNK and p38γ by AM plus SB202190 did not restore this formation. Furthermore, neither 

JNK nor p38 was activated in the control, which showed string-like-staining for ZO-1 at 12 h. 

These results indicate that inhibition of JNK was necessary to induce string-like staining for 

ZO-1 when treated with AM, and that activation of p38α/γ did not inhibit induction. 

Consistently, activation of JNK triggered by calcium depletion induced the disassembly of 
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ZO-1 from cell–cell contacts, while inhibition of JNK activation suppressed the disassembly 

of ZO-1 (Naydenov et al. 2009). However, it is still unknown why CLDNs 4, 6, and 7 did not 

fully colocalize with the string-like staining for ZO-1 in K38 cells treated with AM plus 

SP600125. It is possible that SP600125 did not completely inhibit JNK activation, thus 

inhibiting recruitment of CLDNs to the location of ZO-1, or that activation of p38α/γ 

inhibited the recruitment of these CLDNs. It was previously reported that activation of p38δ 

by high calcium induced the expression and accumulation of ZO-1 in cell–cell contacts in 

human keratinocytes (Siljamaki et al. 2014). However, this is not possible for K38 cells as 

they did not express p38δ and addition of calcium did not activate p38.  

 

Long-term activation of p38 in K38 3D cultures removed CLDN7 from TJs and decreased 

the TER 

Long-term treatment of K38 3D cultures with AM for 2 weeks activated only p38, 

removed CLDN7 from ZO-1 positive spots in the first and second layers, increased CLDN6, 

and decreased TER. Although CLDN4 and CLDN6 levels were decreased and increased, 

respectively, CLDN4 and CLDN6 spots that colocalized with ZO-1 were not altered. CLDN1 

was not detected in ZO-1-positive spots, even in the control. These results suggest that 

marked reduction of CLDN7 from TJs corresponding to the ZO-1-positive spots on the 

surface of 3D cultures may cause the decrease of TER. Activation of p38 by aspirin 

consistently reduced CLDN7 levels and decreased TER in a human gastric adenocarcinoma 

cell line, MKN28 (Oshima et al. 2008). Regulation of CLDN expression by p38 and JNK was 

also reported in a mouse mammary epithelial cell line (31EG4-2A4), although expression of 

CLDN7 mRNA was increased by inhibition of JNK2 (Carrozzino et al. 2009). These results 

indicate that expression of CLDN7 is regulated by p38 and/or JNK in a cell-specific manner. 

It has been reported that the transcription factors, hepatocyte nuclear factor 4α (HNF4α) 
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(Farkas et al. 2015) and ELF3 (Kohno et al. 2006), regulate expression of CLDN7 in 

intestinal epithelial cells and biphasic synovial sarcoma, respectively. 

Knockdown of CLDN7 decreased TER in cation-selective MDCK cells, while it increased 

TER in anion-selective LLC-PK1 cells, suggesting that CLDN7 functions as a paracellular 

barrier to Na+ in MDCK cells but as a paracellular channels for Cl⁻ in LLC-PK1 cells (Hou et 

al. 2006). Controversially, overexpression of CLDN7 in LLC-PK1 cells increased TER by 

concurrently decreasing the paracellular conductance to Cl⁻ and increasing the paracellular 

conductance to Na+ (Alexandre et al. 2005). Knockdown of CLDN7 decreased TER in Caco-2 

cells (Farkas et al. 2015). Our result is consistent with these results, except for the knockdown 

of CLDN7 in LLC-PK1 cells. Because TER is determined by the combination and mixing 

ratios of CLDN isoforms, we need to examine which CLDN isoforms in addition to 1, 4, 6, 

and 7 are expressed in K38 cells. 

There was a discrepancy in p38 phosphorylation between 2D and 3D cultures after AM 

treatment. JNK and p38 were transiently activated in 2D cultures, while only p38 was 

activated in 3D cultures. The discrepancy might be caused by difference in the duration of 

AM treatment or culture system (2D vs 3D). In the stratified epithelium formed by K38 3D 

cultures, the degree of differentiationof the keratinocytes varied from the basal to superficial 

cells, as shown by K4 expression; K4 expression was low in the basal cells but high in 

suprabasal cells (Fig. 1B, a). Suprabasal cells in 3D cultures might be differentiated, 

compared to cells in 2D cultures. Thus, a difference in degree of differentiation may cause the 

discrepancy. 

 

Plasma membrane localizations of CLDNs 6 and 7 in suprabasal cells increased and 

decreased, respectively, by the long-term activation of p38 in K38 3D cultures 

CLDNs 4 and 7 were localized at cell–cell borders of the suprabasal cells in K38 3D 
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cultures, while CLDNs 1 and 6 were localized diffusely in the cytoplasm of suprabasal cells. 

In the human or mouse epidermis, CLDNs 1, 4, 6, 7, 11, 12, 17, and 18 were localized at cell–

cell borders in the granular, spinous, and occasionally basal layers (Brandner et al. 2002; 

Brandner et al. 2006; Brandner et al. 2003; Furuse et al. 2002; Haftek et al. 2011; Igawa et al. 

2011; Morita et al. 2004; Troy et al. 2005). These results indicate that CLDNs are localized to 

the entire plasma membranes of epidermal keratinocytes in the basal and spinous layers where 

TJs are not formed, in addition to cells in the granular layer where TJs are formed (Furuse et 

al. 2002; Kubo et al. 2009; Tsuruta et al. 2002). Similarly, in the cells of simple epithelium, 

some CLDN isoforms are localized along the entire lateral plasma membrane (Coyne et al. 

2003; Fujita et al. 2006; Guan et al. 2005; Inai et al. 2005; Inai et al. 2007; Li et al. 2004; 

Rahner et al. 2001) where TJs are not formed. The biological roles of these ectopic CLDNs in 

the simple epithelium and the epidermis have not yet been established. We speculate that 

CLDNs in plasma membrane in the spinous layer may form TJs when the spinous cells reach 

the granular layer during their migration from the basal to cornified layer. Thus, formation of 

TJs by CLDNs in the plasma membrane is regulated not to form TJs until keratinocytes reach 

the granular layer. Plasma membrane localizations of CLDNs 4, 6, and 7 in suprabasal cells 

were steady, increased, and decreased, respectively, by long-term activation of p38 in K38 3D 

cultures. This result suggests that p38 is involved in regulating the plasma membrane 

localization of CLDNs depending on the CLDN isoforms. 
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Figure legends 

Fig. 1 3D cultures of K38 and COCA cells formed non-keratinized and keratinized stratified 

squamous epithelium-like structures, respectively. (A) K38 (a–c) and COCA (d–f) cells 

seeded on the filters of cell culture inserts were airlifted for 1 (a, d), 2 (b, e), or 3 (c, f) weeks. 

Cryosections were stained with HE. The cornified layer stained pink with eosin was observed 

in COCA 3D cultures but not K38. Scale bar: 20 μm. (B) Cryosections obtained from 3D 

cultures of K38 (a) and COCA (b) cells for 2 weeks were double stained with antibodies 

against K4 (green) and LOR (red). K4 or LOR was detected in K38 or COCA 3D cultures, 

respectively. Nuclei were stained with DAPI (blue). Scale bar: 20 μm. (C) 2D cultures of 

HEKa, COCA, and K38 cells in the presence of 1.2 mM calcium were lysed, fractionated by 

SDS-PAGE, and transferred onto PVDF membranes. Immunoblotting was performed using 

antibodies against ERK, JNK1, JNK2, p38α, p38β, p38γ, p38δ, CLDNs 1, 4, 6, and 7, and β-

actin. After primary and secondary antibodies were stripped from the blots, the membranes 

were reprobed. Observed band sizes were as follows: ERK, 42 (lower band) and 44 (upper 

band) kDa; JNK1 and JNK2, 46 (lower band) and 54 (upper band) kDa; p38α, 40 kDa; p38β, 

43 kDa; p38γ, 46 kDa; p38δ, 43 kDa; CLDNs 1, 4, 6, and 7, ~20 kDa; β-actin, 42 kDa. 

 

Fig. 2 Effect of AM on the localization of CLDN4 and ZO-1 in K38 2D culture after the 
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induction of cell–cell junctions by calcium for 12 h. K38 cells cultured in low calcium FAD 

medium on glass slides were treated with 1.2 mM calcium and either 0.2% DMSO (d–l) or 

100 nM AM (m–u) for 2 h (d–f, m–o), 6 h (g–i, p–r), and 12 h (j–l, s–u). Cells before 

treatment are shown in a–c. Cells were double stained with antibodies against CLDN4 (a, d, 

g, j, m, p, s, green) and ZO-1 (b, e, h, k, n, q, t, red). Merged images are shown in c, f, i, l, o, r, 

and u. Nuclei were stained with DAPI (blue). Arrows indicate string-like staining positive for 

both CLDN4 and ZO-1 while arrowheads indicate zipper-like staining positive for ZO-1 but 

not for CLDN4. String-like staining positive for CLDN4 and ZO-1 was established at 12 h but 

was inhibited in the presence of AM. Scale bar: 20 μm. 

 

Fig. 3 Short-term effect of AM and AM plus an inhibitor for p38 or JNK on the 

phosphorylation of MAPKs in K38 2D cultures. Confluent K38 cells treated with 1.2 mM 

calcium plus 0.2% DMSO (vehicle), AM (100 nM), AM plus 20 μM SB202190, AM plus 20 

μM BIRB 796, or AM plus 20 μM SP600125 for 0.5 or 12 h. Cells were lysed, fractionated by 

SDS-PAGE, and transferred onto PVDF membranes. Immunoblotting was performed using 

antibodies against P-ERK, ERK, P-p38, p38, P-JNK, JNK, and β-actin. Membranes were 

reprobed after stripping primary and secondary antibodies. AM transiently phosphorylated 

both JNK and p38 at 0.5 h whereas phosphorylated JNK and p38 almost disappeared by 12 h. 

Phosphorylation of JNK or p38 was inhibited by SP600125 or BIRB 796, respectively, while 

that of p38 was not inhibited by SB202190. The observed band sizes were as follows: P-ERK 

and ERK, 42 (lower band) and 44 (upper band) kDa; P-JNK and JNK, 46 (lower band) and 54 

(upper band) kDa; P-p38 and p38, 43 kDa; β-actin, 42 kDa. 

 

Fig. 4 Short-term effect of AM and AM plus an inhibitor for p38 or JNK on localization of 

ZO-1 and CLDN4 in K38 2D cultures. Confluent K38 cells treated with 1.2 mM calcium plus 
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0.2% DMSO (vehicle), AM (100 nM), AM plus 20 μM SB202190, AM plus 20 μM BIRB 

796, or AM plus 20 μM SP600125 for 12 h. Cells were double stained with antibodies against 

ZO-1 (a, d, g, j, m, green) and CLDN4 (b, e, h, k, n, red). Merged images are shown in c, f, i, 

l, and o. Nuclei were stained with DAPI (blue). Arrows indicate string-like staining positive 

for both ZO-1 and CLDN4 while small arrowheads indicate zipper-like staining positive for 

ZO-1 but not CLDN4. String-like staining for ZO-1 was restored by AM plus SP600125 and 

most, but not all, string-like staining was positive for CLDN4. Large arrowheads in m–o 

indicate string-like staining positive for ZO-1 but not for CLDN4. Scale bar: 20 μm. 

 

Fig. 5 Short-term effect of AM and AM plus an inhibitor for p38 or JNK on localization of 

ZO-1 and CLDN6 in K38 2D cultures. Confluent K38 cells treated with 1.2 mM calcium plus 

0.2% DMSO (vehicle), AM (100 nM), AM plus 20 μM SB202190, AM plus 20 μM BIRB 

796, or AM plus 20 μM SP600125 for 12 h. Cells were double stained with antibodies against 

ZO-1 (a, d, g, j, m, green) and CLDN6 (b, e, h, k, n, red). Merged images are shown in c, f, i, 

l, and o. Nuclei were stained with DAPI (blue). Arrows indicate string-like staining positive 

for ZO-1 and CLDN6, while small arrowheads indicate zipper-like staining positive for ZO-1 

but not CLDN6. AM treatment decreased staining intensity for CLDN6, which was not 

restored by SB202190 or BIRB 796. String-like staining for ZO-1 was restored by AM plus 

SP600125, but CLDN6 staining was not restored as compared to the control. Large 

arrowheads in m–o indicate string-like staining positive for ZO-1 but not for CLDN6. Scale 

bar: 20 μm. 

 

Fig. 6 Short-term effect of AM and AM plus an inhibitor for p38 or JNK on localization of 

ZO-1 and CLDN7 in K38 2D cultures. Confluent K38 cells treated with 1.2 mM calcium plus 

0.2% DMSO (vehicle), AM (100 nM), AM plus 20 μM SB202190, AM plus 20 μM BIRB 
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796, or AM plus 20 μM SP600125 for 12 h. Cells were double stained with antibodies against 

ZO-1 (a, d, g, j, m, green) and CLDN7 (b, e, h, k, n, red). Merged images are shown in c, f, i, 

l, and o. Nuclei were stained with DAPI (blue). Arrows indicate string-like staining positive 

for both ZO-1 and CLDN7 while small arrowheads indicate zipper-like staining positive for 

ZO-1 but not for CLDN7. Staining intensity for CLDN7 was not significantly decreased by 

AM. String-like staining for ZO-1 was restored by AM plus SP600125, but CLDN7 was not 

fully restored, although CLDN7 was detected in the lateral plasma membrane as observed in 

the control. Large arrowheads in m–o indicate string-like staining positive for ZO-1 but not 

for CLDN7. Scale bar: 20 μm. 

 

Fig. 7 Long-term effects of AM on morphology, TER, and protein expression of MAPKs, E-

cadherin, and TJ proteins in K38 3D cultures. (A) K38 cells seeded on insert filters were 

airlifted for 2 weeks in the presence of 0 (a), 30 (b), or 50 (c) nM AM. Cryosections were 

stained with HE. Scale bar: 20 μm. Flattened cells were observed on the surface of 3D 

cultures without AM, while hyperplastic cells were detected on the surface in the presence of 

AM. (B) K38 cells seeded on insert filters were airlifted for 2 weeks in the absence (a) or 

presence of 50 (b) nM AM. Cryosections were immunostained with anti-E-cadherin antibody 

(red) to indicate cell boundaries. Nuclei were stained with DAPI (blue). Arrowheads indicate 

surface cells that were flattened (a) or hyperplastic (b). Scale bar: 20 μm. (C) The TER of K38 

3D culture in the presence of 0, 30, or 50 nM AM for 2 weeks was measured. AM was added 

at the start of airlift and added at each medium change. TER was reduced by ~ 30% by 50 nM 

AM but not by 30 nM AM. Data represent the mean ± SEM of 2 independent experiments 

performed in triplicate. *P < 0.05 vs control. (D) K38 cells seeded on insert filters were 

airlifted for 2 weeks in the presence of 0, 30, or 50 nM AM. Cells were lysed, fractionated by 

SDS-PAGE, and transferred onto PVDF membranes. Immunoblotting was performed using 
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antibodies against P-JNK, JNK, P-p38, p38, P-ERK, ERK, CLDNs 1, 4, 6, and 7, ZO-1, E-

cadherin, and β-actin. Membranes were reprobed after stripping primary and secondary 

antibodies. Phosphorylation was detected for p38, but not JNK and ERK, when treated with 

50 nM AM. Treatment with 50 nM AM increased CLDN1 and remarkably CLDN6, while it 

decreased CLDN4, ZO-1, E-cadherin, and CLDN7. The observed band sizes were as follows: 

JNK, 46 (lower band) and 54 (upper band) kDa; P-p38 and p38, 43 kDa; ERK, 42 (lower 

band) and 44 (upper band) kDa; CLDNs 1, 4, 6, and 7, ~20 kDa; ZO-1, ~225 kDa; E-

cadherin, ~135 kDa; β-actin, 42 kDa. 

 

Fig. 8 Long-term effect of AM on localization of TJ proteins and occludin in K38 3D culture. 

K38 cells seeded on insert filters were airlifted for 2 weeks in the presence of 0.2% DMSO 

(A) or 50 nM AM (B). Cryosections were double stained with antibodies against ZO-1 (a, d, 

g, j, and m) and either CLDNs 1 (b), 4 (e), 6 (h), or 7 (k), or occludin (n). Mouse anti-ZO-1 

antibody was used in a, g, and j while rabbit anti-ZO-1 antibody was used in d and m. Merged 

images are shown in c, f, i, l, and o. Nuclei were stained with DAPI (blue). Arrows indicate 

staining positive for green and red while arrowheads indicate staining positive for green but 

not for red. Scale bar: 20 μm. (A) In control, ZO-1-positive spots on the surface of 3D 

cultures colocalized with CLDNs 4, 6, and 7 but were negative for CLDN1. There were fewer 

CLDN6-positive spots than ZO-1 positive spots. ZO-1, CLDN4, and CLDN7 were detected at 

cell–cell contacts in the deeper layers. (B) When treated with AM, ZO-1-positive spots 

became negative for CLDN7. Furthermore, occludin-positive spots became smaller than those 

in the control, and CLDN6 was detected at cell–cell contacts in the deeper layers. The number 

of spots positive for CLDN4 or CLDN6 was not altered. 

 

Supplementary Fig. 1 Antibody specifications examined by immnoblotting. Cells were 
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lysed, fractionated by SDS-PAGE, and transferred onto PVDF membranes. Immunoblotting 

was performed using antibodies against CLDNs 1, 4, 6, and 7, β-actin (A); E-cadherin, rabbit 

ZO-1, mouse ZO-1, K4 (B); p38, P-p38, ERK, P-ERK, JNK, P-JNK (C); JNK1, JNK2, p38α, 

p38β, p38γ, and p38δ (D). Membranes were reprobed after stripping primary and secondary 

antibodies. Membranes were cut along the lines in D. Cell lysates used were as follows: M, 

MDCK II cells; K, K38; C93, CMT93-II cells; C3D, COCA 3D cultures for 2 week; K3D, 

K38 3D cultures for 2 week; M’, MDCK II cells treated with 1 μM AM for 30 min; M’, K38 

cells treated with 0.1 μM AM for 30 min; H, HEKa cells; C, COCA. Observed band sizes 

(arrowheads) were as follows: CLDNs 1, 4, 6, and 7, ~20 kDa; β-actin, 42 kDa; E-cadherin, 

~135 kDa; ZO-1 (rabbit) and ZO-1 (mouse), ~225 kDa; K4, 57 kDa; p38 and P-p38, 43 kDa; 

ERK and P-ERK, 42 (lower band) and 44 (upper band) kDa; JNK, P-JNK, JNK1, and JNK2, 

46 (lower band) and 54 (upper band) kDa; p38α, 40 kDa; p38β, 43 kDa; p38γ, 46 kDa; and 

p38δ, 43 kDa. 

 

Supplementary Fig. 2 Antibody specifications examined by immunofluorescence 

localization in MDCK II cells and CMT93-II cells. Cells were double stained with mouse 

anti-ZO-1 and either rabbit anti-CLDN1 (d–f), anti-CLDN7 (g–i), anti-E-cadherin (j–l), or 

anti-CLDN6 (v–x) antibodies or rabbit anti-ZO-1 and either mouse anti- CLDN4 (m–o) or 

anti- occludin (p–r) antibodies. MDCK II cells (a–r) expressing occludin, E-cadherin, and 

CLDNs 1, 2, 3, 4, and 7and CMT 93-II cells (s–x) expressing occludin, E-cadherin, and 

CLDNs 2, 4, 6, and 7 were used. In control (a–c, s–u), BSA-PBS was used in place of primary 

antibodies. Green images (d, g, j, m, p, v) show localization of ZO-1. Red images show 

localization of CLDN1 (e), CLDN7 (h), E-cadherin (k), CLDN4 (n), occludin (q), and 

CLDN6 (w). Merged images are shown in c, f, i, l, o, r, u, and x. Nuclei were stained with 

DAPI (blue). ZO-1 is localized at apical junctions with occludin and CLDNs 1, 4, 6, and 7, 
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but E-cadherin is localized in lateral cell membrane below apical junctions. Scale bar: 20 μm. 

 

Supplementary Fig. 3 Controls for immunofluorescence in 2D and 3D cultures. K38 cells 

seeded on insert filters were airlifted for 2 weeks in the presence of 0.2% DMSO (a–c) or 50 

nM AM (d–f). COCA cells seeded on insert filters were airlifted for 2 weeks (g–i). K38 cells 

(2D cultures) were cultured for 12 h in the presence of 1.2 mM calcium (j–l). Cryosections or 

2D cultured cells were incubated with BSA-PBS in place of primary antibodies and then 

secondary antibodies (a mixture of anti-mouse and anti-rabbit Ig conjugated with either Alexa 

488 or Alexa 568). Images derived from Alexa 488 (green) are shown in a, d, g, and j. Images 

derived from Alexa 568 (red) are shown in b, e, h, and k. Nuclei were stained with DAPI 

(blue). Merged images are shown in c, f, i, and l. No specific signals were observed in these 

controls. Scale bar in i is applied to a–i: 20 μm. Scale bar in l is applied to j–l: 20 μm. 

 

Supplementary Fig. 4 Effect of AM on localization of TJ proteins and E-cadherin in K38 2D 

culture after induction of cell–cell junctions by calcium for 24 h. K38 cells cultured in low 

calcium FAD medium on glass slides were treated with 1.2 mM calcium and either 0.2% 

DMSO (A) or 100 nM AM (B) for 24 h. Cells were double stained with antibodies against 

ZO-1 (a, d, g, j, m, green) and CLDNs 1 (b, red), 4 (e, red), 6 (h, red), or 7 (k, red), or E-

cadherin (n, red). Mouse anti-ZO-1 antibody was used in a, g, j, and m while rabbit anti-ZO-1 

antibody was used in d. Merged images are shown in c, f, i, l, and o. Nuclei were stained with 

DAPI (blue). Arrows indicate string-like staining positive for green and red while arrowheads 

indicate zipper-like staining positive for green but not for red. Scale bars: 20 μm. 

 




























