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Introduction

In vertebrate tissues, epithelial cells maintain tissue 
homeostasis via cell–cell junctions that are essential for 
maintaining the epithelial barrier function of epithelial 
cells via adherens junctions (AJs) and tight junctions 
(TJs).1 TJs, which consist of claudin (CLDN)-mediated 
bicellular TJs (bTJs) and tricellular TJs (tTJs), seal the 
paracellular spaces between adjacent cells and form a 
selective barrier.2 tTJs form at the convergence of bTJs 
where three epithelial cells meet in polarized epithe-
lia.3,4 Lipolysis-stimulated lipoprotein receptor (LSR) is a 
novel molecular constituent of tricellular contacts local-
ized in most epithelial tissues. It has a barrier function 

and recruits tricellulin (TRIC), which was the first tTJ 
molecule discovered.3,5 LSR is also involved in the inva-
sion and migration of cancer cells via yes-associated 
protein (YAP).6

Epithelial integrity and barrier function are main-
tained during cytokinesis in vertebrate epithelial 
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Summary
Epithelial integrity and barrier function are maintained during cytokinesis in vertebrate epithelial tissues. The changes 
in localization and the roles of tricellular tight junction molecule lipolysis-stimulated lipoprotein receptor (LSR) during 
cytokinesis are not well known, although new tricellular tight junctions form at the flank of the midbody during cytokinesis. 
In this study, we investigated the changes in localization and the role of LSR at the midbody and centrosome during 
cytokinesis using human endometrial carcinoma cell line Sawano, comparing the tricellular tight junction molecule tricellulin; 
bicellular tight junction molecules occludin, claudin-7, zonula occludens-1, and cingulin; and the epithelial polarized related 
molecules apoptosis-stimulating of p53 protein 2, PAR3, and yes-associated protein. During cytokinesis induced by 
treatment with taxol, the epithelial barrier was maintained and the tricellular tight junction molecules LSR and tricellulin 
were concentrated at the flank of the acetylated tubulin–positive midbody and in γ-tubulin-positive centrosomes with 
the dynein adaptor Hook2, whereas the other molecules were localized there as well. All the molecules disappeared by 
knockdown using small interfering RNAs. Furthermore, by the knockdown of Hook2, the epithelial barrier was maintained 
and most of the molecules disappeared from the centrosome. These findings suggest that LSR may play crucial roles not 
only in barrier function but also in cytokinesis. (J Histochem Cytochem 68:59–72, 2020)
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tissues.7,8 During cytokinesis, an actomyosin-based 
contractile ring is formed at the cell equator and gen-
erates force to physically separate one cell into two 
daughter cells.9,10 The midbody is the final cellular link 
between the two daughter cells destined to be sepa-
rated. AJ and bTJ molecules are concentrated in the 
midbody during cell division.11,12 Furthermore, de novo 
tTJs appear at the flank of the midbody during cytoki-
nesis.13 YAP, which plays an important role in the Hippo 
pathway to control cell size, is also concentrated in the 
midbody to help cytokinesis.14

Centrosomes work as the microtubule-organizing 
center and contribute to chromosome separation dur-
ing mitosis. They are composed of two centrioles and 
pericentriolar material and include at least 70 proteins 
in interphase, many of which contain coiled-coil 
domains.15 During mitosis, the centrosomes ensure 
equal segregation of the chromosomes. Failure to exe-
cute this process accurately is deleterious to the cell 
and may result in altered chromosome number and 
cancer.16 The bTJ molecule occludin (OCLN) localizes 
to the centrosomes and modifies mitotic entry.17

The dynein adaptor Hook2 is a member of the Hook 
protein family and functions as a linker protein that 
binds to microtubules and organelles.18 Hook2 is local-
ized in the centrosome and contributes to centrosomal 
function and aggresome formation.19,20 It mediates the 
assembly of the dynein–dynactin complex and regu-
lates mitotic progression and cytokinesis.21 It also 
interacts with the epithelial cell polarity molecules 
PAR3 and PAR6α and controls centrosome orientation 
during polarized cell migration.22 However, its interac-
tions with bTJ and tTJ molecules remain unknown.

In this study, we focused on the midbody and cen-
trosome during cell division and investigated the 
changes in the localization and the role of LSR during 
cytokinesis using human endometrial carcinoma cell 
line Sawano, comparing the tTJ molecule TRIC; bTJ 
molecules OCLN, CLDN-7, zonula occludens-1 (ZO-
1), and cingulin; epithelial polarized related molecules 
apoptosis-stimulating of p53 protein 2 (ASPP2) and 
PAR3; and the Hippo pathway molecule YAP. During 
cytokinesis induced by treatment with Taxol, the epi-
thelial barrier was maintained and the tTJ molecules 
LSR and TRIC were concentrated on the flank of the 
acetylated tubulin–positive midbody and in γ-tubulin-
positive centrosomes with Hook2.

Materials and Methods

Ethics Statement

The protocol for human study was reviewed and 
approved by the ethics committee of the Sapporo 

Medical University School of Medicine. Written 
informed consent was obtained from each patient who 
participated in the investigation. All experiments were 
carried out in accordance with the approved guide-
lines and the Declaration of Helsinki.

Antibodies and Reagents

Rabbit polyclonal anti-TRIC, anti-CLDN-7, anti-OCLN, 
anti-ZO-1, and anti-cingulin antibodies were obtained 
from Zymed Laboratories (San Francisco, CA). Rabbit 
polyclonal anti-LSR and anti-Hook2 antibodies were 
from Novus Biologicals (Littleton, CO). A mouse mono-
clonal anti-LSR antibody was from Abnova (Taipei, 
Taiwan). A rabbit polyclonal anti-PAR3 was from 
Millipore Co. (Bedford, UK). A rabbit polyclonal anti–
phosphorylated YAP (pYAP) antibody was from Cell 
Signaling Technology (Danvers, MA). Mouse monoclo-
nal anti–acetylated tubulin (T7451), anti-ASPP2 
(DX54.10), and rabbit polyclonal anti-γ-tubulin antibod-
ies were from Sigma-Aldrich (St. Louis, MO). A mouse 
monoclonal anti-γ-tubulin antibody was from GeneTex, 
Inc. (Irvine, CA). A rabbit polyclonal anti-ASPP2 anti-
body was from Bioss (Woburn, MA). Alexa 488 
(green)–conjugated anti-rabbit IgG and Alexa 594 
(red)–conjugated anti-mouse IgG antibodies and 
Alexa 594 (red)–conjugated phalloidin were from 
Molecular Probes, Inc. (Eugene, OR). Taxol (paclitaxel) 
was obtained from Sigma-Aldrich (St. Louis). A horse-
radish peroxidase (HRP)-conjugated polyclonal goat 
anti-rabbit IgG was from Dako A/S (Glostrup, 
Denmark). The ECL Western blotting system was from 
GE Healthcare UK, Ltd. (Buckinghamshire, UK).

Cell Line Culture and Treatment

The human endometrial cancer cell line Sawano 
(RCB1152) was purchased from RIKEN BioResource 
Center (Tsukuba, Japan). Sawano cells were main-
tained in minimum essential medium (Sigma-Aldrich; 
Merck Millipore, Burlington, MA) supplemented with 
10% dialyzed fetal bovine serum (Thermo Fisher 
Scientific, Inc., Waltham, MA). The medium contained 
100 U/ml penicillin, 100 µg/ml streptomycin, and 50 µg/
ml amphotericin B. The cells were plated on 35- and 
60-mm culture dishes, which were coated with rat tail 
collagen (500 µg dried tendon/ml in 0.1% acetic acid), 
and incubated in a humidified 5% CO2 incubator at 
37C. They were treated with 100 ng/ml Taxol.

Small Interfering (siRNA) Experiment

siRNA duplex oligonucleotides against LSR and TRIC 
were synthesized by Thermo Fisher Scientific. siRNA 
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duplex oligonucleotides against ASPP2 and YAP were 
synthesized by Santa Cruz Biotechnology (Dallas, 
TX). siRNA duplex oligonucleotides against PAR3 and 
Hook2 were synthesized by IDT (Tokyo, Japan). The 
sequences were as follows: siRNA of LSR (sense: 
5′-CCCACGCAACCCAUCGUCAUCUGGA-3′; anti-
sense: 5′-UCCAGAUGACGAUGGGUUGCGUGGG-3′), 
siRNA of TRIC (sense: 5′-GACAGACAAAGAGACU 
CAGAAGUUA-3′; antisense: 5′-UAACUUCUGAGU 
CUCUUUGUCUGUC-3′), siRNA of ASPP2-A 
(sc37457, sense: 5′- CUAGAAGCCUUACGAAAGAtt-3′; 
antisense: 5′-UCUUUCGUAAGGCUUCUAGtt-3′), 
siRNA of ASPP2-B (sc37457, sense: 5′-CCAUCU 
CUGUCCCAUCAUAtt-3′; antisense: 5′-UAUGAUGGG 
ACAGAGAUGGtt-3′), siRNA of ASPP2-C (sc37457, 
sense: 5′-CAAGAAUCCUGUCUAGUAAtt-3′; anti-
sense: 5′-UUACUAGACAGGAUUCUUGtt-3′), siRNA 
of PAR3 (sense: 5′-CCAAGCCAUGCGUACACCCAU 
CATT-3′; antisense: 5′-AAUGAUGGGUGUACGCAU 
GGCUUGGCG-3′), siRNA of YAP-A (sc38637, sense: 
5′-CCACCAAGCUAGAUAAAGAtt-3′; antisense: 
5′-UCUUUAUCUAGCUUGGUGGtt-3′), siRNA of 
YAP-B (sc38637, sense: 5′-GCAUGAGACAAUUUCC 
AUAtt-3′; antisense: 5′-UAUGGAAAUUGUCUCAUGCtt- 
3′), siRNA of YAP-C (sc38637, sense: 5′-GGGUGU 
GCCUAUCAUAACAtt-3′; antisense: 5′-UGUUAUGAU 
AGGCACACCCtt-3′), siRNA of Hook2-M1 (sense: 
5′-GGAGACUCUGAUUUUAUAUUUGAGA-3′; anti-
sense: 5′-UCUCAAAUAUAAAAUCAGAGUCUCCUG- 
3′), siRNA of Hook2-M2 (sense: 5′-GGACCACAUCC 
AGAGAAUCAUGACG-3′; antisense: 5′-CGUCAUG 
AUUCUCUGGAUGUGGUCCUG-3′), and siRNA of 
Hook2-M3 (sense: 5′-GGUCAGCAAUCUGAAGAUG 
GUGUTA-3′; antisense: 5′-UAAGACCAUCUUCAG 
AUUGCUGACCUU-3′). At 24 hr after plating, the 
Sawano cells were transfected with 100 nM siRNAs of 
LSR, TRIC, ASPP2 (A, B, C), PAR3, YAP (A, B, C), and 
Hook2 (M1, M2, M3) using Lipofectamine RNAiMAX 
Reagent (Invitrogen, Carlsbad, CA) for 48 hr. A scram-
bled siRNA sequence (BLOCK-iT Alexa Fluor 
Fluorescent; Invitrogen) was used as a control siRNA. 
Some cells were transfected with 100 nM siRNA of 
LSR, TRIC, ASPP2, PAR3, YAP, and Hook2 with or 
without 100 ng/ml Taxol.

Western Blot Analysis

The Sawano cells were scraped from a 35-mm dish 
containing 300 μl of buffer (1 mM NaHCO3 and 2 mM 
phenylmethylsulfonyl fluoride), collected in microcen-
trifuge tubes, and then sonicated for 10 sec. The pro-
tein concentrations of the samples were determined 
using a BCA protein assay reagent kit (Pierce Chemical 
Co.; Rockford, IL). Aliquots of 15 μl of protein/lane for 

each sample were separated by electrophoresis in 5% 
to 20% SDS polyacrylamide gels (Wako; Osaka, 
Japan) and electrophoretically transferred to a nitro-
cellulose membrane (Immobilon; Millipore Co.). The 
membrane was saturated for 30 min at room tempera-
ture with a blocking buffer (25 mM Tris, pH 8.0, 125 
mM NaCl, 0.1% Tween 20, and 4% skim milk) and 
incubated with anti-LSR, anti-TRIC, anti-ASPP2, anti-
PAR3, and anti-actin antibodies (1:1000) at room tem-
perature overnight. Then it was incubated with 
HRP-conjugated anti-mouse and anti-rabbit IgG anti-
bodies at room temperature for 1 hr. The immunoreac-
tive bands were detected using an ECL Western 
blotting system.

Immunoprecipitation

The Sawano cells in 60-mm dishes were washed with 
PBS, and 300 µl of NP-40 lysis buffer (50 mM Tris-HCl, 
2% NP-40, 0.25 mM sodium deoxycholate, 150 mM 
NaCl, 2 mM EGTA, 0.1 mM Na3VO4, 10 mM NaF, 2 
mM PMSF) was added to the dishes. The cells were 
scraped off, collected in microcentrifuge tubes, and 
then sonicated for 10 sec. Cell lysates were incubated 
with protein A-sepharose CL-4B (Pharmacia LKB 
Biotechnology; Uppsala, Sweden) for 1 hr at 4C and 
then clarified by centrifugation at 15,000 g for 10 min. 
The supernatants were incubated with the polyclonal 
anti-Hook2 antibody, anti-pYAP antibody, anti-TRIC 
antibody, anti-LSR antibody, anti-PAR3 antibody, or 
anti-ASPP2 antibody bound to protein A-Sepharose 
CL-4B overnight at 4C. After incubation, immunopre-
cipitates were washed extensively with the same lysis 
buffer and subjected to Western blot analysis with anti-
Hook2, anti-LSR, anti-TRIC, anti-ASPP2, anti-PAR3, 
and anti-γ-tubulin antibodies.

Immunocytochemistry

The Sawano cells in 35-mm glass-coated wells (Iwaki; 
Chiba, Japan) were fixed with cold acetone and etha-
nol (1:1) at −20C for 10 min. After rinsing in PBS, the 
cells were incubated with anti-Hook2, anti-LSR, anti-
TRIC, anti-OCLN, anti-CLDN-7, anti-ZO-1, anti-cingu-
lin, anti-pYAP, anti-ASPP2, anti–acetylated tubulin, 
and anti-γ-tubulin antibodies (1:100) and Alexa 
594-phalloidin (1:200) overnight at 4C. Alexa Fluor 
488 (green)–conjugated anti-rabbit IgG and Alexa 
Fluor 592 (red)–conjugated anti-mouse IgG (Invitrogen) 
were used as secondary antibodies. The specimens 
were examined and photographed with an Olympus IX 
71 inverted microscope (Olympus Co.; Tokyo, Japan) 
and a confocal laser scanning microscope (LSM510; 
Carl Zeiss, Jena, Germany).
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Figure 1.  Effects of Taxol in Sawano cells. (A) Images of immunocytochemical staining for LSR, TR, ASPP2, OCLN, CLDN-7, ZO-1, 
PAR3, cingulin, and pYAP in Sawano cells treated with 100 ng/ml Taxol for 24 hr. Bars: 10 μm. (B) Western blot analysis of LSR, TRIC, 
ASPP2, OCLN, CLDN-7, ZO-1, PAR3, cingulin, pYAP, and γ-tubulin in Sawano cells treated with 100 ng/ml Taxol for 24 hr. (C) Bar 
graph of cell cycle assay in Sawano cells treated with 100 ng/ml Taxol for 24 hr. (D) Bar graph of TEER values representing barrier 
function of Sawano cells treated with 100 ng/ml Taxol for 24 hr. Abbreviations: LSR, lipolysis-stimulated lipoprotein receptor; TRIC, 
tricellulin; ASPP2, apoptosis-stimulating of p53 protein 2; OCLN, occludin; CLDN-7, claudin-7; ZO-1, zonula occludens-1; TEER, tran-
sepithelial electrical resistance.
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Transmission Electron Microscopy (TEM) and 
Immunotransmission Electron Microscopy  
(IM-TEM) Analysis

The preembedding labeling method was used. The cells 
were fixed with 1% paraformaldehyde in 3% sucrose/0.1 
M PBS (pH 7.4) at 4C for 2 hr and were permeabilized 
with 0.2% Triton X-100. They were treated at 4C for 30 
min with a blocking buffer (4% skim milk in 0.1 M PBS) 
and were then incubated with anti-LSR, TRIC, PAR3, and 
pYAP antibodies (1:100) overnight at 4C. After incubation, 
the specimens were washed five times with PBS for 5 min 
each and incubated with secondary antibody–conjugated 
12-nm colloidal gold (1:50; Jackson Immuno Research 
Laboratories, West Grove, PA). After five washes with 
PBS for 5 min each, the specimens were fixed with 2.5% 
glutaraldehyde in PBS overnight at room temperature, 
dehydrated through a graded ethanol series, embedded 
in epoxy resin, and cut into ultrathin sections with a Sorvall 
MT6000 ultramicrotome (DuPont/Sorvall; New Castle, 
DE). The ultrathin sections were stained with uranyl ace-
tate and lead citrate and examined with a transmission 
electron microscope (H7500; Hitachi, Tokyo, Japan).

Cell Cycle Assay

The cell cycle distribution analysis was performed using 
a Muse Cell Cycle Assay Kit (Merck Millipore) according 
to the manufacturer’s instructions. The Sawano cells in 
35-mm dishes were trypsinized, centrifuged, washed 
with PBS, and fixed in 70% ethanol for over 2 hr. After 
that, the cells were centrifuged, washed with PBS, dis-
solved in PBS, and mixed with the Muse Cell Cycle 
reagent (Merck Millipore). The samples were analyzed 
with a Muse Cell Analyzer (Merck Millipore).

Measurement of Transepithelial Electrical 
Resistance (TEER)

The Sawano cells were cultured to confluence in the 
inner chambers of 12-mm Transwell inserts with 0.4-
µm pore-size filters (Corning Life Sciences; Tewksbury, 
MA). TEER was measured using an EVOM voltameter 

with an ENDOHM-12 electrode chamber (World 
Precision Instruments; Sarasota, FL) on a heating 
plate (Fine; Tokyo, Japan) adjusted to 37C. The values 
are expressed in standard units of ohms per square 
centimeter and presented as mean ± SD. For calcula-
tion, the resistance of blank filters was subtracted from 
that of filters covered with cells.

Data Analysis

Signals were quantified using Scion Image Beta 4.02 
Win (Scion Co.; Frederick, MA). Each set of results shown 
is representative of at least three separate experiments. 
Results are presented as mean ± SEM. Differences 
between groups were tested by ANOVA followed by a 
post hoc test and an unpaired two-tailed Student’s t-test 
and considered to be significant when p<0.05.

Results

Localization of TJ Molecules at the Membranes, 
Cell Cycle, and Epithelial Barrier During 
Cytokinesis Induced by Taxol in Sawano Cells

To investigate the localization of TJ molecules at the 
membranes, cell cycle, and epithelial barrier during 
cytokinesis, Sawano cells were treated with 100 ng/
ml Taxol for 24 hr and subjected to immunocyto-
chemistry and Western blotting analysis of TJ mole-
cules LSR, TRIC, OCLN, CLDN-7, ZO-1, ASPP2, 
PAR3, cingulin, and pYAP; cell cycle assay; and epi-
thelial barrier function assay. In both control and 
Taxol-treated cells, tTJ molecules LSR and TRIC 
were localized at the tricellular membranes as was 
ASPP2, and bTJ molecules OCLN, CLDN-7, ZO-1, 
PAR3, and cingulin were localized at the bicellular 
membranes as was pYAP (Fig. 1A). There was no 
change in the localization and expression of TJ mol-
ecules ASPP2 and pYAP caused by Taxol (Fig. 1A 
and B, Supplemental Fig. 1). In Taxol treatment, a 
decrease in the number of cells in the G0/G1 phase 
and an increase in the number of cells in the G2/M 
phase were observed compared with the control 

Figure 2.  Localization of tight junction molecules ASPP2 and pYAP in the midbody during cytokinesis induced by Taxol in Sawano 
cells. (A) Immunocytochemical staining for LSR (green) and TRIC (green) with acetylated tubulin (red) in Sawano cells treated with 100 
ng/ml Taxol for 24 hr. Bars: 5 μm. (B) Immunocytochemical staining for ASPP2 (green), PAR3 (green), OCLN (green), cingulin (green), 
CLDN-7 (green), pYAP (green), and ZO-1 (green) with acetylated tubulin (red) in the midbody in Sawano cells treated with 100 ng/
ml Taxol for 24 hr. Bars: 5 μm. (C) Schematic image of localization of tight junction molecules ASPP2 and pYAP in the midbody. (D) 
Immunoelectron microscopic staining for LSR in Sawano cells. Bar lines: 5 μm, dotted bar lines: 1 μm. (E) Immunoelectron microscopic 
staining for TRIC in Sawano cells treated with 100 ng/ml Taxol for 24 hr. Bar lines: 5 μm, dotted bar lines: 1 μm. (F) Immunoelectron 
microscopic staining for PAR3 in Sawano cells treated with 100 ng/ml Taxol for 24 hr. Bar lines: 5 μm, dotted bar lines: 1 μm. (G) 
Immunoelectron microscopic staining for pYAP in Sawano cells treated with 100 ng/ml Taxol for 24 hr. Abbreviations: ASPP2, apoptosis-
stimulating of p53 protein 2; pYAP, phosphorylated YAP; LSR, lipolysis-stimulated lipoprotein receptor; TRIC, tricellulin; OCLN, occlu-
din; CLDN-7, claudin-7; ZO-1, zonula occludens-1. Bar lines: 5 μm, dotted bar lines: 1 μm.



Tight Junction Molecule LSR During Cytokinesis	 65

LSR TRIC 

-tub -tub 

Merge Merge 

PAR3 

-tub 

Merge 

Cingulin 

-tub 

Merge 

ZO-1 

-tub 

Merge 

pYAP 

-tub 

Merge 

ASPP2 

-tub 

Merge 

OCLN 

-tub 

Merge 

CLDN-7 

-tub 

Merge 

A

C D E

B

Centrosome 
(LSR, TRIC, ASPP2 
OCLN, CLDN-7, ZO-1 
Cingulin. PAR3, pYAP) 

(continued)



66	 Konno et al.

(Fig. 1C). There was no significant change in the epi-
thelial barrier function induced by Taxol (Fig. 1D).

TJ Molecules ASPP2 and pYAP Are Concentrated 
at or in the Midbody During Cytokinesis by 
Taxol in Sawano Cells

To investigate whether the TJ molecules ASPP2 and 
YAP localized in the midbody during cytokinesis, 
Sawano cells were treated with 100 ng/ml Taxol and 
subjected to immunocytochemistry for LSR, TRIC, 
ASPP2, OCLN, CLDN-7, ZO-1, PAR3, cingulin, and 
acetylated tubulin and TEM analysis of LSR, TRIC, 
PAR3, and pYAP (Figs. 2 and 4). We examined more 
than six midbodies in immunocytochemistry for all 
antibodies. LSR and TRIC were concentrated at the 
acetylated tubulin–positive midbody, seemingly sur-
rounding it (A type, Fig. 2A and C). OCLN, cingulin, 
CLDN-7, ZO-1, ASPP2, PAR3, ZO-1, and pYAP were 
concentrated in the midbody (B type, Fig. 2B). In 
TEM analysis of Taxol-treated cells, the gold parti-
cles of LSR, TRIC, PAR3, and pYAP were observed 
in regions of the midbody with high electron density 
(Fig. 2D–G).

TJ Molecules ASPP2 and pYAP Are Localized in 
the Centrosome During Cytokinesis Induced by 
Taxol in Sawano Cells

To investigate whether the TJ molecules ASPP2 and 
YAP localized in the centrosomes during cytokinesis, 
we treated the Sawano cells with 100 ng/ml Taxol and 
conducted immunocytochemistry for LSR, TRIC, 
ASPP2, PAR3, OCLN, cingulin, CLDN-7, ZO-1, and 
pYAP with γ-tubulin and TEM analysis of LSR, TRIC, 
PAR3, and pYAP (Figs. 3 and 4). All TJ molecules 
ASPP2 and pYAP were localized in the centrosomes 
during cytokinesis induced by Taxol in the Sawano 
cells (Fig. 3A and B). In TEM analysis of Taxol-treated 
cells, the gold particles of LSR, TRIC, and pYAP were 
observed in regions of the centrosome with high elec-
tron density (Fig. 3C–E).
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Figure 4.  Summary of localization of tight junction molecules 
ASPP2 and pYAP in the midbody and centrosome. Abbreviations: 
ASPP2, apoptosis-stimulating of p53 protein 2; pYAP, phos-
phorylated yes-associated protein; IF, immunofluorescence stain-
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Figure 3.  Localization of tight junction molecules ASPP2 and pYAP in centrosome during cytokinesis induced by Taxol in Sawano cells. 
(A) Immunocytochemical staining for LSR, TRIC, ASPP2, OCLN, CLDN-7, ZO-1, cingulin, PAR3, and pYAP with γ-tubulin (centrosome) 
in Sawano cells treated with 100 ng/ml Taxol for 24 hr. Bars: 5 μm. (B) Schematic image of localization of tight junction molecules ASPP2 
and pYAP in centrosome. (C) Immunoelectron microscopic staining for LSR in Sawano cells treated with 100 ng/ml Taxol for 24 hr. Bar 
lines: 5 μm, dotted bar lines: 1 μm. (D) Immunoelectron microscopic staining for TRIC in Sawano cells treated with 100 ng/ml Taxol 
for 24 hr. Bar lines: 5 μm, dotted bar lines: 1 μm. (E) Immunoelectron microscopic staining for pYAP in Sawano cells treated with 100 
ng/ml Taxol for 24 hr. Abbreviations: ASPP2, apoptosis-stimulating of p53 protein 2; pYAP, phosphorylated yes-associated protein; LSR, 
lipolysis-stimulated lipoprotein receptor; TRIC, tricellulin; OCLN, occludin; CLDN-7, claudin-7; ZO-1, zonula occludens-1. Bar lines: 5 
μm, dotted bar lines: 1 μm.
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Knockdown of TJ Molecules ASPP2 and 
pYAP Does Not Affect the Morphology and 
Localization of the Midbody and Centrosome 
During Cytokinesis Induced by Taxol in 
Sawano Cells

To investigate whether the knockdown of TJ mole-
cules ASPP2 and pYAP affected the morphology 
and localization of the midbody and centrosome 
during cytokinesis, Sawano cells were transfected 
with siRNAs of LSR, TRIC, ASPP2, PAR3, and pYAP 
before treatment with 100 ng/ml Taxol and examined 
by Western blotting and immunocytochemistry for 
LSR, TRIC, ASPP2, PAR3, and pYAP. In Western 
blot analysis, knockdown of LSR, TRIC, ASPP2, and 
PAR3 by the siRNAs was confirmed (Fig. 5C, 
Supplemental Fig. 1). With knockdown of LSR, TRIC, 
ASPP2, and PAR3, their loss was observed in the 
midbody and centrosome but it did not affect the 
morphology and localization of the midbody and 
centrosome during cytokinesis (Fig. 5A and B)

Knockdown of LSR and ASPP2 Affects Cell Cycle 
in Sawano Cells

To investigate whether the knockdown of TJ molecules 
ASPP2 and pYAP affected the cell cycle, Sawano cells 
were transfected with siRNAs of LSR, TRIC, ASPP2, 
PAR3, and pYAP. With transfection of siRNA-LSR, a 
decrease in the number of cells in the G0/G1 phase 
and an increase in the number of cells in the S phase 
were observed (Fig. 5D). After transfection of siRNA-
ASPP2, a decrease in the number of cells in the G0/
G1 phase was observed (Fig. 5D). In this study, knock-
down of PAR3 and pYAP did not affect the cell cycle.

TJ Molecules ASPP2 and pYAP Are Colocalized 
With Hook2 in the Centrosome During 
Cytokinesis in Sawano Cells

To investigate whether the TJ molecules ASPP2 and 
YAP contributed to Hook2 in the centrosome during 
cytokinesis, we treated the cells with 100 ng/ml Taxol 
and conducted immunocytochemistry for LSR, 

TRIC, ASPP2, PAR3, OCLN, cingulin, CLDN-7, 
ZO-1, pYAP, γ-tubulin, and Hook2. Hook2 was colo-
calized with γ-tubulin in centrosomes, and LSR, 
TRIC, ASPP2 and OCLN were colocalized with 
Hook2 in centrosomes (Fig. 6A). Furthermore, when 
using an anti-Hook2 antibody, immunoprecipitates 
with pYAP, TRIC, LSR, PAR3, and ASPP2 were 
detected (Fig. 6B, Supplemental Fig. 1).

TJ Molecules ASPP2 and pYAP Disappear With 
Knockdown of Hook2 in the Centrosome During 
Cytokinesis in Sawano Cells

To investigate whether knockdown of Hook2 affected 
the localization and expression of TJ molecules 
ASPP2 and pYAP in centrosomes and the epithelial 
barrier during cytokinesis, Sawano cells were trans-
fected with siRNAs of Hook2 before treatment with 
100 ng/ml Taxol and examined by Western blotting 
and immunocytochemistry for LSR, TRIC, ASPP2, 
PAR3, and pYAP and epithelial barrier analysis. With 
knockdown of Hook2, LSR, TRIC, OCLN, CLDN-7, 
ZO-1, and pYAP, they disappeared from the centro-
some as indicated by γ-tubulin, but even after knock-
down of cingulin, it was present in the centrosome 
(Fig. 7A). There was no change in the expression of 
LSR, TRIC, ASPP2, PAR3, pYAP, or the epithelial 
barrier function with or without Taxol (Fig. 7B–D, 
Supplemental Fig. 1).

Discussion

In this study, we first found that tTJ molecules LSR and 
TRIC were concentrated at the flank of the midbody and 
localized in the centrosome with the binding protein 
Hook2 during cytokinesis in vertebrate epithelial cells.

AJ and bTJ molecules are concentrated in the mid-
body during cytokinesis.11,12 YAP is concentrated at the 
midbody to help cytokinesis.13 The polarity scaffold pro-
tein PATJ binds and colocalizes with YAP at the cytoki-
nesis midbody.13 In this study, during cytokinesis 
induced by Taxol in Sawano cells, the epithelial barrier 
was maintained and the tTJ molecules LSR and TRIC 
were concentrated at the acetylated tubulin–positive 

Figure 5.  Effects of knockdown of LSR, TRIC, ASPP2, PAR3, and YAP in Sawano cells. (A) Immunocytochemical staining for LSR 
(green), TRIC (green), ASPP2 (green), PAR3 (green), and pYAP (green) with acetylated tubulin (red) in Sawano cells treated with 100 
ng/ml Taxol after transfection with siRNAs of LSR, TRIC, ASPP2, PAR3, and pYAP. Bars: 5 μm. (B) Immunocytochemical staining for 
LSR, TRIC, ASPP2, PAR3, and pYAP with γ-tubulin in Sawano cells treated with 100 ng/ml Taxol after transfection with siRNAs of LSR, 
TRIC, ASPP2, PAR3, and pYAP. Bars: 5 μm. (C) Bar graph of cell cycle assay in Sawano cells transfected with siRNA of LSR. (D) Bar 
graph of cell cycle assay in Sawano cells transfected with siRNA of ASPP2. Abbreviations: LSR, lipolysis-stimulated lipoprotein receptor; 
TRIC, tricellulin; ASPP2, apoptosis-stimulating of p53 protein 2; pYAP, phosphorylated yes-associated protein; OCLN, occludin; CLDN-
7, claudin-7; ZO-1, zonula occludens-1; siRNA, small interfering RNA.
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(continued)

Figure 6.  Tight junction molecules ASPP2 and pYAP are colocalized with Hook2 in centrosomes during cytokinesis in Sawano cells. 
(A) Immunocytochemical staining for acetylated tubulin, γ-tubulin, LSR, ASPP2, and OCLN with Hook2 in Sawano cells treated with 100 
ng/ml Taxol for 24 hr. Bars: 5 μm. (B) Western blotting for pYAP, TRIC, LSR, PAR3, and ASPP2 in immunoprecipitates with anti-Hook2 
antibody in Sawano cells treated with 100 ng/ml Taxol for 24 hr. Abbreviations: ASPP2, apoptosis-stimulating of p53 protein 2; pYAP, 
phosphorylated yes-associated protein; LSR, lipolysis-stimulated lipoprotein receptor; OCLN, occludin; TRIC, tricellulin.
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Figure 7.  Effects of knockdown of Hook2 in centrosomes during cytokinesis induced by Taxol in Sawano cells. (A) Immunocytochemical 
staining for Hook2, LSR, TRIC, OCLN, CLDN-7, ZO-1, cingulin, and pYAP with γ-tubulin in Sawano cells treated with 100 ng/ml Taxol 
after transfection with siRNA of Hook2. Bars: 5 μm. (B) Western blot analysis of Hook2, LSR, TRIC, CLDN-7, cingulin, pYAP, and 
γ-tubulin in Sawano cells treated with or without 100 ng/ml Taxol after transfection with siRNA of Hook2. (C) Graph of TEER values 
representing barrier function of Sawano cells transfected with siRNA of Hook2. (D) Graph of TEER values representing barrier function 
of Sawano cells treated with 100 ng/ml Taxol after transfection with siRNA of Hook2. Abbreviations: LSR, lipolysis-stimulated lipopro-
tein receptor; TRIC, tricellulin; OCLN, occludin; CLDN-7, claudin-7; ZO-1, zonula occludens-1; pYAP, phosphorylated yes-associated 
protein; TEER, transepithelial electrical resistance; siRNA, small interfering RNA.

midbody, seemingly surrounding it (type A in Fig. 2C), 
whereas the bTJ molecules OCLN, CLDN-7, ZO-1, and 
cingulin; epithelial polarized related molecules ASPP2 
and PAR3; and the Hippo pathway molecule YAP were 
also localized in the midbody (type B in Fig. 2C). All the 
molecules, including LSR, disappeared from the mid-
body during cytokinesis induced by knockdown using 
siRNAs. Recently, it was reported that new tTJs formed 
at the flank of the midbody during cytokinesis.13 
Accordingly, it was thought that the tTJ molecules LSR 
and TRIC, but not the bTJ molecules, were concen-
trated at the flank of the midbody.

When we investigated normal human epithelial cells 
during cytokinesis induced by Taxol in normal human 
nasal epithelial cells, LSR, TRIC, and YAP were also 
concentrated at the midbody (Supplemental Method, 
Supplemental Fig. 2). These results indicated that 
changes in the localization of tTJ molecules could be 
observed not only in a cancer cell line but also in nor-
mal cells.

On the other hand, ASPP2 binds and colocalizes 
with PAR3 to act as a key regulator of cell polarity and 
YAP activity.23–25 Loss of LSR contributes to YAP and 
promotes the malignancy of cancer cells.6 In this study, 
nevertheless, ASPP2 was localized at tricellular con-
tacts similar to LSR and TRIC in non-treated Sawano 
cells (Fig. 1) and in the midbody during cytokinesis 
induced by Taxol (type B in Fig. 2C). Furthermore, 
knockdown of ASPP2 slightly affected the cell cycle as 
did knockdown of LSR. It is possible that LSR and 
ASPP2 may contribute to cytokinesis via YAP.

The bTJ molecule OCLN localizes to centrosomes 
and modifies mitotic entry.17 Hook2 is localized in cen-
trosomes, binds directly to centriolin/CEP110, and 
contributes to centrosomal function and aggresome 
formation.19 It interacts with the epithelial cell polarity 
molecules PAR3 and PAR6α and controls centrosome 
orientation during polarized cell migration.22 In this 
study, all molecules including LSR were colocalized 
with Hook2, which bound to all the molecules in the 
centrosome during cytokinesis. After knockdown of 
Hook2, the epithelial barrier was maintained and 
most  molecules expected for cingulin disappeared 
from the centrosome during cytokinesis. These results 
suggested that Hook2 interacted with not only the 

epithelial cell polarity molecules but also bTJ and tTJ 
molecules and might control centrosome orientation.

In conclusion, the tTJ molecule LSR, like TRIC, was 
concentrated in de novo tricellular contacts forming on 
the flank of the midbody and localized in the centro-
some with the binding protein Hook2 during cytokine-
sis in vertebrate epithelial cells. Tricellular junction 
molecules may play crucial roles not only in barrier 
function but also in cytokinesis. The localization and 
the roles of cell–cell junction molecules at the midbody 
and in the centrosome during cytokinesis remain less 
known for vertebrates than for invertebrates. As the 
specific roles of tTJs remained unclear during cytoki-
nesis in our study, more studies using vertebrate tis-
sues will be necessary to elucidate the cell division of 
not only normal cells but also those of diseases, 
including cancer.
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