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Abstract

Volume and composition of saliva are crucial for oral and systemic health. How substances, particularly macromolecules, are transported
across the salivary gland epithelium has not been established in detail. Tricellulin is a component of tricellular tight junctions that form a
central tube to serve as an important route for macromolecule transport. Whether tricellulin is expressed in the submandibular gland
(SMG) and involved in salivation has been unknown. Here, by using Western blotting and immunofluorescence, tricellulin was found to
be characteristically localized at tricellular contacts of human, rat, and mouse SMGs. Knockdown of tricellulin significantly increased,
whereas overexpression of tricellulin decreased, paracellular permeability for 40-kDa but not for 4-kDa fluorescein isothiocyanate—
dextran, while transepithelial electrical resistance was unaffected. Conversely, claudin-4 knockdown and overexpression affected
transepithelial electrical resistance but not 40-kDa fluorescein isothiocyanate—dextran transport, suggesting that tricellulin regulated
transport of macromolecules but not ions, which were mainly regulated by bicellular tight junctions (bT]s). Moreover, tricellulin was
dynamically redistributed from tri- to bicellular membranes in cholinergically stimulated SMG tissues and cells. Immunoglobulin-like
domain-containing receptor | (ILDRI) recruits tricellulin to tricellular contacts. The proportion of macromolecules in the saliva was
increased, whereas the amount of stimulated saliva was unchanged in lldrl”" mice, which displayed abnormal tricellulin distribution in
SMGs. Furthermore, tricellulin interacted with bT] proteins, such as occludin, claudin-1, claudin-3, claudin-4, and ZO-1, in rat SMG
epithelial polarized cell line SMG-C6. Knockdown of tricellulin decreased occludin levels. Thus, we revealed a specific expression pattern
of tricellulin in SMG epithelium. Tricellulin not only functioned as a barrier for macromolecules but also modulated the connection of
bT]Js to the tight junction complex. Alterations in tricellulin expression and distribution could thereby change salivary composition. Our
study provided novel insights on salivary gland tight junction organization and function.
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between neighboring cells act as a barrier to the passage of
water, ions, and multiple molecules (Tsukita et al. 2001; Furuse
2010). Tricellulin is a tetraspan tricellular TJ (tTJ) protein

Introduction

Saliva is important for maintaining oral homeostasis, including
chewing, tasting, and swallowing functions and mechanical
clearance with antimicrobial properties, which help defend the
mucosa from infection (Carpenter 2013). Saliva is a heteroge-
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neous biofluid containing water, inorganic ions, and organic
components, such as enzymes, antibodies, hormones, lipids,
and lysozymes. Under pathologic conditions, not only is the
volume of saliva changed, but the composition can also be
altered, which affects the oral cavity and overall health. In the
saliva obtained from patients with Sjégren’s syndrome, the
levels of autoantibodies, inflammatory factors, and other pro-
teins are significantly elevated (Katsiougiannis and Wong
2016; Kaczor-Urbanowicz et al. 2017). Exploring the secretory
process of macromolecules under physiologic and pathologic
conditions will help us understand the mechanism of salivary
secretion and uncover the potential of saliva as a valuable non-
invasive diagnostic tool in oral and systemic diseases.

The transport of substances across the salivary gland epi-
thelium is mediated by 2 major pathways: the pore-based tran-
scellular pathway and the tight junction (TJ)-regulated
paracellular pathway. TJs at the most apicolateral portion
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discovered in 2005 (Ikenouchi et al. 2005). In contrast to the
known transmembrane TJ proteins, such as claudins and occlu-
din, which are widely expressed at membranes between 2
neighboring cells and so-called bicellular TJs (bTJs), tricellu-
lin is principally concentrated at tricellular contacts (Krug et al.
2009). Subsequently, the angulin family members, including
angulin-1/lipolysis-stimulated lipoprotein receptor, angulin-2/
immunoglobulin-like domain-containing receptor 1 (ILDR1),
and angulin-3/ILDR2, have been identified as tTJ-associated
proteins that recruit tricellulin to tricellular contacts (Masuda
et al. 2011; Higashi et al. 2013; Higashi et al. 2015). To date,
tricellulin has been found in diverse epithelial tissues, includ-
ing testis, small intestine, kidney, lung, and liver, as well as in
epithelial cell lines, including intestinal HT-29/B6, Caco-2,
and T84; kidney MDCK I, MDCK II, and M-1; and mammary
Eph4 (Ikenouchi et al. 2005; Krug et al. 2009).

We previously found that secretagogues, such as muscarinic
acetylcholine receptor (mAChR) agonists (e.g., carbachol, cev-
imeline, and pilocarpine) and the transient receptor potential
vanilloid 1 agonist capsaicin, promote salivation by regulating
TJ expression and/or distribution and by increasing paracellular
permeability in submandibular glands (SMGs) (Cong et al.
2012; Cong et al. 2013; Cong et al. 2015; Li et al. 2015).
Moreover, hyposecretory SMGs from patients with Sjégren’s
syndrome and animal models are characterized by abnormal TJ
expression and distribution with disrupted barrier function
(Ewert et al. 2010; Mei et al. 2015; Zhang et al. 2016). These
data suggest that TJs are dynamically altered in parallel with the
secretion amount, but their contribution to the transport of mol-
ecules of different size has remained undetermined.

It has been found that bTJs mainly regulate permeability to
ions and midsized solutes (molecular mass [Mr], 0.4 kDa),
whereas in contrast, tricellulin at tTJs forms a barrier to macro-
molecules (Mr, 4 and 10 kDa) without affecting ions in tricel-
lulin-overexpressing MDCK 1I cells (Krug et al. 2009).
Furthermore, mutations in the MARVELD?2 gene encoding tri-
cellulin cause nonsyndromic familial deafness in human
(DFNB49) and hearing loss in mouse due to disrupted barrier
function of the inner ear epithelium (Riazuddin et al. 2006;
Nayak et al. 2013). Notably, mice with mutations in Marveld?2
gene show histologic abnormalities in multiple tissues, includ-
ing the salivary gland. However, whether tricellulin is
expressed in the salivary gland and how it regulates the para-
cellular transport of substances is still unknown.

Therefore, we sought to examine tricellulin expression in
SMG tissues and cells. By using overexpression and knock-
down techniques, we explored a possible role of tricellulin in
the regulation of ion and macromolecule transport in SMGs.
Furthermore, we investigated how the expression and distribu-
tion of tricellulin was affected by mAChR activation and the
knockout of /ldrl gene.

Materials and Methods

Reagents and Antibodies

Pilocarpine, carbachol, fluorescein isothiocyanate (FITC)—
labeled dextran (Mr, 4 and 40 kDa), and cell culture constitu-
ents were purchased from Sigma-Aldrich. Antibodies against

tricellulin, occludin, and ZO-1 were from Life Technologies.
Antibodies against claudin-1, claudin-3, and claudin-4 were
from Bioworld Technology.

Cell Culture

Rat SMG epithelial polarized cell line SMG-C6 (a gift from
Prof. David O. Quissell) was cultured at 37 °C with 5% CO, in
DMEM/F12 containing the following: 2.5% fetal bovine serum;
5 mg/L, transferrin; 1.1 pmol/L, hydrocortisone; 0.1 pmol/L,
retinoic acid; 2 nmol/L, thyronine T3; 5 mg/L, insulin;
80 ng/L, epidermal growth factor; 50 mg/L, gentamicin sul-
fate; 5 mol/L, glutamine; 100 U/mL, penicillin; and 100 mg/L,
streptomycin. Human embryonic kidney cell line 293T was
purchased from the American Type Culture Collection (ATCC
CRL-3216) and cultured in DMEM supplemented with 10%
fetal bovine serum. Cells were also transfected with cDNA or
shRNA plasmids for tricellulin, claudin-4, and occludin syn-
thesized by OriGene Technologies and by using MegaTran 1.0
according to the manufacturer’s instructions.

Human SMG Tissue Collection

Human SMG tissues were collected from the patients who
underwent functional neck dissection for primary oral squa-
mous cell carcinoma without irradiation or chemotherapy. The
tissues were confirmed to be histologically normal and used as
controls. The research was approved by the Ethics Committees
for Human Experiments of Peking University School and
Hospital of Stomatology (No. PKUSSIRB-2013008). All
patients signed an informed consent document before tissue
collection.

Saliva Secretion Measurements

C57BL/6 male mice (8 to 10 wk old) were obtained from the
Peking University Health Science Center. /ldrI”" mice were a
gift from Prof. Lei Wang and Prof. Zhi-Gang Xu (Sang et al.
2015). The primers used for genotyping are shown in Appendix
Table 1. For the detailed measurement process, refer to the
Appendix Methods. All experimental procedures were
approved by the Ethics Committee of Animal Research of the
Peking University Health Science Center (No. LA2017138)
and complied with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health publication
85-23, revised 1996). All animal research is reported in accor-
dance with the ARRIVE guidelines (Kilkenny et al. 2010).

Detection of Proteins and Electrolytes
in Serum and Saliva

After saliva and serum were collected, the proteins were
detected by capillary electrophoresis (Capillarys2 Flex
Piercing; Sebia). For the detailed capillary electrophoresis
detection, refer to the Appendix Methods. We also stained pro-
teins in SDS-PAGE gels with Coomassie blue, which allows
visualization of proteins as blue bands on a clear background.
Moreover, serum and saliva concentrations of electrolytes, as
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well as serum content of albumin (Mr, ~67 kDa), which is a
typical paracellular component, were measured by the
Beckman Coulter Chemistry Analyzer AU5800 series.

Transepithelial Electrical Resistance
Measurements

SMG-C6 cells were seeded at a low density (1x10* cells/cm?)
in Costar 24-well Transwell chambers (filter pore size, 0.4 pum;
filter area, 0.33 cm?). Transepithelial electrical resistance
(TER) was measured at 37 °C with an epithelial volt/ohm
meter EVOM2 (World Precision Instruments). Cells were
gradually grown to form a confluent monolayer for 5 to 7 d.
When TJ barrier integrity was well established among cells,
the TER value would reach a platform to gain maximal values
and be ready for experiments. The TER value (Q-cm?) was cal-
culated by subtracting the blank filter (90 Q2) and by multiply-
ing the filter area.

Paracellular Permeability Assay

FITC-dextran (1 g/L) was added into the lower chamber of
SMG-C6 monolayers for 3 h; the apical solution was collected,;
and fluorescent intensity was determined by an EnSpire
Multilabel Plate Reader (PerkinElmer). The apparent permea-
bility coefficient (Papp) value was determined as the increase in
the amount of tracer per time per filter area (Cong et al. 2015).

Statistical Analysis

Data are shown as the mean + SEM. Statistical analysis was
performed by Student’s ¢ test between 2 groups. P < 0.05 was
considered statistically significant.

For human SMG tissue stimulation, saliva secretion measure-
ments, capillary electrophoresis, Western blotting, separation
of membrane and cytoplasm fractions, immunofluorescence,
enzyme-linked immunosorbent assay, real-time polymerase
chain reaction, and coimmunoprecipitation, refer to the Appendix.

Results

Expression of Tricellulin in SMG Tissues and Cells

Tricellulin expression in SMG was revealed by Western blot-
ting as multiple bands in the Mr range of 66 to 72 kDa. Proteins
from rat intestine and mouse kidney tissues served as positive
controls. Intriguingly, bands with lower Mr were predominant
in rat, human, and mouse SMG tissues, whereas in SMG-C6
cells, the band with higher Mr was predominant (Fig. 1A). By
separating the cytoplasm and membrane fractions of SMG-C6
cells, we showed that tricellulin was mostly displayed within
the membrane fraction (Fig. 1B). Cell surface biotinylation
assay showed predominant tricellulin expression in the bioti-
nylated cell membrane fraction (Fig. 1C). After treatment with
calf intestinal phosphatase, the higher Mr band from SMG-C6
cells migrated into the lower level, similar to that observed in

human SMG tissues (Fig. 1D), suggesting a highly phosphory-
lated state of tricellulin in SMG-C6 cells.

Concentration of Tricellulin at Tricellular
Contacts in SMGs

In control human and mouse SMG tissues, tricellulin was
expressed in the acini and ducts, presenting mainly as dots and
short rods at the most apical portion of lateral membranes
(arrowheads in Fig. 1E). In contrast, ZO-1 and occludin exhib-
ited prolonged positive lines along lateral membranes at bicel-
lular contacts (Fig. 1F). An illustration showing the position of
tTJs and bTJs is shown in Figure 1G. In SMG-C6 cells, tricel-
lulin dot-like expression was principally localized to tricellular
contacts in 2- and 3-dimensional images (Fig. 2A, upper and
middle panels). Tricellulin was found at a similar depth as
claudin-1 along the lateral membranes (Fig. 2A, lower panel).
Moreover, coimmunofluorescence images showed a typical
spider web-like distribution of bTJs (occludin and claudin-4),
with dots of tricellulin in points of contact among 3 cells (Fig.
2B). These data suggest that tricellulin is characteristically
expressed at tricellular contacts in SMG tissues and cells. By
contrast, in 293T cells, which do not express TJs and have no
polarization, transfected tricellulin was widely expressed at bi-
and tricellular membranes (Appendix Fig. 1).

Regulation of Macromolecule Paracellular
Transport in SMGs by Tricellulin

To explore its role in paracellular permeability, we knocked
down and overexpressed tricellulin in SMG-C6 cells.
Interestingly, knockdown of tricellulin significantly increased,
whereas overexpression of tricellulin reduced the Papp values
of 40-kDa FITC-dextran; however, neither knockdown nor
overexpression of tricellulin affected the TER values or perme-
ation of 4-kDa FITC-dextran (Fig. 2C, D). In contrast, knock-
down or overexpression of claudin-4 significantly decreased or
increased the TER values without affecting the Papp values,
suggesting a functional difference between tricellulin and clau-
din-4 in the regulation of paracellular transport.

Redistribution of Tricellulin upon mAChR Activation

To investigate the involvement of tricellulin in salivation, we
next examined the effect of mAChR activation on tricellulin
distribution and expression. In cultured human SMG tissues,
stimulation with 10-pmol/L carbachol for 5 min caused tricel-
lulin redistribution from the most apicolateral dot-like concen-
trating portions to lateral membranes at bicellular contacts
(arrowheads in Fig. 3A). Similar phenomenon was seen in
mouse SMGs after injection of pilocarpine (arrowheads in Fig.
3B). In SMG-C6 cells, carbachol treatment significantly
induced tricellulin redistribution from tricellular contacts to
bicellular interactions (Fig. 3C). Furthermore, tricellulin levels
in total protein homogenates were unchanged by carbachol in
SMG-C6 cells and tricellulin-transfected 293T cells (Fig. 3D).



Tricellulin Modulates Transport of Macromolecules 305

N 5y
AM K g %‘g@é@&@\ S B ¢ P N
arker P ) o e & ] 2
(kDa) @& Q\o“%@" c,\!*c"@‘;" «° N o2 C:’o°°
S SMG-C8 cell S
170= A Human _SMG-CEcell & S
130 - 1 2 1 2 SMG Biotin  Unbiotin cIp T'm (un

100= | - — -lTl‘iC | - - e |Tric m-]Tric
TO=| - i
o - - LI ]Trlc | — -ICIn74 | == s = = | E-cad EAL‘“"

—

o
=
w
c
@
E
E]
I
(U]
=
2=
c|E
gl<
E
I
(]
=
[7]
L]
w
3
o
=
g
(]
B PR
g . ..,,--"”‘ Q‘W{jml tube
« I tTJs [Lumen side] pcqnuiar \_
% (tricellulin) contacts bTJs
2 Y S tTds
N | Cell 2
el i
bTJs [ 4
= " {claudins, %,Eifﬂ

Lateral

r oceludin) _ﬂ“‘?hws
. [masatsiae] —I o
.-—h\h—ﬂ-—-!\——\\ -
T Tricellular route
[z

e

Figure |. Expression pattern of tricellulin in submandibular gland (SMG) tissues and cells. (A) Tricellulin expression in rat, human, and mouse SMG
tissues, as well as SMG-C6 cells. Proteins extracted from rat intestine and mouse kidney served as positive controls. Tricellulin expression in the
cytoplasm and cell membrane fractions was prepared from SMG-Cé cells by using a Nucl-Cyto-Mem Preparation Kit (B) or a Pierce Cell Surface
Protein Isolation Kit (C), respectively. (D) Tricellulin bands from SMG-C6 cells obtained after treatment with calf intestinal phosphatase (CIP; 5 and

10 UI). Proteins from human SMG tissues served as positive control. (E) Tricellulin localization in human and mouse SMG tissues. The enlarged images
show acini and ducts (bars: 10 um or 5 pm) derived from the boxes in the upper panels (bars: 20 um). Arrowheads point to the specific dots and rods
of tricellulin staining. (F) ZO-1 and occludin localization in human and mouse SMG tissues. The enlarged images (bars: |0 um) derived from the boxes
in the upper panels (bars: 20 um). Cln, claudin; E-cad, E-cadherin; Ocln, occludin; Tric, tricellulin. (G) An illustration shows the spatial localization of
tricellular tight junctions (tTJs) and bicellular tight junction (bT]s) in the acini of SMGs.

Enhanced Macromolecule Secretion in lldr| - Mice and salivation in SMGs (Fig. 4A). No significant differences in

body weight, SMG weight, or saliva amount were found
Angulins are known to recruit tricellulin to tricellular contacts between Ildr1™" and Ildr1”" mice (Fig. 4B, C). Ildrl”" mice did
(Masuda et al. 2011; Higashi et al. 2013; Higashi et al. 2015). not show any apparent histological abnormality in SMGs (Fig.
We therefore explored how targeted disruption of 7ldri, which 4D). However, tricellulin was redistributed from tricellular
encodes angulin-2/ILDR1 in mice, affected tricellulin function contacts to more prolonged bicellular junctions, whereas
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Figure 2. Distribution and function of tricellulin in SMG-C6 cells. (A) Immunofluorescence images show tricellulin localization in the x-y plane (top),
3-dimensional (3D) reconstruction (middle), and 3D images with the depth information (bottom). Arrowheads and arrows point to specific dots of
tricellulin staining. In 3D images with the depth information, the height labeling from the apical (blue) to basal (red) sides of cells is shown at the top
right, and the enlarged images show tricellulin and claudin-1 within white boxes at the bottom right. (B) Coimmunofluorescence images show the
localization of tricellulin with occludin and claudin-4 in both x-y and x-z planes. The enlarged x-y images (bars: |5 pm) were derived from boxes in
the upper panels (bars: 30 um). Arrows indicate the specific dots of tricellulin staining. (C) The effect of tricellulin and claudin-4 downregulation on
the transepithelial electrical resistance (TER) and apparent permeability coefficient (Papp) values in SMG-Cé cells. TER value was measured by using
EVOM?2, whereas the Papp value was calculated in the paracellular permeability assay by using 4- and 40-kDa FTIC-dextran as paracellular tracers.
(D) The effect of tricellulin and claudin-4 overexpression on TER and Papp values for 4- and 40-kDa FTIC-dextran in SMG-C6 cells. All data are
presented as the means = SEM of results from 6 independent experiments. *P < 0.05 and **P < 0.0] as compared with controls. Cln, claudin; Con,

control; Ocln, occludin; Tric, tricellulin.

claudin-1 intensity was enhanced at plasma membranes in the
acini of /ldrI”" mice (Fig. 4E). In SMGs, tricellulin and occlu-
din mRNA levels were unchanged, whereas claudin-1, clau-
din-3, claudin-4, and ZO-1 mRNA levels were significantly
increased in Ildrl” as compared with those in JldrI™" mice
(Fig. 4F).

To explore the role of tricellulin in SMGs of IldrI”" mice,
we examined salivary composition. Capillary electrophoresis
detection experiments did not reveal any significant change in
the proportions of serum proteins with different Mr between
Nldr1*" and Ildrl”" mice (Fig. 4G). By contrast, in pooled
saliva, slight decreases in low Mr parts (parts 1 to 3) and an
increase in the middle Mr part (part 4) in IldrI” mice were
observed, whereas the fraction of large Mr proteins (part 5)
was not altered (Fig. 4H). We also performed Coomassie blue
staining to visualize protein bands. Fractions of proteins with
Mr between 50 and 95 kDa were higher in saliva of

IldrI™" mice than in IldrI*" mice (arrows in Fig. 4I), although
this phenomenon was not observed in serum protein gels.
Furthermore, saliva albumin levels were higher in /ldrI”" mice
than in ZldrI*" mice, whereas serum albumin levels were simi-
lar (Fig. 4]). Serum and saliva concentrations of electrolytes,
including Na*, Cl', Ca**, inorganic phosphorus, and K*, were
similar between /ldr1™" and Ildrl”" mice, whereas Mg”" con-
centration was significantly lower in serum but not in saliva of
IldrI”" mice (Appendix Fig. 2).

Interaction of Tricellulin with bTJs and ZO-1 in SMGs

To fully evaluate the role of tricellulin in SMG epithelium, we
further explored the interactions between tricellulin and bTJs
and ZO-1. Tricellulin coimmunoprecipitated with occludin,
claudin-1, claudin-3, claudin-4, and ZO-1 in SMG-C6 cells
(Fig. 5A, B). Because tricellulin shares sequence homology
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with occludin, especially in the region of
~130 highly conserved C-terminal amino A
acids (Raleigh et al. 2010), the relationship
between these proteins was particularly exam-
ined. Knockdown of tricellulin significantly
decreased occludin expression, whereas over-
expression of tricellulin did not affect occlu-
din levels in SMG-C6 cells (Fig. SC-F),
suggesting that tricellulin loss influenced bTJ
expression levels. Conversely, neither knock-
down nor overexpression of occludin influ-
enced tricellulin expression (Fig. 5G-J).

Human SMG

Discussion

In the present study, we demonstrated charac-
teristic localization of tricellulin at tricellular
contacts in SMG tissues and cells. Moreover,
we confirmed that tricellulin played an impor-
tant role in regulating paracellular transport
of macromolecules in salivary epithelium.
Activation of mAChR induced dynamic tricel-
lulin redistribution from tricellular contacts to
bicellular junctions. In SMGs of IldrI”" mice,
tricellulin was mislocated to lateral mem-
branes, and the transport of macromolecules,
but not ions or small-sized molecules, was
enhanced. As an integral part of the TJ com-
plex, tricellulin interacts with bTJs, so altera-
tions in its expression and distribution affected
the expression of bTJs in SMGs.

Although tTJ ultrastructure has been
observed by electron microscopy for more
than 50 y, its protein composition was unclear
until tricellulin was discovered during gene
screening in 2005 (Stachelin et al. 1969;

Mouse SMG

C Tric / DAPI

30 (min)

5 10
0pm

SMG-C6 cell

Walker et al. 1985; Ikenouchi et al. 2005). D SMG-C6 cell 203T cell
Nowadgys, it is well accepted that bTJs are Cch: 0 5 10 (min) Tric cDNA: + + +
zipper-like structures that seal bicellular = = = Tric Cch: 0 5 10 (min)
spaces but end at tricellular corners, where (el Actin (== =) :ﬂzn

tTJs are vertically localized (Higashi and
Miller 2017). To seal the tricellular space,

s o1s Figure 3. Alteration of tricellulin distribution by the activation of the muscarinic
tTJs form a very long and ne}rrme specialized acgtylcholine receptor (mAChR) in submandibuer gland (SMG) tissues and cells. (A) Human
tubular structure (~10 nm in diameter) that SMG tissues were incubated with 10 pmol/L of carbachol for 5 min, and the distribution
serves as a strict barrier (Mariano et al. 2011;  of tricellulin staining was examined. Arrowheads point to tricellulin staining. Bars: 20 and
Furuse et al. 2014). Tricellulin has been 10 um. (B) SMGs were harvested from control and pilocarpine-stimulated mice, and
immunofluorescence images of tricellulin were taken. Arrowheads point to tricellulin staining.
; . . Bars: 20 and 10 pm. (C) SMG-C6 cells were treated with carbachol for 5, 10, and 30 min,
but whether it was expressed in salivary  and the changes of tricellulin distribution were captured by confocal microscopy. Bars:
glands has been unknown. Here, we showed 10 um. (D) The effect of carbachol stimulation for 5 and 10 min on tricellulin protein levels in
tricellulin expression in rat, human, and SMG-C6 and 293T cells pretransfected with tricellulin cDNA. Cch, carbachol; Con, control;

mouse SMG tissues with a Mr range similar Pilo, pilocarpine; Tric, tricellulin.

to the previous study in mouse epithelial cell

lines Eph4, CSG1, and MTDIA (Ikenouchi et al. 2005). TER measurement and paracellular permeability assay—2
Tricellulin was principally distributed at apicolateral mem- routine methods to evaluate TJ barrier function—gauge ionic
branes and displayed as dots and rods toward the lumen in the conductance of the paracellular pathway and mainly paracellular
acini and ducts of SMG tissues. In SMG-C6 cells, staining for transport of noncharged macromolecules, respectively. In
tricellulin had a characteristic dot-like pattern concentrated at ~ Eph4 cells, tricellulin suppression by RNAI leads to reduced
tricellular corners. TER and increased paracellular permeability for 4-kDa

observed in various epithelia and endothelia,
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FITC-dextran, with abnormal localization of
occludin around tricellular regions (Ikenouchi
etal. 2005). In MDCK 1I cells, at low expres-
sion levels, tricellulin forms a pathway for
macromolecules, whereas at high expres-
sion, it forms a barrier in tTJs for macromol-
ecules and in bTJs for solutes of all sizes
(Ikenouchi et al. 2008). In the inner ear epi-
thelium, removal of tricellulin disrupts the
structure of TJ strands and selectively affects
paracellular permeability for ions and small
molecules, resulting in a toxic microenviron-
ment for cochlear hair cells. These data sug-
gest that tricellulin plays an important role in
TJ formation and paracellular barrier func-
tion, although permeation of macromole-
cules of different sizes and/or ions through
the tricellulin-based “tube” varies in differ-
ent tissues. In the present study, by using
knockdown and overexpression approaches,
we found that tricellulin acted as a barrier
mainly against macromolecules with Mr >4
kDa but not against ions. Therefore, tricel-
Iulin mainly regulates the transport of mac-
romolecules through the tricellular pathway
in SMGs.

The localization at tricellular contacts
points to tricellulin barrier function. Poly-L-
arginine, an absorption enhancer, enhances
the paracellular permeability for hydrophilic
macromolecules across the intestinal epithe-
lium through the internalization of tricellulin
and bTJs (Yamaki et al. 2013). Furthermore,
tricellulin is a specific redox sensor that can
be redistributed from tri- to bicellular con-
tacts in response to ischemia, hypoxia, and
reductants (Cording et al. 2015). Our present

<

Figure 4. Pattern of secretion in mice with the knockout of immunoglobulin-like domain-
containing receptor | (lldrl) gene and tight junction expression in submandibular glands
(SMGs). (A) Left: genotyping of lidrI*" and lldrI™" mice by 2 polymerase chain reaction
primers. Primer| was used to identify the wild-type allele (365-bp band), and primer2 was
used to identify the knockout allele (514-bp band). Right: lldrl mRNA bands (140 bp) in SMG
tissues from lidr ™" and lidrI™ mice. (B) Body weight and SMG weight in lidr ™" and IldrI™
mice. (C) The ratio of the secreted saliva amount to body weight in lldr! ™ and lidrI™ mice.
(D) Histologic morphology of SMGs revealed by hematoxylin and eosin staining in lidr/*
and lidrI”" mice. The enlarged images derived from the black boxes. (E) Immunostaining

for tricellulin and claudin-1 in SMG tissues of lldrI*" and lldrI™ mice. Arrowheads point to
tricellulin-specific staining. (F) mRNA expression levels of tricellulin, occludin, claudin-1,
claudin-3, claudin-4, and ZO-1 in SMG tissues of lidrI*" and lldr/”" mice. All data are presented

<

as the means + SEM of results from 6 mice. **P <
0.0l as compared with lidr 1" mice. Cln, claudin;
Ocln, occludin; Tric, tricellulin. (G) Serum proteins
from 5 lidrI*" and lidr/”~ mice were separated

by capillary electrophoresis. The representative
curves are shown on the left. According to
molecular weights and peaks, serum proteins were
divided into 6 parts. The statistical analysis of the
proportions of different parts is shown on the right.
(H) Proteins of pooled saliva samples collected
from 5 lldrI*" or 5 Ildr1”" mice were separated by
capillary electrophoresis. According to molecular
weights and peaks, the saliva proteins were divided
into 5 parts. The proportions of different parts of
the saliva proteins with the numbers labeled on
each column are shown on the right. (I) Serum

and saliva proteins derived from IldrI*" and

lidrI™ mice were stained with Coomassie blue in
SDS-PAGE gels. Arrows point to the alteration of
macromolecular bands in saliva. (J) Albumin levels
in serum (6 mice per group) and saliva (2 mice per
group) samples from lidrI* and lidrI”" mice were
detected by a Beckman Coulter Chemistry Analyzer
and enzyme-linked immunosorbent assay (ELISA)
method, respectively.
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study showed that tricellulin localization was
dynamically extended to bicellular contacts in
SMGs by mAChR activation, which would
allow the permeation of macromolecules into
saliva. The involvement of tricellulin in patho-
logic processes, such as hearing loss, type 2
diabetes, bacterial pathogenesis, blood-brain
and blood-retinal barrier disruption, and
epithelial-to-mesenchymal transition, has been
extensively  investigated  (Dokmanovic-
Chouinard et al. 2008; Borck et al. 2011;
Mariano et al. 2013; Nayak et al. 2013;
Morozko et al. 2015; Morampudi et al. 2017).
However, whether alterations of tricellulin
affect salivation was still unknown. Here, we
found that tricellulin was redistributed to lat-
eral membranes at bicellular contacts in Jldr]”
mice and the proportion of macromolecules
such as albumin was increased in secreted
saliva, whereas saliva amount and concentra-
tions of electrolytes were not altered, which
suggested that tricellulin alteration changed
saliva composition due to dysregulation of
macromolecular secretion.

TJs comprise multiple proteins. Tricellulin
interacts with claudins to form the TJ network,
whereas whether tricellulin binds to ZO-1 and
occludin remains debatable (Riazuddin et al.
2006). Our results showed that tricellulin inter-
acted with bTJs and ZO-1 in SMG-C6 cells
and that decreased protein expression of tricel-
lulin affected occludin levels. However, the
protein levels of occludin did not influence
tricellulin expression. Moreover, loss of tricel-
lulin at tricellular contacts in SMGs of Ildr1™"
mice upregulated claudin levels. These data
suggested that the interaction between tricel-
lulin and bTJs was crucial to the establishment
of the TJ complex and that alterations in tricel-
lulin expression and/or distribution likely
change bTJ characteristics.

In summary, we demonstrated for the first
time that tricellulin was characteristically
expressed at tricellular contacts in SMG,
where it contributed to the paracellular trans-
port of macromolecules. Furthermore, the
interaction between tricellulin and bTJs indi-
cated an important role of tricellulin in the for-
mation of the TJ complex. Our findings
provide novel insights into the involvement
and significance of tricellulin in SMG.
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