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Cell adhesion is essential for proper tissue architecture and func-
tion in multicellular organisms. Cell adhesion molecules not only
maintain tissue integrity but also possess signaling properties that
contribute to diverse cellular events such as cell growth, survival,
differentiation, polarity, and migration; however, the underlying
molecular basis remains poorly defined. Here we identify that the
cell adhesion signal initiated by the tight-junction protein claudin-
6 (CLDNG6) regulates nuclear receptor activity. We show that CLDN6
recruits and activates Src-family kinases (SFKs) in second extracel-
lular domain-dependent and Y196/200-dependent manners, and
SFKs in turn phosphorylate CLDN6 at Y196/200. We demonstrate
that the CLDN6/SFK/PI3K/AKT axis targets the AKT phosphoryla-
tion sites in the retinoic acid receptor y (RARy) and the estrogen
receptor a (ERa) and stimulates their activities. Interestingly, these
phosphorylation motifs are conserved in 14 of 48 members of
human nuclear receptors. We propose that a similar link between
diverse cell adhesion and nuclear receptor signalings coordinates a
wide variety of physiological and pathological processes.
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Cell adhesion molecules connect cells to each other and to the
extracellular matrix, thereby participating in tissue formation
and homeostasis. In addition to their adhesive properties, they
propagate the intracellular signaling that organizes a broad range
of cell behaviors, including cell growth, survival, differentiation,
polarity, and migration, possibly via activation or repression of
transcription factors that regulate the expression of target genes
(1-3). However, it is still fragmentary how cell adhesion signaling
is transduced to the nucleus and regulates gene expression.

Claudins (CLDNs) are fundamental transmembrane proteins of
tight junctions, the apical-most constituents of apical junctional
complexes (4-10). The CLDN family consists of 27 members in
mammals and exhibits distinct expression patterns in tissue- and
cell-specific manners. They are tetraspan proteins with a short
cytoplasmic N terminus, 2 extracellular domains (EC1 and EC2),
and a C-terminal cytoplasmic domain. The CLDN-ECI, in which
there is a large variation in the position and number of charged
amino acids depending on each CLDN subtype, creates para-
cellular barriers or pores for selective ions and solutes between
neighboring cells. Conversely, the CLDN-EC2 contributes not
only to the binding for Clostridium perfringens enterotoxin (CPE)
(11-15) but also to trans-interaction between the plasma mem-
branes of opposing cells (16, 17). Moreover, several signaling
proteins are known to be localized at tight junctions; nevertheless,
it has not yet been established whether and how CLDNs may
propagate intracellular signals (18).

The retinoic acid receptors (RARs), members of the nuclear
receptor superfamily, transcriptionally regulate the expression of
numerous target genes via forming heterodimers with the reti-
noid X receptors (RXRs) (19-22). The multiple RAR (RARa, B,
and y) and RXR (RXRa, B, and vy) isotypes and isoforms are
conserved among vertebrates and exert pleiotropic effects on
development, cellular differentiation, proliferation, apoptosis, and
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homeostasis. Using F9 stem cells (23), we previously demonstrated
that both RXRo/RARy heterodimers and another member of
nuclear receptors, hepatocyte nuclear factor o (HNF4a), triggered
epithelial differentiation (24-27). These effects were very similar
to the CLDNG6-initiated cellular processes (28), implying a possible
link between them.

Here we report that CLDN6-mediated cell-cell adhesion ac-
tivates the Src-family kinase (SFK)/PI3K/AKT signaling pathway
and stimulates the RARy and estrogen receptor a (ERa) activ-
ities. The identification of this machinery highlights regulation of
the nuclear receptor activity by cell adhesion to control diverse
cellular events.

Results

The EC2 and Y196/200 of CLDN6 Are Required for the Signaling
Activity. To verify whether the extracellular and C-terminal cyto-
plasmic domains of CLDNG are involved in the CLDN6-initiated
signaling, we generated F9 cells that constitutively or inducibly
expressed the corresponding CLDNG6 deletion mutants (Fig. 14).
Morphological differentiation and mature cell-cell junctions
appeared in F9:iCldn6-Flag (hereafter, i means doxycycline [Dox]-
inducible expression of a given gene), F9:iCldn6AECI-Flag, F9:HA-
Cldn6, and F9:HA-Cldn6AC1/2 cells, but not in F9:iCldn6AEC2-Flag
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Fig. 1. The CLDN6-triggered signaling is mediated via the EC2 and Y196/200. (A) Predicted topology of mouse CLDN6. The conserved tyrosine residues are
highlighted as red circles. Dashed lines indicate the location of truncated domains. (B, C, and E) Morphological appearance of the indicated F9 cell lines.
F9:iCldn6-Flag, F9:iCldn6AECT-Flag, and F9:iCldn6AEC2-Flag cells were treated for 72 h with either the vehicle or 1.0 pg/mL doxycycline (Dox). The boundaries
between undifferentiated and epithelial cells are shown in the dashed yellow lines. (D) Amino acid sequences of the C-terminal cytoplasmic domains of
vertebrate CLDN6 homologs with conserved tyrosine residues in red. (F) Confocal images of the revealed cells stained for CLDN6 together with E-Cad. (Scale
bars, 20 pm.)

or F9:HA-Cldn6AC cells (Fig. 1 B and C and SI Appendix, Figs. S1 ~ occludin [OCLN], ZO-la+ variant) and the microvilli marker
A-C and S2 A and B). It should be noted that epithelial differen-  (ezrin/radixin/moesin-binding phosphoprotein 50 [EBP50]) was not
tiation is not triggered in the entire cells because F9 cells, similar to  enhanced in FO:HA-Cldn6AC cells (SI Appendix, Fig. S2C). Taken
other stem cells, symmetrically or asymmetrically divide. In addition,  collectively, these results revealed that the CLDN6-adhesion signal
the expression of the tight junction markers (CLDN6, CLDN7, was transduced through the EC2 and C-terminal domains.
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Because the 4 tyrosine residues in the C-terminal cytoplasmic
domain of CLDNG6 are completely conserved among vertebrates
(Fig. 1D), we next established F9 cell lines expressing CLDNG6
mutants with a substitution of each tyrosine for an alanine residue
(Y196A, Y200A, Y213A, and Y218A; Fig. 14). Interestingly, epithelial
differentiation was induced in F9:Cldn6Y2134 and F9:Cldn6Y2184
cells, but neither in F9:Cldn6Y196A nor F9:Cldn6Y200A cells
(Fig. 1E and SI Appendix, Figs. S1D and S2D). Furthermore, both
Cldn6Y196A and Cldn6Y200A mutants were accumulated to pri-
mordial cell junctions, together with E-cadherin (E-Cad; Fig. 1F).

The CLDN6-Adhesion Signaling Activates the SFK/PI3K/AKT Pathway.
Since Y196 and Y200 of CLDNG6 were required for its signaling
activity, we subsequently determined whether CLDNG6 was
tyrosine-phosphorylated during epithelial differentiation of F9
stem cells. As shown in Fig. 24, CLDN6 was heavily tyrosine-
phosphorylated in F9:iCldn6 cells, implying the involvement of
tyrosine kinases in CLDNG6-induced signaling. In addition, the
phospho-tyrosine levels of CLDN6 were suppressed by the
treatment with the C-terminal half of CPE (C-CPE), which binds
to the EC2 of CLDNG6 with high affinity and eliminates CLDN6
from cell-cell junctions without any changes in its total mRNA
or protein levels in F9 and mouse ES cells (28). Moreover, the
phospho-tyrosine amounts were decreased in F9:Cldn6Y196A4
and F9:Cldn6Y200A cells (Fig. 2B).

Among the various tyrosine kinases, we focused on the SFKs,
because they are activated via the engagement of cell-cell and
cell-matrix adhesion proteins lacking intrinsic kinase activity,
such as cadherins and integrins (29, 30). When F9:Cldn6 and
Dox-treated F9:iCldn6 cells were exposed to the SFK inhibitor
PP2, epithelial differentiation was markedly inhibited (Fig. 2 C
and D and SI Appendix, Figs. S1E and S34). The inhibitory effect
on morphological appearance was recovered 48 h after PP2 re-
moval (Fig. 2C and SI Appendix, Fig. S1E). Similar results were
obtained in F9:Cldn6 cells exposed to other SFK inhibitors (i.e.,
PP1, SU6656, and aminogenistein) without influence on cell vi-
ability at the concentrations used (SI Appendix, Fig. S3 B and C).
Collectively, these results indicated that SFKs contributed to
CLDNG6-provoked signaling.

The levels of pSFK were decreased in F9 cells by CLDN6
knockdown, as well as in F9:HA-Cldn6AC cells and in F9:Cldn6Y196A
and F9:Cldn6Y200A cells (SI Appendix, Fig. S3 D-F). The pSFK
amounts were also reduced in F9:iCldn6 on C-CPE treatment (S/
Appendix, Fig. S3G). These results revealed that the EC2 and
Y196/200 of CLDNG6 were required to activate SFKs at cell-cell
junctions.

Double immunofluorescence staining showed that pSFK was
colocalized with CLDNG6 along cell borders in F9:Cldn6 cells and
both signals had almost disappeared upon PP2 treatment (SI/
Appendix, Fig. S3H). The pSFK signal was also observed with
CLDNG6 and OCLN along the cell boundaries in F9:Cldn6Y2184
cells (SI Appendix, Fig. S3I). In contrast, both pSFK and CLDNG,
but not OCLN, were concentrated to nascent cell—cell junctions
of F9:Cldn6Y196A4 cells. The pSFK immunoreactivity was also
detected with CLDNG6 at cell-cell junctions of epithelia in em-
bryoid bodies (EBs; Fig. 2E). Immunoprecipitation assay revealed
that CLDNG6 was associated with pSFK in F9:Cldn6 cells, and their
interaction was prominently decreased by C-CPE treatment (Fig.
2F). In addition, a complex between HA-CLDN6 and pSFK was
observed in F9:HA-Cldn6 and F9:HA-Cldn6AC1/2 cells, but not in
F9:HA-Cldn6AC cells (Fig. 2G). Furthermore, the CLDN6-pSFK
complex was formed in F9:Cldn6Y2134 or F9:Cldn6Y218A4
cells, and their association was reduced in F9:Cldn6Y196A and
F9:Cldn6Y200A cells (Fig. 2H).

We next determined whether the PI3K/AKT axis, the well-
established downstream signaling pathway of SFKSs, participated
in the CLDN6/SFK signal, using the respective protein kinase
inhibitors L'Y294002 and AKT inhibitor VIII. Exposure to these
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inhibitors strikingly prevented epithelial differentiation in F9:Cldn6
cells and reduced the pAKT levels in F9:iCldn6 cells (SI Appendix,
Fig. S4 A-D). These inhibitors and PP2 also significantly blocked
CLDNG6-induced increases in the proportion of EBs delineated by
epithelia (solid form with clear zone, and cystic form; SI Appendix,
Fig. S4F). Thus, the SFK/PI3K/AKT cascade was involved in the
CLDNG6-adhesion signaling.

The CLDNG6/SFK/PI3K/AKT Axis Targets RARy. To verify the potential
link between either retinoid receptors or HNF4a and the CLDN6
signalings, we then suppressed the low levels of HNF4a expression
in F9:Cldn6 cells and generated F9:Rwa™":Rarg™~ cells express-
ing CLDN6. HNF4a knockdown did not affect the morphological
appearance, mature cell junction formation, or expression of
CLDN7, OCLN, ZO-lo+, and EZRIN in F9:Cldn6 cells (SI
Appendix, Fig. S5 A-C). However, HNF4a suppression markedly
blocked the CLDNG6-triggered EBP50 expression and the enrich-
ment of EZRIN on apical cell surfaces, in agreement with our
previous work (27). In contrast, the CLDN6-induced epithelial
differentiation was hindered in F9:Rxa™ _:Rarg_/ ~:Cldn6 cells,
except for the CLDN7 expression (SI Appendix, Fig. S6 A and B).
Induction of CLDN7 expression was also observed at mRNA
levels in 3 F9:Rwa~":Rarg”~:Cldn6 clones (SI Appendix, Fig.
S6C), suggesting that the CLDNG6 signal activates CLDN7 ex-
pression via RXR(B+y)/RARa or RXR(B+y)/RAR pairs due to
the redundant function of RXR/RAR heterodimers, as reported
previously (31, 32). It is noteworthy that epithelial differentiation
was never observed in F9:Rva~'~:Rarg”~:Cldn6 cells, even though
SFK was activated in the cells (SI Appendix, Fig. S6D). In addition,
no HNF4a expression was observed in F9:Rwa™:Rarg™~ and
F9:Rxra~'":Rarg ' ~:Cldn6 cells. Hence, these results strongly sug-
gested that the CLDNG6-adhesion signaling links to RXRa/RARY,
as well as HNF4o, via these retinoid receptors.

We subsequently demonstrated that AKT was associated with
RXRa and RARy2 in HEK293T cells transiently transfected with
the RXRa-RARy?2 and the Cldn6 expression vectors (Fig. 3 4 and
B). We then evaluated the phenotype of F9:Rwa™"":Rarg™~:Cldn6
cells exhibiting the Dox-induced expression of RXRa-RARy2,
RXRa-RARY2AN, or RXRa-RARy2AC (Fig. 34). Epithelial dif-
ferentiation was only prevented in F9:Rua™'~:Rarg”'~:Cldn6:iRxra-
Rarg2AC cells (Fig. 3 C and D and SI Appendix, Fig. S1F), indicating
that the CLDNG signaling targets the Hinge, LBD/AF2, or F region
of RARY2. Because 5 putative phosphorylation sites for AKT were
identified in these RARY?2 regions (Fig. 34) by the GPS3.0 program
(33), we next established F9:Rwa~'~:Rarg”~:Cldn6 cells expressing
the Dox-inducible RXRa-RARy2 mutants with a substitution of
each serine/threonine for an alanine residue. Among them, epithelial
differentiation was inhibited in F9:Rxra~'~:Rarg™'~:Cldn6:iRxra-
Rarg25360A and F9:Rxra™~:Rarg™'~:Cldn6:iRxra-Rarg25379A cells
(Fig. 3 C and D and SI Appendix, Fig. S1F). Importantly, however,
epithelialization was evident in FO:Rva~":Rarg™~:iRwra-Rarg2S379E
cells, in which phosphor]ylation of RARY2S379 was mimicked, but
not in F9:Rxra™'":Rarg”":iRvra-Rarg2S360E cells (Fig. 3 E and F
and SI Appendix, Fig. S1G). Moreover, CLDN6 phosphorylated
RARY2 in the AKT-dependent manner, and the phosphorylation
level was decreased in RARYy2S379A mutant (SI Appendix, Fig.
S7A). This AKT-consensus phosphorylation motif (RXXS, aa 376
to 379) was conserved not only among the 3 RARs but also among
RARs of various vertebrates (Fig. 3G). Taken together, these data
disclosed the importance of phosphorylation of mouse RARy at
S379, but not at S360, which corresponds to S371 in human RARy
and is shown to be phosphorylated by protein kinase A (34, 35), in
CLDNG6-trigggered signaling.

Since the transcriptional corepressors interact with unliganded
nuclear receptors and are released upon ligand binding (19, 21,
36-39), we next validated by chromatin immunoprecipitation
assay the effects of the CLDNG6 signal and RARyS379 phosphor-
ylation on the recruitment of the nuclear receptor corepressor
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Fig. 2.

SFKs contribute to the CLDN6-adhesion signaling. (A and B) Tyrosine-phosphorylation of CLDN6 in F9:iCldné6 (A) and the indicated F9 mutant cells (B).

F9:iCldn6 cells were exposed for 48 h to the vehicle, 1.0 pg/mL doxycycline (Dox) alone, or together with 1.0 pg/mL C-CPE. (C) Effect of PP2 (10 pM) on
morphological appearance of F9:Cldné cells. The borders between undifferentiated and epithelial cells are shown in the dashed yellow lines. (D) Confocal
images of vehicle- and PP2-treated F9:Cldné6 cells stained for the indicated markers. (E) Confocal images of the embryoid body (EB) stained for the indicated
markers. (F-H) Association between CLDN6 and pSFK in the indicated F9 cell lines. F9:Cldné cells were exposed for 72 h to the vehicle or 1.0 pg/mL C-CPE (F).

(Scale bars, 20 pm.)

(NCoR) to putative and established RA response elements
(RARES) in the promoters of Rarb, Hnf4a, and Cldn6 genes
(40). The binding of NCoR to 5, 2, and 1 RAREs of Rarb,
Hnf4a, and Cldn6 genes, respectively, was significantly de-
creased in Dox-treated F9:iCldno6 cells compared with vehicle-
exposed cells (SI Appendix, Fig. S8 A and B). Similar dissoci-
ations of NCoR from these sites were observed in Dox-treated
F9:Rxra~'~:Rarg™'":iRxra-Rarg2S379E cells. In contrast, the
recruitment of NCoR to these sites was significantly increased
in F9:Rxra~'~:Rarg™~:Cldn6:iRxra-Rarg2S379A cells compared

Sugimoto et al.

with F9:Rwa™":Rarg”~:Cldn6:iRva-Rarg2 cells. Thus, CLDNG6-
triggered RARYS379 phosphorylation resulted in releasing NCoR
from several RAREs of 3 distinct RA target genes. In addition,
neither the CLDNG6 signal, RARYyS379A, nor RARy S379E af-
fected the binding of RXRa/RARYy to these RAREs as expected
(81 Appendix, Fig. S8C).

We subsequently determined whether suboptimal concentra-
tions of all-trans retinoic acid (ATRA) influenced these cellular
events. To this end, various F9 cells were grown in a culture
condition, using charcoal-treated FBS to eliminate fat-soluble
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ligands. Under this culture condition, morphological differenti-
ation and expression of ZO-la+ and EBP50 protein were
induced in F9:iCldn6 and F9:Ryra~'~:Rarg™'~:iRxra-Rarg2S379E
cells exposed to both Dox and 1 nM ATRA, but not in those
treated with either one (Fig. 4 A-D and SI Appendix, Fig. S1 H
and /). The amounts of CLDNG6 protein were also synergistically
increased in F9:Rwra™~:Rarg™'~:iRxra-Rarg2S379E cells upon
Dox and 1 nM ATRA treatment. Dox-induced CLDNG6 expres-
sion significantly increased the expression of endogenous Cldn6
mRNA in F9:iCldn6 cells (Fig. 4E). In addition, Dox and 1 nM
ATRA synergistically induced the expression of Cyp26a, Rarb,
Hnf4a, and Cldn6 genes in F9:iCldn6. Moreover, 1 nM ATRA
treatment significantly increased expression levels of these RA
target genes in Dox-exposed F9:Rvra~'~:Rarg™":iRxra-Rarg2S379E
cells compared with WT F9 cells. We also revealed that knock-
down of endogenous CLDNG6 expression repressed amounts of
Z0O-1 and pSFK/pPI3K/pAKT proteins, as well as the expression
of Cyp26a and Cldn6 genes in FO:iHNF4a (SI Appendix, Fig. S9 A-D).

The CLDN6-Adhesion Signaling Stimulates ERa Function. The AKT-
consensus phosphorylation motif in RARs (RXXS, aa 376 to 379
in mouse RARY) was conserved among closely related nuclear
receptors in invertebrates (SI Appendix, Fig. S104). Interestingly,
this phosphorylation motif was present in 14 of 48 members of
human nuclear receptors (Fig. 54), and was fully conserved
among ERa and ERp in vertebrates (SI Appendix, Fig. S10B).
Therefore, to determine whether the CLDNG6-initiated signal
also targets ERa, the ERa-positive human breast cancer cell line
MCEF-7 was transiently transfected with CLDNG6 (Fig. 5B). As
expected, the pSFK levels were higher in MCF-7:CLDNG6 cells
than in the parental MCF-7 cells (Fig. 5C). In addition, a com-
plex between CLDN6 and pSFK was observed in MCF-7:CLDN6
cells (Fig. 5D). Furthermore, AKT interacted with the transiently
introduced HA-ERa in MCF-7 cells, and their association was
increased in MCF-7:CLDNG6 cells (Fig. 5E). Interestingly, the
transcript levels of 4 ER target genes (BRFI, GRK3, MOV10 and
PLAKHAG) were higher in MCF-7:CLDNG6 cells than in MCF-7
cells when grown in the absence of estradiol (E2) (Fig. 5F). The
levels of these transcripts were similar to those in MCF-7 cells
cultured in the presence of 1 pM E2. Moreover, the expression of
these target genes was induced in MCF-T:ESRIS518E cells
compared with that in MCF-7:ESRI cells, and the mRNA levels
were comparable to those in MCF-7:ESRI cells exposed to 1 pM
E2. In addition, the amounts of MOVI0 and PLAKHAG6 tran-
scripts, but not BRFI or GRK3, additively and synergistically
increased in MCF-7:ESR1S518E cells upon addition of 1 pM E2,
respectively. Also, CLDN6 phosphorylated ERa via the AKT,
and the phosphorylation intensity was reduced in ERaS518A
mutant (SI Appendix, Fig. S7B). Thus, the CLDNG6-adhesion
signaling targets not only to RARy but also to ERa. We also
showed that IGF1, another upstream signal of AKT, activated
RAR and ER target genes in F9 and MCF-7 cells, respectively
(81 Appendix, Fig. S11 A-C).

Discussion

In the present study, we showed that the CLDN6-adhesion sig-
naling activated SFKs to initiate the cellular processes. This
conclusion was drawn from the following results: the pSFK levels
were increased in F9:iCldn6 and MCF-7:CLDNG6 cells compared
with the respective parental cells, and were reversed by CLDN6
knockdown in F9:Cldn6 cells; various SFK inhibitors strikingly
inhibited morphological differentiation and/or formation of
mature cell—cell junctions in F9:Cldn6 cells; PP2 treatment of
F9:Cldn6 and Dox-treated FO:iHNF4a cells failed to induce the
expression of the tight-junction markers or EBP50; CLDNG6 was
colocalized with pSFK along cell boundaries in F9:Cldn6 cells
and epithelial cells of EBs; and 5) an CLDN6-pSFK complex was
formed in F9:Cldn6 and MCF-7:CLDNG cells.
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We previously reported that C-CPE exposure to F9:iCldn6
cells and mouse EBs markedly eliminated CLDN6 from cell
junctions, resulting in the prevention of epithelial differentiation
(28). Although C-CPE binds to EC2 of CLDN3, CLDN4,
CLDNG6, and CLDNO9 with high affinity (11-14), the effects of C-
CPE in these cells were attributed to its binding to CLDNG6 (28),
suggesting that the CLDNG6-driving cellular events were medi-
ated via the EC2-dependent CLDNG6 engagement at a cell—cell
junctions. We demonstrated in the present work that epithelial
differentiation was evident in F9:iCldn6AECI-FLAG cells, but
not in F9: iCldn6AEC2-FLAG cells. Our results also revealed
that C-CPE treatment of F9:iCldn6 and F9:Cldno6 cells led to a
decrease in both pSFK levels and CLDN6-pSFK complex for-
mation. Taken collectively, we conclude that the EC2 domain
contributes to the CLDN6-adhesion signaling.

We also demonstrated that CLDNG6-triggered signal was
transmitted through the first half C-terminal cytoplasmic do-
main, in which both Y196 and Y200 were absolutely required to
activate SFKs. In addition, CLDNG6 formed a complex with pSFK
in both EC2- and Y196/200-dependent manners. Furthermore,
CLDNG6 was tyrosine-phosphorylated at both Y196 and Y200,
and tyrosine-phosphorylation of CLDN6 was governed by the
EC2 domain. Taken together with the results of previous reports
showing that the SH2 domain binds to the pY-containing peptide
ligands 1,000 times greater than to the nonphosphorylated ones
(41, 42), we speculated the mechanism behind the CLDN6/SFK
signaling to be as follows: the EC2-oriented frans-interaction of
CLDNG6 recruits SFKs probably via the SH2 domain to Y196/200
and activates them, the weakly activated SFKs sequentially
phosphorylate CLDNG6 at Y196/200, and strong binding of SFKs-
SH2 to CLDN6-pY196/200 fully activates SFKs, leading to
stimulation of the downstream PI3K/AKT pathway (Fig. 6). It is
unknown how the EC2-dependent engagement of CLDNG6 drives
outside-in signaling. However, since the ligand binding of
integrins causes conformational changes in the cytoplasmic do-
main (43-45), similar conversion of the CLDN6 structure may
disclose the Y196/200-containing amino acid sequence in the C-
terminal cytoplasmic domain. In this regard, it should be noted
that CAR (Coxsackie and Adenovirus receptor)-JAML (junc-
tional adhesion molecule-like) ectodomain interaction engages
and stimulates PI3K (46). Note also that, upon search for amino
acid sequences of mouse CLDN members, CLDNG6 is the only
CLDN subtype in which both Y196 and Y200 are conserved (S
Appendix, Fig. S124), strongly suggesting the functional speci-
ficity of CLDNG6. In fact, overexpression of CLDN4 in ES cells
was unable to provoke epithelial differentiation (SI Appendix,
Fig. S12B). On the other hand, Li et al. (47) have recently shown
that CLDN11 is phosphorylated at 2 adjacent tyrosine residues
and activates SRC, which is required for facilitating collective
migration of head and neck squamous cell carcinoma.

The most important finding of the present study is that the
CLDNG6/SFK/PI3K/AKT signaling controls the RARy and ERa
activities (Fig. 6). This conclusion was apparent because the
CLDNG6-induced cellular processes were abolished in 3 distinct
F9:Ryra™'~:Rarg™'~:Cldn6 cell lines, even though SFKs were ac-
tivated. In addition, AKT formed a complex with either RXRa/
RARY?2 or ERa, further strengthening the conclusion. Moreover,
characterization of F9:Rwra™:Rarg™'~:Cldn6:iRxra-Rarg2S379A
and F9:Rxra™~:Rarg~~:iRxra-Rarg2S379E cells, as well as that
of MCF-7:ESRIS518E cells, indicated that the CLDNG signaling
directs S379 and S518 in mouse RARy and human ERa, re-
spectively. Based on the 3-dimensional structure of human
RARy-LBD (ligand-binding domain) bound to ATRA (19, 48,
49), S390, which corresponds to S379 in mouse RARy, was lo-
cated in helix 10 (H10; Fig. 4F). The hydrophobic RA-binding
pocket in human RARYy is constituted by 24 amino acids, and
L268 is one of such residues. Therefore, it is worth noting that
S390 is opposed to D269 in H5 and that the repulsion force
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and C. Quantification of the protein levels is shown in the histograms. (E) Quantitative RT-PCR for the indicated molecules in F9:iCldné and
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Fig. 5. The CLDN6-adhesion signaling regulates the ERa activity. (A) Conservation of the AKT phosphorylation motif in human nuclear receptor proteins. The
AKT-consensus phosphorylation motif and the corresponding sites in nuclear receptors are indicated in bold and the red rectangle lines, respectively. (B) The
construct of CLDN6, HA-ESR1, and HA-ESR1S518E expression vectors. (C) Western blot for the indicated proteins in MCF-7 and MCF-7:CLDN6 cells. Quanti-
fication of the protein levels is shown in the histogram. (D) Association between CLDN6 and pSFK in MCF-7:CLDNG6 cells. In the input lanes, 2% of the input
protein samples were loaded. (E) Association between AKT and HA-ERa in MCF-7:HA-ESR1 and MCF-7:CLDN6:ESR1 cells. In the input lanes, 1% for HA or 0.1%
for AKT of the input protein samples were loaded. (F) Quantitative RT-PCR for the indicated molecules in the MCF-7 cells. The cells were treated for 24 h with
vehicle (ethanol) or 1.0 pM Estradiol (E2). The relative expression levels are shown in the histograms (mean + SD; n = 4). **P < 0.01; ***P < 0.001.

between them may be weakened by serine-phosphorylation,
thereby promoting the ability of L1268 to hold ligands in the
pocket and releasing NCoR. This would be how the phosphor-
ylation of mouse RARyS379 by the CLDN6/SFK/PI3K/AKT axis
greatly increases sensitivity to ATRA, leading to synergistic in-
duction of the expression of RA target genes. Interestingly, the
CLDNG6-adhesion signal ligand-independently activated the ex-
pression of endogenous Cldn6 and 4 distinct estrogen target
genes in F9 and MCF-7 cells, respectively. In addition, the ex-
pression of these estrogen target genes was induced in MCF-
7:ESR1S518E cells at levels similar to those in MCF-7:ESRI cells
treated with the pharmacological concentration of E2. The
crystal structure of human ERa holo-LBD (50, 51) reveled that
the positional relationship between S518 (in H11) and L384/
E385 (in H6) in human ERa was similar to that between S390
and L.268/D269 in human RARYy (SI Appendix, Fig. S10C). This
may cause additive or synergistic induction of some estrogen
target genes (e.g., MOV10 and PLAKHAG6) in MCF-7:ESR1S518E
cells upon addition of 1 pM E2. It is also noteworthy that the
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AKT-consensus phosphorylation motif (RXXS, aa 376 to 379 in
mouse RARYy) is conserved not only in RARs and ERs across
species but also in an additional 9 members of human nuclear re-
ceptors (Fig. 54), further pointing to the biological relevance of this
phosphorylation site. Thus, not only growth factors (52-55) but also
cell-adhesion signaling modulate the activity of nuclear receptors.

In conclusion, we suppose that the EC2-dependent trans-
interaction of CLDNG6 recruits and activates SFKs, which phos-
phorylate CLDN6 at Y196/200 and propagate the PI3K/AKT
cascade, and this signaling module extensively stimulates the
RARYy and ERa activities (Fig. 6). The link between transcrip-
tion factors and the signals originating from cell-cell adhesion
and possibly cell-matrix interaction, which are critical for the
appropriate tissue organization, will contribute not only to a
range of physiological cellular events but also to various diseases.

Materials and Methods

The materials and methods used in this study are described in detail in
SI Appendix, Supplementary Materials and Methods. Antibodies are listed in
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Fig. 6. Schematic model for regulation of the nuclear receptor activity by the CLDN6-adhesion signaling. The EC2-dependent trans-interaction of CLDN6
recruits and activates SFKs at tyrosine residues 196 and 200. SFKs in turn phosphorylate CLDN6 at Y196/200, and strong binding of SFKs to CLDN6-pY 196/200
fully activates SFKs, resulting in stimulating the downstream PI3K/AKT pathway. This CLDN6 adhesion signal phosphorylates mouse RARy and human ERa at
$379 and S518, respectively, leading to stimulation of the RARy and ER« activities (RA; yellow circle, estrogen; pink circle).

SI Appendix, Table S1; the sequences of siRNAs are shown in S/ Appendix,
Table S2; and PCR primers are listed in S/ Appendix, Table S3. The data are
available from the corresponding author upon request.
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