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Summary

Although tight junctions (TJ) have been extensively studied in
simple epithelial cells, it is still unknown whether their
organization is coupled to cell differentiation in stratified
epithelia. We studied the expression of TJ in RCE1(5T5) cells,
an in vitro model which mimics the sequential steps of rabbit
corneal epithelial differentiation. RCE1(5T5) cells expressed
TJ components which were assembled once cells constituted
differentiated epithelia, as suggested by the increase of
transepithelial electrical resistance (TER) which followed a
similar kinetic to the expression of the early differentiation
marker Pax-6. TJ were functional as indicated by the
establishment of an epithelial barrier nonpermeable to
ruthenium red or a biotin tracer. In immunostaining
experiments, TJ were located at the superficial cells from the
suprabasal layers; Western blot and RT-PCR suggested that TJ
were composed of claudins (cldn) -1, -2, -4, cingulin (cgn), occludin
(ocln) and ZO-1. Semi-quantitative RT-PCR and TER
measurements showed that TJ became organized when cells
began to form a 3-5 layers stratified epithelium; TER increased

once cells reached confluence, with a time course comparable to
the raise in the expression of cgn, cldn-2 and -4. Nevertheless,
cldn-1, -2, ZO-1 and ocln were present in the cells from the
beginning of cultivation, suggesting that TER increases mainly
depend on TJ assembly. While EGF increased epithelial barrier
strength, retinoic acid disrupted it, increasing paracellular flux
about 2-fold; this effect was concentration dependent and
completely reversible. Our results suggest that TJ assembly is
tightly linked to the expression of corneal epithelial terminal

phenotype.

© 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).

Key words: Corneal epithelium, Tight junction, Retinoic acid,
Claudin, Occludin, Cingulin, Cell differentiation, Cell culture

Introduction

Epithelial tissues are composed of a continuous sheet of cells that
line the cavities and surfaces of structures throughout the body. In
general, epithelia constitute a selective, polarized barrier to the
vectorial exchange of substances between the compartments
separated by them. This is due to a gasket-like seal which
restricts the movement of substances through the paracellular
pathway. Such seal is the result of an adhesive structure established
between adjacent epithelial cells, known as the tight junction (TJ),
or zonula occludens (ZO) (reviewed by Anderson, 2001;
Stevenson and Keon, 1998).

TJ carry out several functions. They participate in cell
polarization and permeability barrier functions (Anderson,
2001; Stevenson and Keon, 1998), besides to play a role in cell
signaling, in the control of the organization of the cytoskeleton,

and in the activity of some transcription factors (Paris et al.,
2008; Buchert et al., 2009; Remue et al., 2010).

TJ are located at the apex of the cell and are composed of more
than 40 different types of proteins with adhesive, scaffolding,
cytoskeletal and regulatory roles (reviewed by Chiba et al., 2008;
Furuse, 2010). Among their major transmembrane components
there are proteins which mediate intercellular adhesion, such as
different claudin (cldn) isoforms, occludin (ocln), tricellulin and
junctional adhesion molecule-A (Tsukita et al., 2001; Ikenouchi
et al.,, 2005; Hartsock and Nelson, 2008; Paris et al., 2008;
Anderson and Van Itallie, 2009). On the other hand, essential
cytosolic components of the TJ are the intracellular scaffold
proteins members of the ZO protein family (Tsukita et al., 2001;
Feldman et al., 2005; Hartsock and Nelson, 2008; Paris et al.,
2008; Anderson and Van Itallie, 2009), in addition to plaque
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proteins such as symplekin, cingulin (cgn) and 7H6 (Balda and
Matter, 2008; Denker and Nigam, 1998). Besides the structural
proteins of TJ, exist a number of regulatory proteins involved in
signal transduction (Paris et al., 2008), and in transcriptional and
post-transcriptional regulation (Aho et al., 2009; Matter and
Balda, 2007; Kavanagh et al., 2006; Jaramillo et al., 2004; Balda
et al., 2003).

In epithelial and endothelial cells, TJ show a composition that
depends upon the distinct permeability functions of these tissues
(Elkouby-Naor and Ben-Yosef, 2010; Furuse, 2010; Amasheh et
al., 2011). So far, physiology and regulation of TJ have been
mainly studied in epithelial cell monolayers, most often those
formed by kidney cell lines such as MDCK and LLC-PK1 (Sabath
and Denker, 2006; Prozialeck et al., 2006), or intestine epithelial
cells such as Caco-2 (Peng et al., 2009; Buzza et al., 2010). These
studies have led to understand part of the mechanisms that regulate
the assembly and permeability of epithelial TJ.

However, assembly of the TJ complex in stratified epithelia has
not been analyzed as extensively as in simple epithelia. The
accumulated evidence shows that the formation of adherens
junctions and desmosomes precedes that of TJ at the granular layer
of epidermis (Pummi et al., 2001), which seem to be functional at
this epidermal layer (Kirschner et al., 2012). Although data from
different laboratories suggest possible link between TJ assembly
and keratinocyte differentiation, it is not clear if TJ formation is
coupled or regulated to cell differentiation or vice versa.

In corneal epithelium the permeability barrier is generated by
TJ formed between the superficial cells (McLaughlin et al., 1985;
Wang et al., 1993; Sugrue and Zieske, 1997). Such distribution
would also insinuate that the expression of terminal phenotype
shares common elements with the regulation of TJ assembly in
corneal epithelium. This possible relation confers high relevance
to the study of corneal zonula occludens. Thus far, the analysis of
both human and rat corneal epithelium shows that TJs contain
ocln, ZO-1, ZO-2, and cldn-1, -2, -3, -4, -7, -9, -14 and -15 as
components of the intercellular adhesion complex (Yi et al.,
2000; Ban et al., 2003a; Ban et al., 2003b; Elkouby-Naor and
Ben-Yosef, 2010). In addition, cldn-10 is specifically induced in
vitro in corneal epithelial cells (Ban et al., 2003a).

To analyze the relationships between the expression of the
differentiated phenotype and TJ assembly, we determined
whether RCE1(5T5) cells, a cell line which mimics the
sequential steps of corneal epithelial cell differentiation in a
similar manner to primary cell cultures (Castro-Mufiozledo,
1994; Tamariz et al., 2007; Castro-Mufiozledo, 2008; Garcia-
Villegas et al., 2009), express and assemble functional TJs. We
demonstrate that epithelia formed by RCE1(5T5) cells express TJ
components which are assembled once cells constitute a
differentiated, stratified epithelium. The functional TJ
complexes were located at the superficial cells from the
suprabasal layers, and contain cldn-1, -2 and -4, besides ZO-1,
ocln and cgn. Results also show that TJs are assembled only
when cells begin to stratify, following a time course similar to the
raise in the expression of cldn-4 and cgn proteins, and to the
expression of Pax-6 which is an early differentiation marker. In
contrast, cldn-1, -2, ZO-1 and ocln are present from the beginning
of cell cultivation and their changes did not correlate with the
emergence of a functional epithelial barrier. Since large-scale
junctional rearrangements play crucial roles in normal epithelial
morphogenesis and epithelial barrier breakdown in many
pathological conditions (Ivanov et al., 2005; Cavey and Lecuit,

2009; Turner, 2009), we examined the effects of EGF and all-
trans retinoic acid (RA) on the epithelial barrier, and found that
epithelial barrier is modulated by RA in a reversible manner.
Together, our results suggest a possible correlation between the
expression of cldn-2 and -4 and cgn with the assembly of
functional TJs. Moreover, the results suggest that TJ assembly is
tightly coordinated with the expression of terminal phenotype of
corneal epithelium. The mechanisms involving such relation
require further investigation.

Results

RCE1(5T5) cells assemble morphological and functional TJ
complexes

To explore whether RCE1(5T5) cells are a good model to study
TJ assembly and its coordination with the differentiation process,
we confirmed the presence of the ZO complex in the cultured
epithelial sheets. Since epithelial sheets are constituted after cells
reach confluence at 6th day in cell culture, we carried out
electron microscopy analyses of two day confluent (8 days in cell
culture) and mature four day post-confluent cultured epithelia (10
days in cell culture). Examination showed the typical small direct
contact sites of the two plasma membranes at the most suprabasal
layer of the cultured epithelia (Fig. 1A—C), and suggesting the
presence of TJ. This was confirmed by the use of ruthenium red
to test whether TJ were present, showing that the tracer diffused
all the way through the intercellular space until a TJ complex
stopped additional penetration of the compound to deeper
epithelial layers (Fig. 1C, arrow).

To further demonstrate that TJ in RCE1(5T5) epithelia were
functional, we first measured trans-epithelial electrical resistance
(TER), which is a direct measure of the epithelial resistance to
passive ion flow. The cells were plated into cell culture inserts as
described (see Materials and Methods) and grown up to four days
after confluence, when they had already formed a 3—4 layered
epithelium, and TER values were determined. Positive control
consisted in confluent MDCK cells, which constitute epithelia
with hermetic TJ (Anderson and Van Itallie, 2009); confluent
3T3 fibroblasts, which do not possess TJ, were used as
background for measurements. While MDCK epithelial sheets
showed TER values of 4436+2153.4 Q/cm?, the epithelia formed
by RCE1(5T5) cells showed TER values of 291+65.7 Q/cm?.

Since results could also be explained as a consequence of the
existence of cell layers instead the assembly of TJ, we tested
paracellular permeability of the cultured epithelia by the use of a
biotin tracer assay (Umeda et al., 2006). The RCEI1(5TS5)

(A, B) Bar = 300

Fig. 1. Ultrastructure of 4 day (A—C) post-confluent cultured epithelia formed
by RCE1(5T5) cells. It is shown the presence of desmosomes (d) between cells
(A, arrowhead). TJ were observed at the upper layers of the epithelial sheet,
mainly in 4-day confluent epithelia as small direct contact sites between the
plasma membranes of two adjacent cells (B, arrows). (C) Note that diffusion of
ruthenium red throughout the intercellular space (asterisk) was stopped at TJ
location (C, arrow). N, nucleus. In A,B, Bar=300 nm; in C, Bar=100 nm.
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epithelia were incubated with EZ-Link sulfo-NHS-LC-biotin
(MW=556.59) (see Materials and Methods), and immunostained
for cldn-1 to visualize TJ complexes. The tracer was detected
either with FITC-streptavidin or Texas Red-streptavidin. When
the tracer assay was carried out on confluent epithelia (Fig. 2),
we could detect the biotinylation of proteins only at epithelial cell
surface but not at the cellular spaces between the different cell
layers of the cultured epithelium, regardless of the time in cell
culture (Fig. 2A—H), suggesting that the tracer was stopped by
functional TJ complexes. Together, these results show that
RCEI1(5TS) cells constitute a 3—4 layered epithelium, with
morphological and functional TJ located at the upper layer of the
cultured epithelium, similar to those found in the normal corneal
epithelium.

Expression of TJ components in RCE1(5T5) epithelia

Given that different epithelia have distinct permeability
properties according to the expression and distribution of the
different types of cldns (Van Itallie and Anderson, 2006), and in
view of the above results, we tested the expression of cldns, ocln,
ZO-1 and cgn by immunostaining, Western blot and end point
RT-PCR in 7-day post-confluent (12—14 days in cell culture)
RCEI(5TS) epithelia. As shown in Fig. 3A, o-catenin, an
essential protein in the assembly of adherent and TJ, was
associated to cell membrane and cytoplasmic compartments;
antibodies against cldn-1 (Fig. 3E,J), cldn-4 (Fig. 3C,I), ocln
(Fig. 3B,G), cgn (Fig. 3F,H), and ZO-1 (Fig. 3D) immunostained
the cell boundaries of the most suprabasal cells. On the other
hand, end point RT-PCR showed that 7-day post-confluent cell
cultures expressed the mRNAs encoding cldns-1, -2 and -4
(Fig. 3K), and the mRNAs encoding ocln, cgn and ZO-1
(Fig. 3L,M); whereas cldns 3 and -7 were not detected
(Fig. 3K). In addition, Western blot studies revealed that cldn-1
and -4, besides cgn, were found in the 7-day post-confluent
epithelia (Fig. 3N).

Above, we demonstrated the presence of functional TJ in the
mature 3-5 layered epithelial sheet formed by RCE1(5T5) cells.
Since some of our preliminary results suggested that TJ
components were expressed at early times in culture when cells
have not constituted an epithelial tissue (not shown), we
determined the time of expression of cldns -1, -2 and -4, ocln,
ZO-1 and cgn along the growth and differentiation of cultured
RCEI1(5TS) cells. We also correlated their change both with the
expression of Pax-6 mRNA as the earliest marker of

Biotin

(AE) Bar = 40 um
(B-D) Bar = 16 ym
(F-H) Bar = 20 pm

differentiation (Garcia-Villegas et al., 2009), and with the
change in TER as a marker of the assembly of functional TJ.

As depicted in Fig. 4, cldn-1 mRNA and protein levels were
stable all along the experiment, without showing a significant
change (Fig. 4A,B). A similar behavior was observed for ocln
and ZO-1 mRNAs, which did not have significant variations
(Fig. 4G,J). In contrast, although cldn-2 and -4 mRNAs and
proteins were also detected from the beginning of the growth in
cell culture (Fig. 4C—E), they underwent increases that began on
the 6th day in cell culture, when cells reached confluence and
began to constitute a 3—5 layers stratified epithelium (Fig. 4C—E).
At first, the increase of cldn-2 and -4 had a similar time course to
the expression of the early differentiation markers Pax-6 (Fig. 4I)
and LDH-H (Fig. 4L), showing a close correlation with the
increase on TER, which began one day after (Fig. 4F). However,
while cldn-4 mRNA expression slightly increased during growth
and differentiation of RCE1(5T5) cells (Fig. 4C), cldn-4 protein
steadily augmented at the time of confluence in cell culture (6th
day after plating), reaching amounts 3.5-fold higher to those
found in 3-day growing cell cultures (Fig. 4D). On the other
hand, cldn-2 mRNA levels increased 2-fold after cells became
confluent and began to stratify (Fig. 4E); but, 2 days later its
expression decreased to levels comparable to those found in
growing cultures (Fig. 4E).

The most dramatic changes were observed for cgn expression.
While its mRNA showed an early increase reaching levels 2-fold
higher to those found at third day in cell culture (Fig. 4H),
protein appeared only in the cell extracts starting at the 6th day in
cell culture, to augment up to 2-fold in the epithelial sheets
(Fig. 4K) (12th day in cell culture and 6th day after confluence).
Together, the results suggest that essential components of the TJ
such as cldn-1, -2, -4, ocln and ZO-1 are present in the cells even
at early times of cultivation, Interestingly, cldn-4 and cgn
proteins showed changes parallel to the expression of terminal
differentiation and the development of a 3—5 layered stratified
epithelium, followed by the raise on TER which began 24 hours
later (Fig. 4F,LL), suggesting that TJ assembly is dependent on
differentiation-linked changes that deserve a closer examination.

Corneal epithelial TJ permeability is modulated by EGF and
retinoic acid

It was demonstrated that corneal epithelial barrier is disrupted by
agents such as TNFa (Kimura et al., 2008), IL-1p (Kimura et al.,
2009), 1-4 ug/ml LPS (Yi et al., 2000) among others. In addition,

Time after
confluence  Fijg, 2. Paracellular permeability of the cultured
corneal epithelia was examined by use of the low
molecular weight tracer, EZ-Link sulfo-NHS-LC-biotin.
The tracer did not penetrate the epithelial sheet neither 1
day after confluence (7 days in cell culture) (A-D), nor in 7
day confluent epithelia (E-H), as indicated by the (C,G)
lack of staining of biotinylated proteins at cell—cell
boundaries in the lower layers of the epithelium. (D,H)
Maximal projections of the merged channels, transverse
optical sections of cultures stained for cldn-1 to
7-day immunolocalize TJ (green channel; B,D,F,H). Proteins
biotinylated with the tracer are stained in red (C,D,G,H).
(A,E) show the aspect of cldn-1 in xyz maximal projections
of the stained cell cultures. Dashed squares show the fields
examined in the transverse sections. Dashed lines indicate
the basal side of the cultured epithelia. In A,E,
Bar=40 pum; in B-D, Bar=16 um; in F-H, Bar=20 um.

2-day
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Fig. 3. TJ components detected in cultured
RCE1(5T5) corneal epithelial cells. This was
performed either by: (A-J) immunostaining,
(K-M) end point RT-PCR, or (N) Western blot.
(A) We used a-catenin as an indicator of the
presence of adhesion complexes in the cultured
epithelia. (B,G) Ocln, (D) ZO-1, (E) cldn-1,
(C.D) cldn-4, and (F,H) cgn were easily located in
cell borders of one day post-confluent cultures.
(G-I) are transverse sections showing that TJs
(arrows) were located at the cell boundaries of
suprabasal cells. In (G), dashed line indicates the
boundaries between a suprabasal cell and the
basal cell layer; in (H-J) the dashed line indicate
the basal side of the epithelium. Nuclei were
stained either with propidium iodide or TO-
PRO®-3. In 7-day confluent epithelia we found

(K) the expression of cldn-1, -2, -4, but not of
cldn-3 and -7; (L) cgn, ocln, and (M) ZO-1.
Primers for cldn-3 and -7 were verified in PCR
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growth factors such as EGF may either derange TJ components as
shown in A431 cells (Van Itallie et al, 1995) and thyroid
epithelium (Nilsson and Ericson, 1995), or protect TJ integrity as
seen in MDCK (Singh et al., 2007) and Caco-2 cells (Aggarwal et
al.,, 2011) depending on the physiological condition of cells.
Therefore, we assayed the action of the most effective
concentration of EGF on epithelial cells (Cha et al., 1996;
Barrandon and Green, 1987), on epithelial barrier function. The
RCEI(5T5) cells were grown in medium without 10 ng/ml EGF;
then, one day after confluence (7th day in culture) they were
supplemented with medium containing EGF. Parallel cultures
were maintained with medium without EGF (control). Seven
days after beginning treatment with EGF (14th day in culture),
cultures were either fixed and immunostained with a cldn-1
specific antibody, or used to measure trans-epithelial resistance
(TER). As shown (Fig. 5), cells stimulated with 10 ng/ml EGF
showed a well-defined and typical cldn-1 immunolocalization
pattern at cell—cell borders, with some discontinuities along cell
surroundings (Fig. 5B). In contrast, cells nonstimulated with the

Bar = 40 um (E,F)
Bar = 20 um (A-D)
Bar= 8 um (G)

Bar = 25 pm (H-J)

reactions using mouse kidney cDNA

(K, m-kidney) that led to amplification products
of the expected size and sequence. PR-PO was
used as an internal marker that does not change
during the differentiation process. The antibodies
were only appropriate to immunodetect cldn-1
and -4 and cgn (N); lanes 2 and 3 correspond to
the loading control for the experiment. PCR
reaction in the presence (+) or the absence of
cDNA (—) (negative control). Results
correspond to six duplicated experiments. A-D:
Bar=20 pm; E,F: Bar=40 pm; G: Bar=8 um,
and H-J: Bar=25 pum.

growth factor also showed strong cldn-1 immunostaining at cell—
cell borders with an interrupted punctuate pattern; however, they
showed less defined cell-cell contacts than those cells treated
with EGF (Fig. 5A). The differences between both culture
conditions suggested that RCE1(5T5) cell cultures stimulated
with EGF had a lower permeability than those epithelia grown
without EGF. Such assumption was confirmed after TER
evaluation on epithelia grown under these culture conditions,
which revealed 1.6-fold higher (16030 ©/cm?) TER values in
EGF-stimulated epithelia than in epithelia grown without EGF
(9523 Q/cmz) (Fig. 5C). Since the difference in epithelial
permeability induced by EGF was not associated to significant
changes in the expression of cldn-1, -2, -4, ocln, ZO-1 and cgn
(not shown), we suggest that they may be related with
modifications in TJ assembly in response to stimulation of
EGFR signaling pathway.

Vitamin A and its analogs, mainly retinoic acid (RA),
modulate corneal epithelial differentiation and proliferation in a
concentration-dependent manner, both in vivo and in vitro (Kim
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Fig. 4. Semi-quantitative RT-PCR analysis of the expression of mRNAs encoding TJ components during growth and differentiation of RCE1(STS cells).
(A) cldn-1, (C) cldn-4, (E) cldn-2, (G) ocln, (J) ZO-1 and cgn (H). When Western blot was possible, we determined protein levels of (B) cldn-1, (D) cldn-4, and
(K) cgn. The results were correlated with (F) the change in TER, (I) the expression of the transcription factor Pax-6, which is the earliest corneal differentiation
marker, and (L) the expression of LDH-H mRNA, which precedes for 2.5 days the expression of terminal differentiation marker K3 keratin. Arrows show the 6th day
in cell culture, in which cells reached confluence and began the differentiation process as demonstrated by the rise in Pax-6 expression. Results correspond to six
duplicated experiments. Asterisks indicate significant changes (P=0.005).

et al.,, 2012; Kruse and Tseng, 1994; Stonecipher et al., 1988;
Tseng et al,, 1984). In vivo, vitamin A deficiency leads to
keratinization of the corneal and conjunctival epithelia (Tseng et
al., 1984), while application or treatment with RA at 1 uM
concentrations or higher results in an aberrant phenotype similar
to that observed in conjunctival epithelium (Kim et al., 2012).
Considering that retinoids may modulate TJ in other epithelia
(Rong and Liu, 2011; Hatakeyama et al., 2010; Telgenhoff et al.,
2008), we tested the effect of different concentrations of all-trans
retinoic acid (RA) on the development of TER along the growth
and differentiation of RCEI(5TS) cells. Cells were plated as
described (see Materials and Methods) and after the third day in
culture, medium was changed to medium containing 0.1, 1.0 or
10 uM RA; control cultures were supplemented with medium

without retinoid. All cultures were maintained up to the 14th day
after plating; TER was determined every day for each culture
condition. As shown in Fig. 6, the increase in TER observed in
control cultures was completely blocked even at late times in
culture, when cells were grown in the presence of 1 or 10 uM RA
(Fig. 6E). In contrast, treatment with 0.1 uM RA partially
blocked the change in TER, which increased beginning at the
11th day in culture to reach values 50% lower than those
observed in control cultures (Fig. 6E). In addition, when cultures
grown in the presence of RA were immunostained to study cldn-1
localization, we observed that retinoid treatment modified cldn-1
distribution along cell boundaries in a concentration dependent-
manner (Fig. 6A-D). While control cultures showed the typical
interrupted immunostaining at the cell boundaries, characteristic
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Fig. 5. Epidermal growth factor modulates the permeability of the corneal
epithelial TJ. (A) Shows that the cldn-1 immunolocalization pattern is strong
with punctuated discontinuities in cell cultures maintained in basal medium
without EGF, while (B) cells cultured in the presence of 10 ng/ml EGF had a
well-defined cell—cell contacts and a typical cldn-1 immunolocalization, with
some discontinuities. The highest expression of cldn-1 correlated with (C) high
TER values in the EGF-supplemented cultures which showed the tightest
epithelial barrier. Effect of EGF was significant (P=0.005) for 5

duplicated experiments. A,B scale bar=16 pm.

of the corneal epithelium and corneal endothelium (Fig. 6A),
cells treated with RA had a weak, discontinuous, punctuated
pattern of cldn-1 (Fig. 6B-D), with the highest discontinuity of
TJ complexes in those cultures grown with 10 uM RA (Fig. 6D).

Next, we determined whether RA disrupts corneal epithelial
barrier when it is added to stratified epithelia, and if this effect is
reversible once the retinoid is removed from the culture medium.
To carry out this experiment, one day post-confluent 3—5 cell
layered stratified epithelia, grown under standard conditions,
were changed to medium containing 0.1, 1.0 or 10 uM RA. After
a 48-hour incubation with the retinoid, when TER reached its
lowest values, cultures were rinsed and changed back to medium
without the retinoid. Beginning at the time when the retinoid was
added, TER was determined every day. As seen in Fig. 7,
treatment with any of the tested RA concentrations rapidly
decreased TER to values about 60% lower than those found in
control cultures maintained in medium without the retinoid.
Subsequent to RA elimination from the culture medium, TER
slowly recovered to normal values, with a delay proportional to
RA concentration. The slowest recovery rate was observed in
those cultures treated with 10 uM RA (Fig. 7). These results
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Fig. 6. TJ assembly is disrupted by retinoic acid (RA). In contrast with
control cultures (A), corneal epithelial cells grown in the presence of RA, had a
weak, discontinuous, punctuated pattern of cldn-1 at cell boundaries, which
decreased in a concentration-dependent manner; and with cldn
immunolocalization in cell cytoplasm in the RA-treated cells (B-D). (E) This
change correlated with a partial (0.1 pM RA) or a complete blockage of the
increase of TER observed in control cultures which were not treated with RA.
(P=0.05) for 5 duplicated experiments. A-D: scale bar=16 pm.

show that treatment of stratified epithelia with retinoids leads to a
disruption of the epithelial barrier, an effect that is reversible
after removal of the retinoids.

As shown, treatment with RA promoted changes in cldn
distribution and immunostaining. These changes could be
explained either by an alteration in TJ assembly, or through a
decrease in the expression of TJ components. Therefore, we
analyzed the expression of cldn-1, -2, -4, ocln, ZO-1 and cgn in
cell cultures treated with RA. One day post-confluent RCE1(5T5)
cultures were supplemented with medium containing 0.1, 1.0 or
10 uM RA for 48 hours; an incubation time that, as shown
above, decreases the epithelial barrier strength to 60% of TER
values found in nontreated epithelia. Control cultures were
maintained with medium w/o the retinoid. Then, cultures were
extracted to study TJ component expression by semi-quantitative
RT-PCR. Also, we quantified the expression of Pax-6 and K3
keratin as differentiation markers, to verify the modulatory effect
of RA on epithelial cell differentiation. As expected, treatment
with RA led to a decrease on the expression of K3 keratin, which
is a late differentiation marker linked to the expression of
terminal phenotype; but did not have an effect on the expression
of Pax-6 which seems to regulate corneal epithelial cell
commitment (Fig. 8G,I). Results demonstrated that cldn-2 and
cgn mRNA levels were markedly decreased by the 48-hour
treatment with RA; cldn-2 expression had the higher sensitivity
to RA treatment showing a 60% and 80% reduction in cultures
maintained with 1 and 10 uM RA, respectively (Fig. 8C).
Similarly, cgn was reduced by RA concentrations of 1 and
10 uM to levels 40-50% of those found in control cultures
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Fig. 7. Reversibility of disruption of epithelial barrier by RA. RCE1(5T5)
corneal epithelial cells were grown as described (see Materials and Methods).
One day after confluence, 3—5 layered epithelia were incubated with medium
containing 0.1, 1.0 or 10 uM RA for 48 hours (arrows). Then, cells were rinsed
thrice with PBS and changed to basal medium. TER was determined every day
for each cell culture condition beginning at the day in which cells were changed
to medium containing the retinoid. As shown, RA disrupted epithelial barrier in
a reversible manner, with the highest effect and the slower recovery in cell
cultures treated with 10 UM RA. Results correspond to three duplicate
experiments; asterisks indicate significant differences (P=0.05).

(Fig. 8F). Surprisingly, cldn-4 expression showed a slight decrease
in cells maintained in the presence of RA only at RA concentrations
of 0.1 and 1.0 uM (Fig. 8E). In contrast, cldn-1, ocln and ZO-1 did
not show a significant change in their expression (Fig. 8A,B,D).
These results could suggest that TJ assembly is modulated by RA, in
part through a decrease in the levels of mRNAs encoding their
components. However, since epithelial barrier disruption could be
explained by a decrease in the number of cell layers promoted by
RA treatment, we studied the epithelial structure of cultures
incubated for 48 hours with 10 uM RA, as above. As
demonstrated (supplementary material Fig. S1), RA did not affect
the number of epithelial cell layers (supplementary material Fig.
S1A,B); instead, it promoted an increase in the size of intercellular
spaces and a reduction in the number of desmosomes
(supplementary material Fig. SIC-F). Such an effect may also
explain the disruption of the epithelial barrier.

We further confirmed the disruption of the epithelial barrier
after incubation with retinoids, measuring paracellular flux by the
use of inulin-FITC as previously described (Aggarwal et al.,
2011; Singh et al., 2007). One day post-confluent epithelia grown
into transwell inserts were supplemented with medium containing
0.1, 1.0 or 10 uM RA and 500 pg/ml inulin-FITC. After a 48-
hour incubation, fluorescence was determined both in the basal
and apical compartments, and compared with controls which
were not treated with retinoid. As expected, those cultures which
were treated with 1.0 or 10 uM RA had a higher permeability
than control cultures or those epithelia which were incubated
with 0.1 uM RA (Fig. 8H), demonstrating that retinoids
increased paracellular flux through the cultured epithelia.

Discussion
TJ assembly, development and physiology have been extensively
studied in simple epithelia; such analysis has allowed to

understand part of the mechanisms that regulate them. TJ
assembly seems to depend on cell-cell contact, given that
confluence leads to development of TER (Cereijido et al., 1978;
Meza et al., 1980; Martinez-Palomo et al., 1980). Results
obtained mainly in simple epithelia, indicate the existence of
mechanisms which regulate TJ organization during cell
proliferation, migration and response to different cytokines and
hormones. From these studies, it was concluded that TJs are
regulated by Ca®" levels (Griepp et al., 1983; Martinez-Palomo et
al., 1980), cytokines and growth factors (Capaldo and Nusrat,
2009); and that they may be assembled from internalized or
preexisting junctional components (Stamatovic et al., 2009;
Andreeva et al., 2006; Bruewer et al., 2005), even in the absence
of protein synthesis (Martinez-Palomo et al., 1980).

In contrast, studies about assembly and development of the TJ
complex in stratified epithelia are not extensive. Evidence suggests
that TJ assembly in stratified epithelia, such as epidermis, is
regulated by the same basic principles described in simple
epithelia; however, TJ components show a differential
expression apparently related with other functions such as cell
proliferation and differentiation besides their major role in the
establishment of the epithelial barrier (Kirschner et al., 2012;
O’Neill and Garrod, 2011). Thus far, our understanding of TJ
regulation and its relation with cell differentiation is limited. Since
corneal epithelium shows their TJ complexes in cell layers
composed by terminally differentiated cells (Ban et al., 2003b;
Yoshida et al., 2009), it is possible that their assembly could be
coordinated or dependent on the expression of cell differentiation.
Controlled cell permeabilization experiments which show that the
loss of the most upper layer of the corneal surface elicits the
synthesis and assembly of TJ components by underlying cells
(Wolosin, 1988; Wang et al., 1993), together with data showing
that exists a gradual expression of TJ components along the
different layers of the corneal epithelium (Sugrue and Zieske,
1997), strongly support the existence of a strict mechanism that
subordinates TJ development to the expression of terminal
differentiation.

To further explore these links, we studied the expression of TJ
components during proliferation and differentiation of the
RCEI(5T5) corneal epithelial cell line. Morphological,
molecular and physiological analysis showed that the epithelial
sheet formed by RCE1(5T5) cells possessed TJs similar to those
found in vivo. In these complexes, we detected the presence of
cldn-1, -2, -4, cgn, ZO-1 and ocln. Although we did not carry out a
specific search for other TJ components, we do not discard the
presence of cldn-9, -14 and -15, which were detected in human and
rat corneal epithelium (Yi et al., 2000; Ban et al., 2003a; Ban et al.,
2003b; Elkouby-Naor and Ben-Yosef, 2010). Considering that
most rabbit cldn sequences have not been reported, end point RT-
PCR experiments were carried out by the use of primers designed
to detect human or rat cldns (Table 1). Since primers used to
amplify cldn-3 and -7 lead to detection of the corresponding PCR
products in mouse kidney, the lack of detection of cldn-3 and -7 in
our rabbit corneal epithelial cell line might be due to mispairing of
the corresponding oligonucleotides. Nevertheless, species—specific
differences cannot be overruled.

These junctional complexes were entirely functional, as
demonstrated by the paracellular impermeability to tracers such
as biotin or ruthenium red, as well as by the measurement of TER,
which showed that RCE1(5T5) epithelia have a moderate barrier
activity similar to that reported for primary and SV40-transformed
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Table 1. Primer sequences used in semi-quantitative RT-PCR to assay the expression of tight junction components.

Annealing Number Accession Product
Name Sense primer (forward) Antisense primer (reverse) (T°C) of cycles number size (bp)
Cldn-1 5'-ATCGTGACCGCCCAAGCCA-3’ 5'-AGAGAAGCAGCAGCCCAGCCAGT-3’ 55 30 DQ993356 404
Cldn-2 5'-ACACACAGCACAGGCATCAC-3’ 5'-TCTCCAATCTCAAATTTCATGC-3' 55 30 AF072128 319
Cldn-3 5'-CATCGTGTGCTGCGCCCTTCCC-3"  5'-AGCCCAGCCCACGTACAACCCAGC-3' 55 30 AF087821 445
Cldn-4 5'-TGGATGAACTGCGTGGTGCAG-3’ 5'-GAGGCGGCCCAGCCGACGTA-3’ 55 30 AF087822 361
Cldn-7 5'-AGTGGCAGATGAGCTCCTATG-3"  5'-GTTATAAAAGTCTGTGACAATCT-3’ 55 30 AJO11497 364
*70-1 5'-CGGTCCTCTGAGCCTGTAAG-3’ 5'-GGATCTACATGCGACGACAA-3’ 55 30 NM_009386 435
Ocln 5'-GAGGACTGGGTCAGGGAATA-3’ 5'-TCAGCAGCAGCCATGTACTC-3’ 55 30 NM_008756 197
fcgn 5'-GACAGTTCTGCAGTCCACCA-3’ 5'-TAGCTGGTCCTTCTGGTCGT-3’ 55 30 NM_001037711 107
K3 keratin 5'-TCCGTCACAGGCACCAAC-3' 5'- TGCGTTTGTTGATTTCGTCT-3’ 55 30 XM_002711005 175
PR-PO 5'-GCAGGTGTTTGACAATGGCAGC-3"  5'-GCCTTGACCTTTTCAGCAAGTGG-3' 55 30 XM_535894 231

Primers for cldn-2, -4 and -7, were the same as those reported by Yi et al. (Yi et al., 2000).

*For ZO-1 we used primers previously designed by Go et al. (Go et al., 2006).

*Primers designed by ourselves.

Primers for Pax-6 and PR-P0O were published by Garcia-Villegas et al. and for LDH-M were published by Hernandez-Quintero et al. (Garcia-Villegas et al.,

2009; Hernandez-Quintero et al., 2002).

human corneal epithelial cells (Yi et al., 2000); and contrasting
with high barrier strength epithelia such as MDCK cells which
show TER values in the 4000-6000 Q/cm® range (Anderson,
2001), or human epidermal keratinocytes which have a low to
moderate barrier (Yuki et al., 2007).

When we studied the change on the expression of cldn-1, -2,
-4, ZO-1, ocln and cgn during growth and differentiation of the
RCEI1(5T5) cells, to establish if TJ expression and assembly were
coordinated with the differentiation process, we found that TJ
components were differentially regulated during the development
of the 3-5 layered epithelia. So, cldn-1, ocln and ZO-1 mRNAs
and proteins, essential for TJ assembly and critical determinants
of barrier formation (Anderson and Van Itallie, 2009; Fanning
and Anderson, 2009), were present in cell cultures as early as the
third day after plating when growing colonies have not
constituted an epithelium and there were not clear evidences
about TJ assembly (not shown). Later, as early as 7 day after
plating, cultures showed the increase in TER and cldn-1
immunostaining at cell borders suggesting that TJ were
assembled.

Surprisingly, cldn-2 and cgn were highly sensitive to attainment
of cell confluence. Cgn mRNA and protein levels augmented once
cells reached confluence and began to differentiate showing an
expression pattern similar to the rise in TER and the expression of
Pax-6. In this case, cgn protein was undetectable during the
exponential growth phase; once cells reached confluence cgn
augmented suggesting that its accumulation could be crucial for
the assembly, and perhaps maintenance, of TJ. On the other hand,
since cldn-2 is a protein forming pores in the TJ (Amasheh et al.,
2002), the initial 2-fold increase at 2 days after confluence and the
later decrease to basal levels may indicate that cldn-2 could be
essential to turn on the assembly of TJ; afterwards its levels
decreased possibly to stabilize epithelial barrier function.
Unusually, cldn-4 protein increased up to 4-fold at the 4th day
after confluence, while its mRNA levels remained stable,
suggesting a complex regulation that should be given at different
levels. Together, our results suggest that the expression and
assembly of TJ components represent early events of the
differentiation process. Nevertheless, our experiments did not
reveal the events involved in the regulation of TJ assembly during
differentiation. Further exploration should be oriented to establish
which proteins could be involved. Possible candidates for such task

could be ZO-2, which in concert with ZO-1, adducins and
symplekin, regulate TJ organization (Chang et al., 2012; Fanning
et al., 2012; Naydenov and Ivanov, 2010).

We also showed that effectors such as EGF and RA modulate
the expression and assembly of TJ. While EGF prompted an
augment on epithelial barrier strength, RA disrupted TJ in a
concentration-dependent manner. The effect of RA seems to
depend on the sensitivity and origin of the epithelial cell type
tested. Although some authors have reported that RA increases
epithelial barrier in cell types such as retinal pigmentary (Rong
and Liu, 2011), intestinal (Osanai et al., 2007; Baltes et al., 2004)
or mammary epithelia (Marshall et al., 2009), a major finding in
this work is the reversible modulation of epithelial barrier
integrity exerted by RA. It was reported that RA modulates
corneal epithelial differentiation and proliferation in a
concentration-dependent manner, both in vivo and in vitro
(Kim et al., 2012; Kruse and Tseng, 1994; Stonecipher et al.,
1988; Tseng et al., 1984); likewise RA inhibited the increase of
TER when RCE1(5T5) cells grew in its presence. Interestingly,
its addition to confluent epithelia disrupted the epithelial barrier
until retinoid was removed from media. Such effect was partly
associated to i) a marked decrease on cldn-2 and cgn expression;
and ii) to a change in the assembly of TJ complexes as suggested
by the alterations in cldn-1 immunostaining.

So, the results suggest that RA disrupts corneal epithelial
barrier in part by decreasing the expression of some TJ
components. However, the mechanism involved is still
unknown. Since the expression of cldn-2, cgn and the
differentiation-linked K3 keratin were reduced in the same
extent, whereas cldn-1, cldn-4, ocln and ZO-1 did not undergo
significant changes, it is possible that TJ integrity depends on the
expression of another component(s) regulated by the
differentiation state of cells. In view of the decrease in K3
keratin expression, without having a reduction in Pax-6
expression which seems to play an important role as a master
gene in corneal epithelial differentiation (Garcia-Villegas et al.,
2009), the results provide support to the tight coordination
between TJ assembly and the expression of terminal phenotype.
In such sense, it is tempting to speculate the existence of common
regulatory elements between the genes encoding differentiation
markers and the genes encoding TJ components. Such possibility
is supported by experimental data showing that cldn-1 (Dufresne
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and Cyr, 2007), cldn-19 (Luk et al., 2004), cldn-3 and other TJ
components (Sze et al., 2008), are regulated by Spl and KLF4
transcription factors, which also seem to control corneal
epithelial-specific differentiation (Swamynathan et al., 2007;
Nakamura et al., 2005; Adhikary et al., 2005; Banks et al., 1999;
Chen et al., 1997).

Conversely, TJ assembly could be dependent on cytoskeletal
network and desmosomal organization, which may be altered by
RA as previously shown (Kubilus et al., 1981; Kopan et al., 1987,
Debal et al., 1997; Wanner et al., 1999; Hatakeyama et al., 2004).
Supporting this alternative, examination of the cultured epithelia
treated with 10 uM RA showed that epithelial barrier disruption
was associated to increased intercellular spaces and a reduced
desmosome number (supplementary material Fig. S1), suggesting
that RA treatment also disrupted the epithelial barrier through the
promotion of a looser epithelial structure.

In conclusion, we demonstrate that TJ components show
differential responses to stimuli such as RA depending on the
epithelial cell type. Whereas in corneal epithelial cells RA
modifies the expression of cldn-2 and -4 without affecting cldn-1,
in oral epithelia (Hatakeyama et al., 2010) and in human
keratinocytes (Telgenhoff et al., 2008) the retinoids regulate
cldn-1, -2 and -4 in a completely different manner. A fact that
might be related with particular biological roles carried out by
each epithelial cell type. Analysis of the response to retinoids in
models such as corneal epithelial primary or RCE1(5T5) cells,
should lead us to understand the tissue-specific regulation of T1J.

Materials and Methods

Materials

Fetal bovine serum (FBS), Eagle’s medium modified by Dulbecco-Vogt (DMEM),
the Ham-F12 nutrient mixture, the Trizol reagent and TO-PRO®-3 lodide were
from Invitrogen Life Technologies, Inc. (Gaithersburg, MD). The antibodies anti-
claudin-1 (working dilution 1:200) (Cat no. 71-7800), anti-claudin-4 (working
dilution 1:200) (cat. no. 32-400), anti-cingulin (working dilution 1:500) (cat. no.
36-4401), anti-human occludin-FITC (working dilution 1:50) (cat. no. 33-1511),
anti-ZO-1 (working dilution 1:100) (cat. no. 61-7300), anti-mouse IgG-
biotinylated (working dilution 1:1000) (cat. no. B2763) and anti-rabbit IgG
biotinylated (working dilution 1:1000) (cat. no. B2770) were purchased from
Zymed (San Francisco, CA). The mouse mAb raised against actin (working
dilution 1:500) was kindly provided by Dr José Manuel Hernandez (Department of
Cell Biology, CINVESTAV-IPN). The Vectashield fluorescence mounting
medium with propidium iodide, Streptavidin-FITC, Streptavidin-Texas Red and
Streptavidin HRP (working dilution 1:1000 for the three conjugates) were from
Vector Laboratories (Burlingame, CA.). All other reagents used were analytical
grade.

Cell culture

The RCEI(5TS5) rabbit corneal epithelial cell line was obtained earlier (Castro-
Muiiozledo, 1994). Cells were seeded and cultured in the presence of mitomycin
C-treated 3T3 cells, as previously (Gomez-Flores et al., 2011). When necessary,
primary corneal epithelial cells were obtained, plated and maintained as previously
(Goémez-Flores et al., 2011). For experiments with retinoic acid (RA), RA was
prepared in ethanol and added as indicated; the final concentration of ethanol in the
culture medium never exceeded 0.1% (v/v). In this case, medium was changed
under subdued light conditions. In all experiments, media were changed every 3
days; the cultures were maintained in a 10% CO, and 90% air humidified
atmosphere. All experiments were repeated at least four times in duplicate culture
dishes or inserts.

Immunofluorescence staining

Cells were grown on 18x18-mm glass coverslips as described above. At different
times in cell culture, they were fixed with 3.5% (w/v) para-formaldehyde in PBS,
permeabilized with 0.05% (v/v) Triton X-100 in PBS, and stained with the
indicated antibodies. F-actin staining was done by incubating the permeabilized
cell cultures with rhodamine-phalloidin for 30 minutes before rinsing and
mounting. Confocal analysis was carried out with a Leica high-speed confocal/
multiphoton system (Model TCS SP2; Leica Microsystems, Wetzlar, Germany);
both xyz and xzy serial optical sections 0.1-0.4 um thick were taken. To prevent

interference from the fluorescent probes, images of the same optical section were
taken as separate channels between frames, and they were analyzed with LCS
Leica Confocal Software TM v2.0 (Leica Microsystems). Nuclei were
counterstained either with propidium iodide (red) or TO-PRO®-3 lodide (blue).

RNA extraction, RT-PCR, and sequencing

Total RNA from cell cultures was isolated with Trizol reagent and stored at —70°C
as an ethanol precipitate until further use. For the end point PCR assays, reverse
transcription was carried out using 4.0 pug total RNA. Primers were designed
according the published sequences for the mouse and human mRNAs, respectively
(Table 1). Identity of amplicons was established by sequencing of the
amplification products. Briefly, the amplification products were cloned into
the pCR2.1 cloning vector using the TOPO®TA cloning kit (Invitrogen,
Gaithersburg, MD) and then sequenced with both T7 and SP6 sequencing
primers. Sequencing was carried out using an ABI PRISM™ 310 DNA Sequencer
(PerkinElmer) and the Big Dye Terminator kit v3.1 (PerkinElmer). Data were
compared with the published gene sequences using the BLASTN 2.2 search
program (Altschul et al., 1997).

Semi-quantitative RT-PCR

After 3T3 cell removal with 0.01% (w/v) EDTA in PBS, total RNA was isolated
from cell cultures at the indicated times, and the relative levels of expression of the
mRNAs encoding cldns -1, -2, -4, ocln, ZO-1 and cgn were determined by semi-
quantitative RT-PCR (Marone et al., 2001), using the primers and amplification
conditions shown on Table 1. Expression of Pax-6 mRNA was used as a terminal
differentiation marker of the corneal cells (Garcia-Villegas et al., 2009) (Table 1).
We used the acidic ribosomal phosphoprotein PO (PR-P0) as an internal control to
normalize for sample to sample variations in total RNA amounts and for reaction
efficiency (Marone et al., 2001). PR-PO was chosen as internal control since its
mRNA levels do not change during growth and differentiation of corneal epithelial
cells; the specific primers were previously reported (Garcia-Villegas et al., 2009)
(Table 1). Densitometric analysis and quantitation of specific mRNA expression
was carried out as previously (Goémez-Flores et al., 2011). Mean and standard
deviation of all experiments were calculated after normalization to PR-PO0.

Transmission electron microscopy

For electron microscopy, epithelia were grown on plastic tissue culture dishes, as
above. Samples were fixed for 60 minutes with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.2, and post-fixed for 60 minutes with 1% (w/v)
osmium tetroxide in the same buffer. After dehydration with increasing
concentrations of ethanol and propylene oxide, samples were embedded in
epoxy resins and polymerized to 60°C for 24 hours. Thin sections (60 nm) were
stained with uranyl acetate and lead citrate, and examined in a JEOL-JEM-1011
electron microscope. When ruthenium red (Mr=786.35) was used as a tracer to
localize TJ, cells were incubated with 0.2 mg/ml ruthenium red dissolved in 2.5%
(v/v) glutaraldehyde- 0.1 M sodium cacodylate buffer pH 7.4 for 30 minutes.
After repeated washes with cacodylate buffer, cultures were processed for electron
microscopy studies as above.

Biotin tracer assay

The biotin tracer assay was carried out using the modified cell-surface
biotinylation method described by Umeda et al. (Umeda et al., 2006). Briefly,
the cultured cells were washed with 1 mM MgCl,+1 mM CaCl, in PBS. Then,
they were incubated with the same buffer containing 1 mg/ml EZ-Link sulfo-NHS-
LC-biotin (Mr=556.59) at room temperature; after 30 minutes, cells were washed
with 1 mM MgCl,+1 mM CaCl,+100 mM glycine in PBS and fixed with
methanol at —20°C for 3 minutes. Cells were then washed with PBS, blocked with
5% (w/v) BSA in PBS for 30 minutes, and incubated with anti-claudin-1 antibody
(see Materials) for 2 hours. After rinsing with PBS, they were incubated for
30 minutes with Texas Red Streptavidin to detect biotin labeled proteins. Cldn-1
was immunodetected using the appropriate secondary antibody labeled with
Alexa-Fluor 488.

Measurement of transepithelial electrical resistance (TER)
RCE1(5T5) cells were plated into Costar® 24-transwell, 4 pm polycarbonate cell
culture inserts (Corning, Acton, MA). TER measurements were performed using
an EVOM voltmeter (World Precision Instruments, Sarasota, FL, USA) according
to the experimental protocol. In some experiments, TER was recorded every day
beginning at the third day after plating; in others, TER was measured every day
after cells reached confluence. TER was calculated by subtracting the resistance of
a transwell insert plated with confluent 3T3 fibroblasts, and normalized by the area
of the epithelium expressed in standard units of Q/cm?.

Paracellular inulin flux measurement
The RCE(5T5) epithelia were plated into Costar® 24-transwell, 4 pum
polycarbonate cell culture inserts. After cells reached confluence and organized
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into a 3-5 layered epithelium, the transwell inserts were incubated in the presence
of 500 pg/ml FITC-inulin dissolved in medium containing or not RA, as indicated.
Epithelia were incubated for 24 hours and media were collected form the upper
and lower reservoirs. Medium containing 500 pg/ml FITC-inulin was used as a
reference of the initial experimental conditions, and medium without FITC-inulin
as blank. Fluorescence was measured (excitation at 485 nm and emission at
538 nm) using a Synergy HT Multi-Mode Microplate Reader (BioTEK
Instruments, New Jersey, USA). The unidirectional flux of inulin into the apical
compartment was calculated as a percentage of inulin administered into the upper
compartment, per cm> of surface area of the epithelial sheet.

Statistical analysis

All experiments were repeated at least four times in duplicate culture dishes or
inserts. Statistical analysis was performed by one way ANOVA for multiple
comparisons versus control groups, using Sigmaplot 11.0 (Systat Software Inc.,
Chicago, IL).
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