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cells was evaluated by detecting BCECF-AM-positive cells among donor lym-
phocytes that colonized the spleen, lymph nodes, and peripheral blood.

Statistical analyses

Values of p for differences between groups were determined by Student’s
t test using Microsoft Excel software. Statistical analyses of measured se-
rum Ig level were performed by Mann-Whitney U test.

Results

Generation of Cas-L-deficient mice

To generate Cas-L-deficient mice, the 1.2-kb Cas-L genomic re-
gion that contains exon 2 encoding the N-terminal SH3 domain in
the Cas-L protein was replaced with EGFP and a neomycin resis-
tance cassette by homologous recombination in ES cells. EGFP
was introduced into the exon to generate a fusion protein (Fig. 14).
Correct integration of the targeting vector into the Cas-L genomic
locus was identified by PCR and Southern blot analysis. Two ES
cell lines with successful homologous recombination were used to
generate chimeric mice and mutant mouse lines were established
through germ-line transmission. The mutant loci were confirmed
by Southern blot analysis of DNA isolated from the tale (Fig. 1B).
Western blot analysis of cell lysates from the thymus showed a
loss of Cas-L protein in mutant mice, although the possibility re-
mains that truncated Cas-L proteins lacking the exon 2-dependent
sequence were not detected (Fig. 1C). Cas-L mutant (Cas-L™"7)
mice were born with the expected Mendelian frequency and were
apparently indistinguishable from wild-type littermates.
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FIGURE 1. Generation of Cas-L mutant mice. A, Gene-targeting strat-
egy. The exon coding the SH3 domain of Cas-L was replaced by EGFP and
the neomycin resistance gene (Neo). The length of each diagnostic frag-
ment and the probe position for Southern blotting are indicated. Restriction
enzyme EcoRV was used for diagnosis. B, Southern blot analysis. Genomic
DNA from the tails of wild-type (+/+), heterozygous (+/—), and homozy-
gous (—/—) mice were digested with EcoRV. Hybridizations were per-
formed with the probe shown in A. C, Western blot analysis. Proteins from
thymi of wild-type and Cas-L™'~ mice were examined by Western blot
analysis using human enhancer of filamentation 1 mAb. The most slowly
migrating band indicates Cas protein, whereas two faster migrating bands
represent Cas-L proteins.

Cas-L IN PERIPHERAL LYMPHOID ORGANS

Reduced lymphocytes in peripheral lymphoid organs from
Cas-L.™"" mice

Because Cas-L is preferentially expressed in lymphocytes (2), we
first examined peripheral lymphocyte populations in Cas-L™'~
mice. Cas-L™'~ mice had normal numbers of peripheral blood
cells, which showed no morphological abnormality (Fig. 24). No
obvious alteration in the B or T cell populations was observed.
Subsequent analyses of splenocytes showed a significant reduction
of the total lymphocyte number, to ~50% of that in wild-type mice
(Fig. 2B). Both B cell and T cell numbers in the spleen were
significantly diminished in the absence of Cas-L. The ratio of T
cells to B cells in the spleen was increased, which showed that B
cells were more affected than T cells (data not shown). The pop-
ulations of T and B cells in the lymph nodes were also investi-
gated. The total number of lymphocytes and the numbers of T and
B cells in Cas-L™'~ were significantly reduced compared with
those in wild-type mice (Fig. 2C). T cell subsets in the peripheral
blood and secondary lymphoid tissues were assessed by measuring
the cell surface expression of CD4 and CDS. The results showed
a normal ratio of CD4 to CD8 in the mutant mice (data not shown).
To examine whether these reductions result from abnormal hemo-
poiesis in the bone marrow, we analyzed the total cell number and
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FIGURE 2. Peripheral lymphocyte population in Cas-L-deficient mice.
Cells from peripheral blood (A), spleen (B), and lymph nodes (C) were
collected from 8- to 10-wk-old mice and counted. B and T cell subsets were
stained for CD19 and TCR-B, respectively, and analyzed by FACS. Data
are mean * SD from the experiments using seven mice. *, p < 0.05 and
#x, p < 0.01 analyzed with Student’s / test.
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B cell population in the bone marrow based on the criteria of
Hardy et al. (35). The findings revealed no difference in the num-
ber of B cell subsets, suggesting that early B cell development was
intact in the mutant mice (Table I). As for the thymus, no abnor-
mality was detected in CD4 or CD8 single positive cell popula-
tions (data not shown). Taken together, these results indicate that
Cas-L affects normal homeostasis in peripheral lymphoid
compartments.

MZB cell defect in Cas-L-deficient mice

Because initial analyses showed a striking reduction in the number
of B cells in the spleen of Cas-L™'~ mice, late B cell development
in the spleen was investigated. We examined the cell surface ex-
pression of CD21 and CD23 to discriminate among newly formed
B cells (B2207CD21°¥CD23""), FOB cells (B220*CD21™
CD23%#M), and MZB cells (B220*CD21™&"CD23"%), Cas-L ™'~
mice showed a marked decrease in the MZB cell population and a
complementary increase in the percentage of FOB cells (Fig. 34).
The absolute numbers of both MZB cells and FOB cells were
decreased (Table I). We next analyzed the splenic B cell compart-
ment in Cas-L ™'~ mice by measuring other B cell markers, in-
cluding IgM and IgD. The B220%IgM""[gD'* population,
which includes MZB cells (21), was also reduced in Cas-L~'~
mice compared with wild-type mice (Fig. 3B, Fraction III type
cells, and Table I). To confirm the defect of MZB cells in Cas-
L™~ mice, the expression of CD1d, which is a distinctive marker
of MZB cells (36), was analyzed in B220"IgM™£"gD""™ cells.
Decreased CD1d"e" cell population was found in Cas-L ™'~ mice
compared with wild-type mice (Fig. 3C). Consistent with the re-
sults from flow cytometric analyses, histological examination of
the spleen showed that the IgM™&"gD'" MZB cell number was
reduced in the absence of Cas-L (Fig. 3D).

MZ is composed of several kinds of cells in addition to MZB
cells such as stromal cells and macrophages. The MZB cell defect
could result from either cell autonomous impairment or an incom-
plete microenvironment that supports B cell differentiation. To de-
termine which possibility is more likely in Cas-L™'~ mice, we
examined the reconstitution of MZB cells after reciprocal cell
transfer between wild-type mice and Cas-L.~/~ mice. The transfer
of Cas-L-deficient bone marrow into sublethally irradiated con-
genic wild-type hosts did not result in the reconstitution of MZB
cells (Fig. 4, middle panel). In contrast, the transfer of bone mar-

3495

row cells from wild-type mice into sublethally irradiated Cas-L ™'~
recipients resulted in the generation of normal MZB cell popula-
tion (Fig. 4, right panel). Thus, these results demonstrated that
Cas-L is integral for the maintenance of MZB cells and that the
defect of MZB cells in these mice is intrinsic to Cas-L™'~ B cells.

BCR-mediated signaling and immune responses in the absence
of Cas-L

Among a number of reports that analyzed the mechanism of the
MZB cell deficit, some reports have indicated that the absence of
MZB cells arises from enhanced BCR signaling (21, 23). Cas-L is
also suggested to be involved in BCR-mediated signal transduction
(17). Therefore the defect of MZB cells in Cas-L™'™ mice might
result from aberrant BCR signaling. To test this issue, Ca®* mo-
bilization assays were performed. The results showed that the ex-
tent of Ca®* flux in Cas-L™'~ B cells was slightly decreased com-
pared with that in wild-type B cells (Fig. 5A). We next investigated
the mitogenic responses of Cas-L ™'~ splenic B cells. The prolif-
erations of Cas-L™'~ B cells in response to graded concentrations
of anti-IgM were comparable to those of the control cells (Fig. 5B).
Moreover, no significant differences were observed in the prolif-
eration resulting from the combination of anti-IgM, anti-CD40, or
IL-4 (Fig. 5C).

In addition, we analyzed the involvement of Cas-L in the hu-
moral immune response. The measurements of Ig isotype levels in
the serum from nonimmunized Cas-L ™'~ mice showed a decrease
in IgG2a compared with the serum from wild-type mice (Fig. 5D).
Subsequently, we immunized mice against TNP-conjugated KLH,
which is a T cell-dependent Ag. The concentrations of TNP-spe-
cific Abs in Cas-L™'~ mice revealed a normal response to the T
cell-dependent Ag (Fig. 5E). Because MZB cells are indicated to
be involved in the T cell-independent Ab response against phos-
phorylcholine (37), we next examined the levels of anti-
phosphorylcholine Abs after immunization with S. preumoniae
strain R36A. The slightly reduced level of phosphorylcholine-spe-
cific IgM was detected in Cas-L ™'~ mice (Fig. 5F), which is com-
patible with the decreased number of MZB cell, although other Ig
isotype levels in Cas-L ™'~ mice were comparable to those in wild-
type mice (data not shown). Taking these findings together, the
defect of MZB cells in Cas-L™'~ mice is unlikely to be caused
mainly by enhanced BCR signaling.

Table 1. B cell populations in Cas-L-deficient mice®
Tissue Cell Type Cas-L*™* Cas-L™'~

Spleen Total B cells 37.4 = 3.0 (X10%ml) 15.0 + 4.1%% (X 10%ml)
NFB cells 3.0+ 0.8 1.2 = 0.5%*
FOB cells 256 =15 11.9 + 4.9%
MZB cells 1.63 0.2 0.2 = 0.05%*
Fraction 1 14.1 = 4.5 6.3 + 1.9%*
Fraction Il 7.1 1.8 3.6 £ 1.6%*
Fraction III 6.8+ 1.7 2.1 £0.9%*

Bone marrow Total B cells 22.3 * 6.2 (X10°/ml) 25.1 + 8.2 (X10%ml)
Fraction A-C 2.6 0.7 35+ 1.0
Fraction D 9.1 =37 9.7 = 4.1
Fraction E 32+ 16 27*+12
Fraction F 35218 45+2.1

Total B cells
Total B cells

Lymph nodes
Peripheral blood

9.9 + 4.5(X10°/ml)
10.5 = 5.4 (X10%ml)

5.0 + 1.1* (X10%ml)
11.8 = 2.9 (X 10%ml)

4 Cells from the spleen, bone marrow, lymph nodes, and peripheral blood were stained with appropriate B cell markers, and
each cell population was analyzed by FACS, FOB, NFB, and MZB represent follicular B, newly formed B, and marginal zone
B cells, respectively. Fraction I, 11, and III were defined by IgM*¥IgDhieh, [gMbishigDhish and [oMMeh]gDIOY, respectively.
Fractions A~D were determined using the criteria of Hardy. Data are mean = SD derived from seven mice except for the subset
analysis for the spleen, where data are derived from six mice. =, p < 0.05 and **, p < 0.01 by Student’s ¢ test.
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FIGURE 3. MZB cell deficit in the absence of Cas-L.

A and B, FACS analysis of B cell population in spleen.
Splenocytes from 8- to 10-wk-old wild-type and Cas-
L™~ mice were stained for B220, CD21, and CD23 (A)
and for B220, IgM, and igD (B). The numbers indicate
the percentage of each subset in B220™ cells. Each sub- 20
set was also presented by a histogram. MZB (MZ), FOB

(FB), and newly formed (NF) B cells are shown. Frac- 0
tion 1, II, and TII were defined by IgM™*VIgD"e" [gM-
highfoDhigh  and IgMMEMigD'Y, respectively. Data are
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Aberrant migration and adhesion in Cas-L-deficient FOB cells

Previous reports had also indicated that the loss of MZB cells can
result from altered lymphocyte motility, which presumably causes
mal-localization (25-27). Because in vitro assays had shown that
Cas-L was involved in cell movement, the loss of MZB cells in
Cas-L™"~ mice might be relevant to the impairment of cell migra-
tion. To address this possibility, chemotaxis assays were per-
formed using splenocytes derived from wild-type and Cas-L~'~
mice. To preclude the effect of the decrease of MZB cells in Cas-
L™~ mice, we analyzed FOB cells, which account for 80% of
splenic B cells and include MZB cell precursors. We examined
their migration in response to CXCL12 and CXCL13, which in-
duce a strong chemotactic reaction in peripheral B cells (29, 38).
The results showed that the chemotaxis of Cas-L~'~ FOB cells
was decreased in a dose-dependent fashion (Fig. 6, A and B).
Considering lymphocyte localization, integrins are indispens-
able molecules and Cas-L plays a crucial role in the integrin-me-
diated pathway. Among the integrin ligands, VCAM-1 and
ICAM-1 are essential for the retention of MZB cells (39). There-
fore we investigated the response of Cas-L™/~ FOB cells to
VCAM-1 and ICAM-1 using adhesion assays. As shown in Fig. 6,
C and D, FOB cells from Cas-L.~'~ mice showed attenuated re-

Fraction |

Fraction Il Fraction I}l

sponses to both VCAM-1 and ICAM-1 compared with those from
wild-type mice.

We then performed flow cytometric analyses to evaluate the
expression level of the relevant receptor for each ligand. Measure-
ments of surface chemokine receptors (CXCR4 and CXCRS3, re-
ceptors of CXCL12 and CXCL13, respectively) and integrin re-
ceptors (integrin «, and [3,, subunits of the receptor for VCAM-1,
and «; and f3,, subunits of the receptor for ICAM-1) on splenic B
cells or FOB cells from wild-type mice and Cas-L™'~ mice
showed no significant difference in their expression levels (data not
shown). Taken together, Cas-L™'~ FOB cells show perturbed mi-
gration and adhesion, which may be associated with the defect of
MZB cells.

Cas-L affects lymphocyte trafficking in secondary
lymphoid organs

In Cas-L™'" mice, another significant finding is the reduced num-
ber of lymphocytes in peripheral lymphoid organs. Our findings
that migration and adhesion of splenic B cells were impaired in
Cas-L~'~ mice suggest that the aberrant lymphocyte movement
may be responsible for this reduction. Previous studies indicated
that chemokines (CXCL12, CXCL13, and CCL19/CCL21) and the
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FIGURE 4. MZB cell deficit in Cas-L™/~ mice is
lymphocyte autonomous. Bone marrow cells from wild-
type (WT Ly5.2%) or Cas-L™'~ 10-wk-old mice (KO
Ly5.2%) were transferred into lethally irradiated con-
genic wild-type mice (Ly5.17) (left and middle panels).
Bone marrow cells from congenic wild-type mice
(Ly5.1%) were reciprocally injected into Cas-L ™/~ mice
(right panel). Twelve weeks later, splenocytes of donor
origin were stained for Ly5.1 (or Ly5.2), B220, CD21,
and CD23 and analyzed by FACS. Numbers indicate the
percentage of gated cells for Ly5.2" and B220™ cells
(left and middle panels) or for Ly5.1% and B220™ cells
(right panel). Data are representatives of three indepen-
dent experiments using at least two mice in each
experiment.

integrin family (VLA-4 and LFA-1, receptors of VCAM-1 and
ICAM-1, respectively) have pivotal roles in lymphocyte trafficking
in spleen and lymph nodes (30-34). Therefore we first examined
chemotaxis and adhesiveness of splenic T cells to determine
whether T cells from Cas-L ™'~ mice also show the same inade-
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*

00 g 1000 igG1 w© IQGEa
i o
¥
i ! 300
¥
1 3.
i
10 0 3
1 1 0.1
0007 3820 50000 892 1000, tGA
]
1000 ¢
100 ; E 100 E
160
10 10
10
1 1 !
10 g 1000 lgG1 1000822
]
! }
100 ; E
1 i ] 10
¥ 0 !
0.1 1 1
100.... 19520 to.. 1gG3
%
t
19 4 Ll
i
¥ 0.1
- fohd
1ol g
1x108 i
ot } -
1103 O CagLHE
1x102 @~ Cas-L™™

Iv -224

/= B cells. As shown in

FIGURE 5. Immune responses in
Cas-L-deficient mice. A, BCR-medi-
ated signaling in the absence of Cas-L.
Wild-type and Cas-L™'~ B cells were
loaded with Indo-1. The panel shows
the changes of intracellular calcium
concentration ([Ca*];) in B220-gated
cells after stimulation with anti-IgM
F(ab"), (10 ug/ml). Data are expressed
as the ratio to the beginning concentra-
tion level. A representative of at least
three independent experiments is
shown. B and C, BCR- and LPS-medi-
ated proliferation of splenic B cells.
Proliferation of wild-type or Cas-L™'~
B cells was examined by measuring
[*Hlthymidine  incorporation  after
stimulation with the indicated doses of
anti-IgM F(ab’), (B). The assay was
also performed with the combination
of anti-IgM F(ab’), (3 pg/ml), anti-
CD40 (5 pg/ml), mouse IL-4 (10 ng/
ml), and LPS (20 pg/ml). The panel is
representative of at least three indepen-
dent experiments. D, Serum Ig concen-
trations in nonimmunized mice. Serum
Ig levels in 8- to 9-wk-old wild-type
and Cas-L™'~ mice were measured by
ELISA. Each point represents the value
obtained from one mouse. *, p < 0.05
in Mann-Whitney U test. E, Humoral
responses to T cell-dependent (TD)
Ag. Seven- to 8-wk-old mice were im-
munized with TNP-KLH. Secondary
immunization was given at day 21.
TNP-specific Abs were measured in
serum collected at day 28 after the ini-
tial immunization. F, Immune response
against phosphorylcholine (PC). Ten-
to 12-wk-old mice were immunized
with S. preumoniae strain R36A. Se-
rum titers of anti-phosphoryicholine-
specific IgM were analyzed 7 days af-
ter immunization. Data in E and F were
derived from six mice per genotype. *,
p < 0.05 by Mann-Whitney U test.
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FIGURE 6. Altered B cell movement in Cas-L-defi-
cient mice. A and B, Migration of Cas-L™'~ FOB cells.
Splenocytes from 8- to 10-wk-old wild-type and Cas-
L™/~ mice stained with CD21, CD23, and B220 were
compared in a Transwell chemotaxis assay with the in-
dicated concentrations of CXCL12 (A) or CXCL13 (B).
Cell types were counted before and after migration by
FACS. Results are indicated as percentages of migrated
FOB cells (B2207CD21™CD23%e") for the input FOB
cells. *, p < 0.05 by Student’s ¢ test. C and D, The ad-
hesion ability in Cas-L™'~ FOB cells. Splenocytes were
stained for CD21, CD23, and B220. After incubation
with different titers of VCAM-1 (C) or ICAM-1 (D),
FOB cells among adherent cells were counted by FACS.
Data shown are the ratio of adherent FOB cells to input
FOB cells. Values are mean * SD from three per group,
and data are representative of at least three experiments.
#, p < 0.05 by Student’s 1 test.

and ICAM-1 in Cas-L ™'~ T cells compared with control celis (Fig.

7, C and D).

Given the impaired migration and adhesion of Cas-L~'~ B and
T cells, we performed trafficking assays in vivo to determine
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Cas-L™'~ mice (Ly5.2%), which were labeled with

BCECF only for Cas-L™'" cells, were mixed equally and injected

FIGURE 7. Aberrant T cell migration and adhesion in
Cas-L-deficient mice. A and B, Migration of Cas-L™'= T
cells. Splenocytes from wild-type and Cas-L™'~ mice
stained for Thy1.2 and B220 were compared in a transwell
chemotaxis assay with the indicated concentrations of
CXCLI12 (A) or CCL2I (B). Data are presented as the
ratio of migrated T cells to input T cells. #, p < 0.05 by
Student’s ¢ test. C and D, The adhesion ability in Cas-
L™'7 T cells. Splenocytes were stained for Thy 1.2 and
B220. After incubation with VCAM-1 (C) or ICAM-1
(D), the number of T cells included in the adherent cells
was counted by FACS. Data show the ratio of adherent T
cells to input T cells. Values are mean = SD from three
per group, and data are representative of at least three
experiments. *, p < 0.05 by Student’s 7 test.
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into congenic wild-type mice (Ly5.1"). Forty-eight hours after
injection, splenocytes were harvested and host cells were separated
from donor cells using Ly5.1. Cas-L™'" cells were discriminated
from wild-type cells by the marker BCECF (Fig. 84). Peripheral
lymph nodes and peripheral blood were also analyzed in the same
way. The number of homing Cas-L ™'~ cells showed a modest but
significant decrease in both the spleen and lymph nodes (Fig. 8, A
and B). In contrast, the ratios of total lymphocytes and B cells in
peripheral blood derived from Cas-L™'~ mice were elevated, al-
though the change in the T cell ratio was not statistically signifi-
cant (Fig. 8C). Thus, these results suggest the possibility that the
reduction in the number of lymphocytes in spleen and lymph nodes
of Cas-L™'~ mice is due to altered lymphocyte trafficking.

Discussion

Cas-L-deficient mice have defective MZB cells, although other
subsets of splenic B cells show an almost normal pattern. On the
basis of previous reports, we addressed two possible reasons for
this defect: distorted localization of MZB cells and impairment of
MZB cell differentiation.

The first hypothesis is suggested by data indicating alteration of
the migratory ability in gene-targeted mice lacking Pyk-2 or
DOCK2 (25, 27). These proteins function as important mediators
of G protein-coupled chemokine receptor signal transduction. A
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previous study showed that pertussis toxin, a Gad inhibitor, causes
the disappearance of MZB cells, suggesting that aberrant chemo-
kine receptor signaling could give rise to defective MZB cells (27).
In Cas-L-deficient mice, a decreased chemotactic response is also
detected, although no obvious correlation between Cas-L and chemo-
kine receptors has yet been reported. Taken together with our dem-
onstration that Cas-L. regulates not only integrin-mediated but also
chemokine-mediated cell motility, Cas-L could have a function in the
signal pathway from G protein-coupled chemokine receptor.
Gene-disrupted mice lacking DOCK2, a key molecule of che-
mokine-mediated Rac activation, showed complete loss of chemo-
tactic responses, which would result in the defect of MZB cells. In
Cas-L-deficient mice, however, the response to chemokines is re-
duced to ~50% of that seen in wild-type mice. Therefore, it would
appear that abnormal chemotaxis is not enough to explain the
marked reduction of MZB cells in Cas-L ™'~ mice. Although pre-
vious studies have stressed altered chemotactic activity to explain
the absence of MZB cells, cell lodgment to the lymphoid-specific
region is controlled not only by migration but also by adhesion.
Significant in this regard is our observation that Cas-L '~ B cells
have the impaired ability to adhere to VCAM-1 and ICAM-1, both
of which are known to be indispensable molecules for the adhesion
of MZB cells. In the current study, we first demonstrated that the

Total

FIGURE 8. Aberrant lymphocyte trafficking in Cas-
L™~ mice. BCECF-labeled splenocytes from Cas-L™/~
mice (KO) were mixed with unlabeled splenocytes from
wild-type (WT) mice. Both cells (Ly5.2™) were injected
into congenic recipient mice (Ly5.17"). Forty-eight hours

later, spleens, lymph nodes, and peripheral blood were %
harvested. Ly5.2™ cells in the spleen were selected and
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defect of MZB cells may result from abnormalities in both migra-
tion and adhesion. These findings are also consistent with the pre-
vious reports that Cas-L functions in the pathway mediated by f3,
integrin, a receptor subset for VCAM-1. In contrast, no previous
studies have clarified a correlation between Cas-L and LFA-1,
which was suggested by our observation that Cas-L is required for
the signaling from LFA-1.

Although our findings suggest that Cas-L is indispensable for
lymphocyte localization in MZB, they do not preclude the possi-
bility that MZB cell development is perturbed in Cas-L™'~ mice.
Previous studies have indicated the involvement of signaling from
BCR and Notch2 in MZB cell differentiation, both of which are
membrane-bound receptors distinctly expressed on B cells. The
former leads to a hypothesis that enhanced BCR signaling causes
loss of MZB cells, although this remains disputable (42, 43). In
this regard, Cas-L is suggested to commit to BCR signaling
through association with Lyn, which negatively regulates BCR
signaling by mediating inhibitory signals from CD22 and FcyRIIb
(44, 45). Interestingly, previous studies reported that the absence
of Lyn or CD22 resulted in loss of MZB cells with hypersensitive
BCR signaling (23, 46). From these findings, we expected Cas-
L™~ B cells to show enhanced BCR signal intensity. Our data,
however, showed no evidence of BCR signal enhancement. Recent
studies have suggested that the Notch2 signal pathway plays a
pivotal role in determining MZB cell differentiation fate (22, 24).
We analyzed the expression level of Notch2 in FOB cells from
Cas-L™'~ mice using real-time PCR, and found that it showed no
obvious difference from that in wild-type B cells (data not shown).
Taken as a whole, there is so far no available evidence to suggest
aberrant MZB cell differentiation in Cas-L™'" mice.

Finally, another important finding in Cas-L™'~ mice was the
contraction of peripheral lymphoid organs. The results of our traf-
ficking assay suggested that this contraction would have resulted
from aberrant lymphocyte movement. We also examined other
possibilities to explain contraction of secondary lymphoid organs:
maturation arrest, insufficient proliferation, and altered cell turn-
over. With regard to the first possibility, flow cytometric analyses
of bone marrow and thymus showed no significant abnormalities
in B or T cell development that could account for this reduction
(Table I and data not shown). Second, the lymphocyte proliferation
assay upon BCR and LPS stimulation revealed no obvious differ-
ence between wild-type and Cas-L™'~ mice (Fig. 5, B and C).
Therefore the scenario of insufficient propagation of lymphocytes
is unlikely. To test the third possibility, altered cell turnover, we
performed an in vivo BrdU labeling assay (data not shown). The
frequencies of BrdU-labeled cells in Cas-L”~'~ mice remained
comparable to those in wild-type mice. Furthermore, no remark-
able augmentation of apoptotic cells in the Cas-L-deficient spleen
was detected in histological evaluation with TUNEL staining or
flow cytometric analyses using annexin V assay (data not shown).
Taking these findings together, it might be difficult to attribute the
decreased number of peripheral lymphocytes to altered cell turn-
over. Therefore it would appear that lymphocyte reduction in sec-
ondary lymphoid organs is mainly due to altered lymphocyte traf-
ficking. Because reduction of cell population is most striking in
MZB cells of the spleen, we also analyzed a BCR-mediated re-
sponse or cell turnover in the MZB cells. Although Cas-L™'~
MZB cells showed slightly reduced Ca®" flux in the Ca™" mobi-
lization assays or decreased apoptotic cells in the annexin V assay,
no significant differences were obtained (data not shown). How-
ever, because the number of MZB cells in Cas-L ™/~ mice is very
small, a subtle alteration, if any, might not have been detectable.

In summary, using gene-targeted mice, we have demonstrated
that Cas-L is integral for both cell migration and adhesion, a lack

Cas-L IN PERIPHERAL LYMPHOID ORGANS

of which may contribute to a defect of MZB cells in the spleen and
contraction of secondary lymphoid organs.
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Phosphorylation of ephrin-B1 via the interaction
with claudin following cell-cell contact formation
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The interaction of the Eph family of receptor protein
tyrosine kinase and its ligand ephrin family induces
bidirectional signaling via the cell-cell contacts.
Although most previous studies have focused on the func-
tion of Eph-ephrin pathways in the neural system and
endothelial cells, this process also occurs in epithelial and
cancer cells, of which the biological involvement is poorly
understood. We show that ephrin-Bl creates an in vivo
complex with adjacent claudinl or claudin4 via the extra-
cellular domains of these proteins. The cytoplasmic
domain of ephrin-Bl was phosphorylated on tyrosine
residues upon the formation of cell-cell contacts, possibly
recognizing an intercellular adhesion of claudins.
Phosphorylation of ephrin-Bl induced by claudins was
abolished by the treatment with 4-amino-5-(4-chloro-
phenyl)-7-(t-butyl) pyrazolo[3,4-d]pyrimidine, an inhibi-
tor of the Src family kinases. Moreover, overexpression
of ephrin-Bl triggered consequent change in the level
of cell-cell adhesion depending on its phosphorylation.
These results suggest that ephrin-Bl1 mediated the cell-
cell adhesion of epithelial and cancer cells via a novel Eph
receptor-independent mechanism.
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Introduction

The members of the Eph receptor family can be classified into
two groups based on their sequence similarity and preferen-
tial binding to a subset of ligands tethered to the cell surface
either by a glycosylphosphatidyl inositol anchor (ephrin-A)
or a transmembrane domain (ephrin-B). The transmembrane
ligand ephrin-B1 has been shown to be phosphorylated on
tyrosine residues following contact with the corresponding
Eph receptor ectodomain, and to have a receptor-like intrinsic
signaling potential leading to transduce reverse signaling
(Holland et al, 1996; Bruckner et al, 1997). At present, two
major mechanisms are known to transduce signaling from
ephrin-B1 (Kullander and Klein, 2002; Murai and Pasquale,
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2003; Poliakov et al, 2004). The receptor-induced tyrosine
phosphorylation of ephrin-Bl recruits Grb4 SH-adaptor
protein. Since Grb4 has three SH3 domains, it could link
ephrin-B1 to a vast array of signaling molecules (Cowan and
Henkemeyer, 2001). Ephrin-B1 also contains PDZ-binding
motif at the carboxyl-terminus, which mediates signals by
association with proteins, including some phosphatase and
GTPase-activating protein of heterotrimeric G proteins (Torres
et al, 1998; Lin et al, 1999; Lu et al, 2001; Palmer et al, 2002).
Although Eph receptors and ephrins play essential roles for
proper axon pathfinding in the nervous system, some mem-
bers of the Eph receptors and their ligands are expressed in
epithelial cells. For example, EphB2, EphB3 and ephrin-B1
are reciprocally expressed along the crypt-villus axis in the
small intestine, which controls the cell positioning along the
crypt axis {Batlle et al, 2002). Moreover, the overexpression
of Ephs and ephrins is reported in various tumors of epithelial
origin {Brantley-Sieders et al, 2004; Surawska et al, 2004).
However, the biological significance of Eph/ephrin in epi-
thelial cells or carcinomas is still poorly understood.

When ephrin-B1 is overexpressed in the embryos of
Xenopus laevis at an early developmental stage, the cell-cell
adhesion of the blastomeres was significantly reduced, lead-
ing to fatal effects for the embryos (Jones et al, 1998).
However, precise identification of the adhesion molecules
involved in this phenomenon is still not clear. In order to
examine whether ephrin-B1 mediates cell-cell adhesion in
the mammalian epithelial cells as well, we established an
MDCK cell line, showing the inducible expression of ephrin-
B1 through the addition of doxycycline. The MDCK cells
expressing ephrin-B1 at a high level tend to loosen the cell-
cell adhesion when the cells are compared without expres-
sing ephrin-Bl. These observations led us to focus on
assessing whether ephrin-Bl could be a mediator of cell-
cell adhesion in epithelial cells. While analyzing the proteins
involved in the complex formation with ephrin-B1, we iden-
tified claudins, which are the major constituents of the tight
junctions of epithelial cells. Tight junctions locate in the most
apical parts of the lateral membrane and serve as paracellular
barriers to restrict the movement of ions and proteins across
cell boundaries. Claudins are tetraspan transmembrane
proteins comprising a multi-gene family with more than
20 members, and creating a complex with Z0O-1, Z0-2 and
Z0-3, which represent plaque structures underlying plasma
membranes (Morita et al, 1999; Tsukita et al, 2001).
Moreover, claudins are frequently overexpressed in malig-
nant cells, in which the mature tight-junction strands are not
present. However, claudin’s functions in such naive-contact
carcinoma cells are not clear.

In this study, we describe the physical interaction of
ephrin-B1 with claudins. Although ephrin-Bl interacts with
claudins on the same cell surface in cis, the tyrosine phos-
phorylation of the cytoplasmic region of ephrin-B1 was found
to be markedly enhanced by the cell-cell contact formation in
a manner dependent on claudin. The expression of ephrin-B1
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stimulates the paracellular permeability in MDCK cells,
which depends on the tyrosine phosphorylation of ephrin-
Bl. This is the first report to show that the extracellular
region of ephrin-B1 associates with a protein other than its
receptor in the Eph family kinases. These observations
provide further evidence for the possibility that ephrin-B1
inhibits the formation of the tight cell-cell adhesion in a wide
variety of epithelial and cancer cells regardless of the
existence of cognate Eph receptors.

Results

Claudin interacts with the extracellular domain (ECD)
of ephrin-B1

In the attempt to identify the proteins associating with
ephrin-B1, we initially screened cDNA library constructed
from Xenopus embryos at an early stage of development by
the procedure described in Figure 1A. After several rounds
of screening of total 5x10% cDNAs, we isolated several
independent c¢cDNAs, which encode proteins coimmuno-
precipitated with ephrin-Bl. Among them, one clone (#12;
Figure 1A) was almost identical (97% identical in amino
acids) to Xenopus claudin4 (CLD4)L1 through the partial
DNA sequencing, which is most closely related to CLD4 in
mouse and human (Fujita et al, 2002). Therefore, we focused
our study to examine the interaction of ephrin-B1 with CLD4
and also with claudinl (CLD1), which is most widely
expressed in mammalian tissues among the members of
claudin family.

To confirm the physical association between claudins with
ephrin-B1, coexpression and immunoprecipitation (IP) ana-
lysis was first performed in COS1 cells. It was revealed that
ephrin-B1 was co-precipitated with CLD1 by the specific
antibody (Figure 1B, lane 1}, but not by the normal mouse
IgG1 (Figure 1B, lane 2). This result was further confirmed
through experiments using the antibodies in reverse order.
CLD1 was co-precipitated with ephrin-B1 (Figure 1B, lanes 3
and 4, arrowhead). In addition to CLD1, the stable associa-
tion of CLD4 with ephrin-B1 was demonstrated using similar
experiments (Figure 1B, lanes 5-8). We also examined the
association between endogenous claudins and ephrin-Bl
using the HT29 colon cancer cell line, where ephrin-Bl,
CLD1 and CLD4 are highly expressed. CLD1 and CLD4 were
co-precipitated with ephrin-B1 from the extract of HT29 cells
using the specific antibody, but not by normal goat serum
(NGS) (Figure 1C, lanes 1, 2, 5 and 6). Furthermore, ephrin-
B1 was co-precipitated with CLD1 or CLD4 using the specific
antibodies in HT29 cells, confirming a stable level of inter-
action among these molecules (Figure 1C, lanes 3,4, 7, 8). In
HT29 cells, claudins and ephrin-B1 were diffusely overlapped
in the lateral membrane. On the other hand, in ephrin-
Bl-expressing MDCK cells, the localization of CLD1 was
restricted to the tight junctions where ZO-1 was expressed,
while ephrin-B1 showed overlapping, but a wider level of
expression along the entire region in the lateral membrane
(Figure 1D).

In order to determine the region within CLD1, required for
the interaction with ephrin-Bl, we generated deletion
mutants of CLD1. Difference in the binding affinity of the
mutants mainly localized at the cell membrane indicates
that the cytoplasmic regions of CLD1 were not involved in
the interaction with ephrin-B1 (Figure 2A, #1, 6 and 7).
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Within mutants localized both in the cytoplasm and cell
membrane, the ones possessing the first ECD (ECD1) were
tightly bound to ephrin-B1 (Figure 2A, #3 and 8), whereas
mutants lacking this domain failed to associate with ephrin-
B1 (Figure 2A, #2, 4 and 5), suggesting that ECD1 domain of
CLD1 is responsible for binding to ephrin-B1. We also gener-
ated the same sets of CLD4 mutants with those of CLD1, and
revealed that the same domain of CLD4 was necessary for the
association with ephrin-B1 (data not shown). These results
were further confirmed by the in vitro analysis using GST-
tagged CLD1 mutants. The GST-fusion proteins, including
each extracellular or cytoplamic domain, were incubated
with the lysate of cells expressing ephrin-B1, and the associa-
tion of the claudin mutant and ephrin-B1 was analyzed. The
interaction between ephrin-B1 and CLD1 mutant containing
ECD1 (aa 1-103) was confirmed (Figure 2B, GST-ECD1). A
similar experiment for GST-tagged ephrin-Bl mutants was
also performed. CLDI1 interacted with the ECD of ephrin-B1
(ephrin-B1 ECD), but not the transmembrane and cytoplas-
mic domains (ephrin-B1 cyto) (Figure 2B).

Within the ECD of ephrin-B1, the most amino-terminal
region (aa 1-166), ephrin-B1-N was required for the inter-
action with CLDI, because CLDI1 fragment containing ECD1
(CLD1'™'3, corresponding to #8 in Figure 2A) binds to
ephrin-B1#17~%3 which lacks a residual region of the ECD
of ephrin-B1 (Figure 2C). Moreover, the association of ephrin-
B141%7=23¢ and CLD4 fragment containing ECD1 (CLD4''%%)
was also observed by similar experiments (data not shown).
Therefore, we concluded that ephrin-B1-N did interact with
the amino-terminal region of claudins, including the first
ECD. As ephrin-B1-N also contains a region essential for
interaction with EphB receptors (Himanen et al, 2001), we
further examined whether EphB2 and claudin competitively
bind to ephrin-B1 using EphB2-Fc, which is a fusion protein
of the ECD of EphB2 with the Fc region of mouse immuno-
globulin. Parent L cells do not express detectable claudins
(Furuse et al, 1998); therefore, CLD4 was retrovirally trans-
duced in L cells stably expressing ephrin-B1 (L ephrin-B1).
When EphB2-Fc was added in the cell culture medium,
expression of CLD4 reduced the amount of membrane-
bound EphB2-Fc, which was detected by both immuno-
blotting (IB) analysis and immunostaining (Figure 2D).
Moreover, in L cells expressing both ephrin-B1 and CLD1
(L ephrin-B1 CLD1), ephrin-Bl, but not CLD1, was pulled
by EphB2-Fc, while CLD1 was coimmunoprecipitated with
ephrin-B1 from the same cell lysate (data not shown).
Therefore, CLD1-bound ephrin-B1 does not seem to associate
with EphB2-Fc. These results suggest that EphB2 and clau-
dins may competitively associate with the ECD of ephrin-B1.

Ephrin-B1 is phosphorylated on tyrosine residues in the
cytoplasmic domain by the interaction with claudin

When ephrin-B1 is stimulated using EphB2, the cytoplasmic
domain of ephrin-B1 is highly phosphorylated on tyrosine
residues. As the association of claudin and ephrin-B1 de-
pends on their extracellular regions, we subsequently exam-
ined whether the phosphorylation of ephrin-Bl was triggered
by the interaction with claudin. The coexpression of ephrin-
B1 and CLD1 or CLD4 leads to the tyrosine phosphorylation
of ephrin-Bl in COS1 cells (Figure 3A, lanes 2 and 5).
However, overexpression of CLD1 mutant, which lacks the
binding site with ephrin-B1 (CLD1 AECD1, corresponds to #2
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Figure 1 Ephrin-Bl forms a complex with CLD1 and CLD4: (A) Schematic outline of cloning procedure for the cDNAs encoding proteins
associating with ephrin-B1. A detailed explanation is provided in Materials and methods. (Bottom}: A plasmid encoding the cDNA (#12) was
transiently transfected into COS1 cells together with or without ephrin-B1. The cell lysates were immunoprecipitated (IP) with an anti-ephrin-
B1 antibody, and then subjected to IB with anti-myc antibody. It should be noted that six copies of the myc-epitope tagged with the cDNA
increases the protein size around 8 kDa. (B) COS1 cells were transiently transfected with a plasmid encoding ephrin-B1 with that encoding flag-
tagged CLD1 (lanes 1-4) or CLD4 (lanes 5-8). Cells were lysed and immunoprecipitated with an anti-flag (lanes 1, 5}, mouse IgG1 (lanes 2, 6},
anti-ephrin-B1 (C18 rabbit, lanes 3, 7) or normal rabbit serum (NRS) (lanes 4, 8). The precipitates were subjected to 1B with anti-ephrin-B1
(C18 rabbit) or anti-claudin as indicated. The most upper band of co-precipitated ephrin-B1 at 48 kDa was partly overlapped with the band
of immunoglobulin heavy chain (lane 5). The smaller-sized bands recognized with this antibody may be degradated products of ephrin-B1.
(C) HT29 cells were lysed and immunoprecipitated (IP) with anti-ephrin-B1 (goat), anti-CLD1, anti-CLD4, NGS, and NRS or mouse IgG1,
respectively, as indicated above the lanes. The precipitates were subjected to IB with anti-CLD1, anti-CLD4 or anti-ephrin-Bl (goat).
Co-precipitated ephrin-B1 and claudins are indicated by arrowheads. (D) HT29 cells (left) or MDCK ephrin-B1l Tet-ON cells (right) were
immunostained with the indicated antibodies. The corresponding computer-reconstructed vertical sections in the X-Z plane are shown.
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Figure 2 ECD of ephrin-B1 and claudins are required for their association: (A) A schematic diagram of the wild-type and deletion mutants of
CLD1 used in this study. Proteins are depicted to scale: ECD1 and ECD2, the first and the second ECD; C1 and C2, the first and the second
cytoplasmic domain. COS1 cells were transiently transfected with ephrin-Bl, with flag-tagged deletion mutants of CLD1. The numbers
indicated above the lanes correspond to those in the scheme. The cell lysates were immunoprecipitated (IP) with anti-flag and subjected to 1B
with anti ephrin-B1 (C18). The localization of each mutant in COS1 cells was examined by immunostaining, and depicted as M (cell
membrane) and C (cytoplasm). The mutant #9 was mostly localized in the cytoplasm. (B} The lysates from COS1 cells transiently transfected
with ephrin-B1 (top) or CLD1 (bottom) were incubated with GST-fusion protein of CLD1 or ephrin-B1 mutants described in Supplementary data
1. GST-fusion proteins were pulled with glutathione-sepharose beads, and the co-precipitated ephrin-B1 or CLD1 was detected by immunoblot.
The input of GST-fusion proteins was shown by rehybridization of the filters with anti-GST antibody. The lower band at 25 kDa was observed in
some GST-fusion proteins, which might be the degradated product. (C) COS1 cells were transiently transfected with flag-tagged CLD1' ™% with
a wild-type or deletion mutant of ephrin-B1. The cell lysates were immunoprecipitated with anti-flag and then immunoblotted with anti-ephrin-
B1 (C18) antibody. (D) L ephrin-B1 were either infected with retrovirus containing recombinant CLD4 plasmid (CLD4 +) or mock plasmid
(CLD4-), and treated with EphB2-Fc or control Fc at 10 pg/ml for 5 min as indicated. After washing, the cells were either lysed for subjecting
to the IB with anti-mouse IgG to detect EphB2-Fc, or immunostained with anti-mouse Fc antibody and TOTO-3 iodide (left and right
panels, respectively).

in Figure 2A), was not able to induce the phosphorylation of
ephrin-B1 (Figure 3A, lane 3). Similarly, the corresponding
mutant of CLD4 (CLD4 AECDI1) did not affect the phosphor-
ylation of ephrin-B1 (Figure 34, lane 6). Moreover, the same
result was also obtained using another cell line, HEK 293 cells
(Figure 3B). The phosphorylation of ephrin-Bl through inter-
action with claudins was also confirmed by the reconstitution
experiments using L cells, in which ephrin-B1 is endogen-
ously expressed at a low level. The tyrosine phosphorylation
of ephrin-B1 was clearly induced in L cells stably expressing
CLD1 (L CLD1) or CLD4 (L CLD4) when compared to the
parent L cells (Figure 3C). However, ephrin-Bl was not
phosphorylated in L cells stably expressing claudins lacking
in the first ECD (AECDI1) or only the ECD1 of CLD1 or CLD4
(corresponding to #8 in Figure 2A). These results indicate
that the association of claudin with ephrin-B1 is required for

©2005 European Molecular Biology Organization

its phosphorylation, but the binding region located in the
ECD1 of claudin was insufficient to induce the phosphoryla-
tion of ephrin-Bl. The phosphorylation of ephrin-Bl by
claudin took place on tyrosine residues in its cytoplasmic
region, because the phosphorylation was almost completely
abolished when four tyrosine residues within the cytoplasmic
domain of ephrin-B1 were mutated (ephrin-Bl 4YF;
Figure 4A). Two tyrosine residues located at the carboxyl-
terminus of ephrin-B1 (Tyr 343, 344) were not the major
target of claudin-induced phosphorylation, because the phos-
phorylation level of ephrin-B1 remained almost unchanged
following the mutation of these two tyrosines (data not
shown).

We next examined whether the claudin-induced phosphor-
ylation of ephrin-B1 was caused by Src family kinases (SFK),
known to be responsible for the tyrosine phosphorylation of
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Figure 3 Ephrin-B1 is tyrosine phosphorylated by coexpression with claudins: (A) COS1 cells were transiently transfected with ephrin-B1
together with the wild type or mutant lacking the AECD1 of CLD1 (lanes 2, 3) or CLD4 (lanes 5, 6). Cell lysates were immunoprecipitated with
anti-ephrin-B1 {(goat) and subjected to IB with anti-phosphotyrosine (4G10}. (B) HEK293 cells were transiently transfected with the plasmids as
indicated. Cell lysates were subjected for the IP and IB as described in (A). (C) The cell lysates from either parent L cell, L cell lines stably
expressing the wild type, AECD1 or the ECD1 of CLD1 or CLD4 were immunoprecipitated with anti-ephrin-B1 (goat) and subjected to IB with
4G10. Representative results of two independent clones (#1, 2) each are shown.

ephrin-B1 by the cognate Eph receptor stimulation. The
treatment of the cells with 4-amino-5-(4-chlorophenyl)-7-
(t-butyl)pyrazolo{3,4-d]pyrimidine (PP2), an inhibitor of the
SFK, was seen to almost completely abolish the tyrosine
phosphorylation of ephrin-B1 induced by the coexpression
of CLD1 or CLD4 (Figure 4B). However, the control 4-amino-
7-phenylpyrazol[3,4-d]pyrimidine (PP3) did not exhibit any
effect on the tyrosine phosphorylation of ephrin-Bl in clau-
din-overexpressed cells (Figure 4B). Tyrosine phosphoryla-
tion of ephrin-B1 in stable lines of L. CLD1 or L CLD4 was also
inhibited by the treatment with PP2 (data not shown). These
results suggest that ephrin-B1 is phosphorylated on tyrosine
residues most probably via the activity of SFK following
interaction with claudin. As interaction with EphB2 induces
tyrosine phosphorylation of ephrin-B1, which in turn serves
as the docking site for the Src homology 2 domain (SH2
domain) of Grb4 (Cowan and Henkemeyer, 2001), we exam-
ined whether claudin-induced phosphorylation of ephrin-B1
also induces association with Grb4. The GST fusion contain-
ing the SH2 domain of Grb4 was recruited to ephrin-B1 when
ephrin-B1 was phosphorylated through coexpression with
CLD1 or CLD4 (Supplementary data 2}.

Phosphorylation of ephrin-B1 is significantly enhanced
by cell-cell contact formation

The effect of cell-cell contacts on the phosphorylation of
ephrin-B1 was then analyzed through the overlay coculture

VOL 24 | NO 21 | 2005

method using stable lines of L cells. L ephrin-B1 were over-
laid on the parent cells or either CLD1- or CLD4-expressing
cells, while, as a control, L ephrin-B1 cells were overlaid on
the EphB2-expressing cells. Although ephrin-B1 was highly
phosphorylated through the coculture with cells expressing
EphB2, there was no significant phosphorylation of ephrin-B1
by the coculture with L. CLD1 or L. CLD4 (Supplementary data
3A). These results indicate that claudins do not stimulate
the phosphorylation of ephrin-B1 through the mechanism of
trans, intercellular association between the two proteins.
On the other hand, ephrin-B1 was phosphorylated in L
ephrin-B1 CLD1 when cocultured onto CLDI1-expressing
cells (Supplementary data 3B). Therefore, in response to
the intercellular adhesion of claudins, ephrin-B1 may be
phosphorylated through the interaction with adjacent clau-
dins in the same cell membrane. We then tested the possibi-
lity of ephrin-B1 interacting with claudin in cis on the same
cells. In L. CLD4, ephrin-B1 associated with CLD4 even when
they were plated as scattered single cells (Figure 5A, lane 4).
The tyrosine phosphorylation of ephrin-B1 was seen to be
greatly influenced by the cell density. Ephrin-B1 was highly
phosphorylated when L CLD4 were plated at a high density,
while it was reduced when the cells were plated as scattered
single cells (Figure 5A, comparing lanes 4 and 6). On the
other hand, the phosphorylation level of ephrin-Bl in the
parent L cells was low and apparently unchanged by the cell
density (Figure SA, bottom, right). In order to examine the

©2005 European Molecular Biology Organization
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effect of the claudin-claudin trans adhesion accompanied by
the cellular contact on the phosphorylation of ephrin-B1, the
phosphorylation level of ephrin-B1 was evaluated during the
dynamic change of the intercellular adhesion. When cell-cell
interaction was completely disrupted by the depletion of
calcium in the medium, the tyrosine phosphorylation of
ephrin-B1 was also abolished (Figure 5B). Similar results
were obtained in L CLD1 (data not shown). On the other
hand, the cell dissociation did not modify the phosphoryla-
tion level of ephrin-B1 in the parent L cells (Figure 5B,
bottom). In order to exclude the possibility that intracellular
concentration of calcium may also have been decreased by
the cell incubation with ethylene glycol bis {B-aminoethyl
ether) N,N,N',N'-tetraacetic acid (EGTA) and have affected
the phosphorylation of ephrin-B1, we performed a control
experiment where cells were treated with nifedipine, a block-
er of the calcium channel. The decrease in the level of
intracellular calcium caused by nifedipine did not affect the
status of the association of ephrin-B1 with claudin, nor the
phosphorylation of ephrin-B1 (data not shown). Therefore,
these results suggest that the phosphorylation of ephrin-Bl
through the interaction of claudin was significantly induced
by cell-cell contact.

The previous conclusion was further supported by the
examination of the intracellular localization of tyrosine-
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Figure 5 The phosphorylation of ephrin-B1 correlates with the cell-cell interactions. (A) Parent L cells (lane 1) or L cells stably expressing
CLD4 (L CLD4, lanes 2-7), which were indicated as CLD4 (—) or (+) above the lanes, were grown until confluent. The cells were detached by
EGTA, and replated on new dishes either at a low density as scattered single cells or at a high density. Cells were lysed for IP with anti-ephrin-B1
or NGS) which were then subject to 1B with 4G10 (pTyr). The membrane was re-hybridized with anti-ephrin-B1 (goat) or anti-CLD4 antibody.
The expression of CLD4 in each cell lysate was confirmed by IB (bottom, left). Bottom, right: The tyrosine phosphorylation of ephrin-B1 in
parent L cells was examined when the cells were plated as single cells or at a high cell density. (B} L. CLD4 (top) or parent L cells (bottom) were
grown until confluent. The cells were incubated in HBSS™ containing 2 mM EGTA until the majority of the cell-cell contacts were lost, but not
detached from the substrate. After washing, monolayers were incubated in the cell culture medium for 4h. The cells were lysed before
(confluent) and after calcium depletion (EGTA), and after changing to the normal cell culture medium for 4 h (restoration) to analyze the

phosphorylation of ephrin-B1 as described in (A).
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phosphorylated ephrin-B1, with the phospho-specific antibody
generated against Tyr317 of ephrin-B1. Tyr317 of ephrin-Bl
(corresponding to Tyr305 of mouse ephrin-B1) is phosphory-
lated when stimulated with EphB2, and is a critical require-
ment for interaction with Grb4 (Bong et al, 2004). In the L
ephrin-B1, tyrosine phosphorylation of ephrin-Bl1 was not
observed, regardless of the cell density involved (Figure 6,
columns A and C). On the other hand, the L ephrin-B1 CLD1
showed the tyrosine phosphorylation of ephrin-B1 clearly at
the cell-cell contact sites, although it was not detected in
single isolated cells (Figure 6, columns B and D}. The same
results were obtained when L CLD4 were used (data not
shown), while these observations were further supported
by the same analysis using MDCK ephrin-B1 Tet-ON cells,
where CLD1 and CLD4 were endogenously expressed
(Supplementary data 4).

In the L and MDCK cell lines used in this study, there was
no detectable expression of EphB2 exposed through immuno-
blot analysis (data not shown). The enhancement of the
tyrosine phosphorylation of EphB2 was not detected after
these cells were treated with ephrin-B1-Fc (Supplementary
data 5A). Moreover, when L or MDCK cells were incubated
with ephrin-B1-Fc¢, the membrane-bound ephrin-B1-Fc was
not detected following staining with anti-Fc antibody
(Supplementary data 5B). The treatment of the cells with
an excess volume of soluble ephrin-B1 blocks receptors to
interact with membrane-bound ephrin-B1 in trans, thereby
shutting off the reverse signaling. On the other hand, the
ephrin-B1 phosphorylation level was not attenuated in the L
and MDCK cell lines through the addition of ephrin-Bi-Fc
(Supplementary data 5C), indicating that receptors stimulat-
ing ephrin-B1 are not detected in these cells.

ol

Ephrin-B1

Merge

Phosphorylation of ephrin-B1 is enhanced by ECD

of CLD1

In order to evaluate the possibility that claudin-claudin trans
interaction enhances the tyrosine phosphorylation of ephrin-
B1, CLD1-Fc fusion protein was prepared. For mimicking the
trans interaction between claudins mediated by the intercell
contacts, the first and the second ECDs of CLD1, which were
linked by flag-epitope tag, were fused to the Fc region of
immunoglobulin. Preclustered CLD1-Fc attached to HT29
cell membrane, and at least a part of CLD1 in the cell
membrane was colocalized with the CLD1~-Fc (Figure 7A).
Moreover, the endogenous CLD1 protein was co-precipitated
with CLD1-Fc (Figure 7B, top). These results indicate that the
CLD1-Fc fusion protein effectively binds to the cellular CLD1
at the cell surface. The induction of ephrin-B1 phosphoryla-
tion was not evident by adding the preclustered soluble
CLD1-Fc in the culture medium of L ephrin-B1 CLD1 (data
not shown). On the other hand, when the cells were plated on
preclustered CLD1-Fc-coated plates, ephrin-B1 was phos-
phorylated on tyrosine residues (Figure 7B, bottom).
Although the enhanced phosphorylation of ephrin-Bl was
detected within 30 min after the cells were attached on the
CLD1-Fc precoated plates (data not shown), we noticed
faster attachment of CLDI1-expressing L cells on CLD1-Fc-
coated plate compared to that on albumin-coated plate. On
the other hand, no significant difference was observed in cell
attachment and spreading between these two plates at 3h
after plating, when our biochemical analyses were per-
formed. To further confirm this result, we examined the
induction of ephrin-B1 phosphorylation using CLD1-Fc-
coated microbeads. When clustered CLD1-Fc beads were
added on L ephrin-B1 CLD1, phosphorylation of ephrin-B1

Claudinl

Figure 6 The intercellular interaction of L CLD induced tyrosine phosphorylation of ephrin-Bl. (A~D) L ephrin-B1 (columns A, C) or L ephrin-
B1 CLD1 (columns B, D) were plated either at a low (columns A, B) or high (columns C, D) cell density. The cells were immunostained with
anti-ephrin-B1 (red) and anti-pTyr ephrin-B1 (green) antibodies while the nucleus was stained with TOTO-3 iodide. (E) The expression of

cludinl in L ephrin-B1 CLDI cells is shown.
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Figure 7 Clustered extracellular domains of claudin stimulate the phosphorylation of ephrin-Bl. (A} HT29 cells were incubated with
preclustered CLD1-Fc or the control Fc at 2 ug/ml for 1h. The cells were immunostained with anti-CLD1 (green) and anti-Fc antibody
(red). (B) Top: L CLD1 were incubated with Fe-fusion proteins as indicated. The cell lysates were precipitated with protein-G Sepharose, and
subjected to 1B with anti-CLD1 antibody. Bottom: L ephrin-B1 CLD1 were seeded at a low cell density on the plates coated with EphB2-Fc, BSA,
or CLD1-Fc, as described in Materials and Methods. Ephrin-B1 was immunoprecipitated from the cell lysates 3 h after plating, and subjected
to IB with 4G10. Values below each band are relative density of the bands. The same filter was re-hybridized with anti-ephrin-B1 antibody.
(C) Microbeads precoated with claudin-Fc or control Fc were added to L ephrin-B1 CLD1. After 30 min incubation, cells were fixed, and
immunostained with anti-pTyr ephrin-B1 or anti-ephrin-B1 (C18) antibody, which reacts with the C-terminal region of ephrin-B1 together with

TOTO-3 iodide. The positions of the beads were marked with asterisks.

was detected on cell membrane contacting to the bead
(Figure 7C). Moreover, ephrin-B1 was concentrated at the
bead-cell contact sites (Figure 7C). On the other hand, we
could not detect either phosphorylation or concentration of
ephrin-B1 at the contact sites to the control Fc-coated beads.

Tyrosine phosphorylation of ephrin-B1 affects cell-cell
adhesion

In order to understand the biological effects of the interaction
of ephrin-B1 with claudins, we examined its potential influ-
ence on cell-cell adhesion. No significant morphological
change in the confluent MDCK cells was observed even
when ephrin-B1 expression was induced by doxycycline
(Figure 8A, ‘No Treatment’). On the other hand, apparent
delay in the restoration of the cell-cell adhesion after calcium
switch (see Materials and methods) was observed by induci-
ble expression of ephrin-B1 (Figure 8A). To quantify this
morphological observation, paracellular flux of fluorescence-
labeled dextran was monitored in MDCK cells. The decrease
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in paracellular flux after calcium switch was also delayed in
cells overexpressing ephrin-B1 (Figure 8B).

The effects of various ephrin-B1 mutants on cell adhesion
were next compared by expressing wild type or mutants of
ephrin-B1 through adenovirus-mediated gene transfer in
confluent MDCK cells. Expression of wild-type ephrin-Bl
slightly increased the permeability compared to expression
of control GFP (Figure 8C, top). The difference was enhanced
when the permeability was measured periodically during the
weak treatment of the cells with calcium-chelating agent
under the condition that phosphorylation of wild-type
ephrin-B1 was still maintained (Figure 8C, bottom}. On the
other hand, the expression of ephrin-B1 lacking the cytoplas-
mic region (Acyto) and the ephrin-Bl with the mutation of
tyrosine residues in the cytoplasmic region (4YF) did not
greatly affect the paracellular permeability (Figure 8Cj).
In contrast, the expression of ephrin-B1 mutant lacking
the valine at the carboxyl-tail (AV), which is reported to
be critical for binding PDZ domain-containing proteins,
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Figure 8 Tyrosine phosphorylation of ephrin-B1 affects intercellular adhesion: (A) MDCK ephrin-B1 Tet-ON cells were grown on culture dishes
until confluent with (+ ) or without (—) the addition of doxycycline (Dox). The cells were incubated in HBSS™-containing EGTA. The medium
was then replaced by one containing calcium (calcium switch), and the cells were incubated for the indicated period. (B) MDCK ephrin-B1 Tet-
ON cells grown in the Transwell chambers (Dox— or Dox + ) were treated with EGTA to increase the initial permeability to almost the same
levels. The monolayers were allowed to recover in the calcium-containing medium for the indicated period, then subject to FITC-dextran flux
measurement. The results are presented in terms of the % fluorescence of the cells without recovery. Each bar represents the mean values +s.d.
from four independent experiments, each in duplicate. The asterisk indicates differences from Dox (—} cells at each time point. *P<0.05,
**P<0.01. (C) Confluent MDCK cells grown in Transwells were infected with Ad-ephrin-B1, Ad-Acyto ephrin-B1, Ad-4YF ephrin-B1, Ad- AV
ephrin-B1 or Ad-GFP as described in Materials and methods. Top: The FITC-dextran flux during the indicated time was measured without
pretreatment of EGTA. Bottom: The infected cells were treated with EGTA for the indicated period, and then FITC-dextran flux during the next
30 min was measured. This experiment was performed under the conditions of cell-cell contact remaining after treatment with EGTA, which
was confirmed through the microscopic observation. Expression of ephrin-Bl from each construct in infected MDCK cells and the
phosphorylation level of ephrin-Bl at each time point of EGTA treatment were shown at the bottom (left and right panels, respectively).
The results from four independent experiments, each in duplicate, are shown as the mean values +s.d. The asterisk indicates differences from
the permeability of GFP-infected cells at each time point. *P<0.01, **P<0.001.

increased the permeability as well as wild-type ephrin-B1,
suggesting that this residue is not crucial for the regulation
of cell-cell adhesion. These results suggest that ephrin-B1
affects cell-cell adhesion depending on its tyrosine phos-

medium did not bind to ephrin-B1 (data not shown). Together
with the observation that claudins did not stimulate the
phosphorylation of ephrin-Bl in opposing membrane
through the overlay coculture method (Supplementary data

phorylation. 3A), these results suggest that ephrin-B1 and claudins associ-
ate in cis on the same cell membrane, but not in trans.
Discussion In order to propose the novel mechanism for the activation

of ephrin-B1 reverse signaling though claudins, we showed

Examination of the mode of association between claudin the ephrin-B1 phosphorylation in several cell lines in which

andephrin-B1 revealed that claudin associates with ephrin-
B1 on the same cell surface. The formation of cell-cell contact
remarkably enhances the phosphorylation of ephrin-B1 in a
claudin-dependent manner. Our result further suggests that
claudin-ephrin-B1 complex attenuates cell-cell adhesion
through the phosphorylated cytoplasmic domain of ephrin-
B1 (Figure 9). The association of ephrin-B1 with CLD1 and
CLD4 was detected in the single cells. On the other hand,
ephrin-B1-Fc did not bind to the CLD1 expressed on the cell
membrane (Figure 7B}, and, similarly, CLD1-Fc in the culture
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the effects of cognate receptor EphB appear to be little or
negligible. In COS1 cells, which were used to show the effect
of claudin ECD1 on the phosphorylation of ephrin-B1, very
little amount of EphB2 receptor was detected (Supplementary
data 5A), there remaining a slight possibility that this recep-
tor affects the phosphorylation state of ephrin-B1. Actually,
there is a possibility that overexpressed claudin enhanced
cell-cell interaction, which resulted in increased EphB2-
ephrin-B1 interactions and enhanced ephrin-B1 phosphoryla-
tion. Therefore, HEK 293 cell, which according to several
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Figure 9 Diagram showing the possible relation between ephrin-B1
and claudin. The intercellular interaction of claudins stimulates the
tyrosine phosphorylation of ephrin-B1 most probably through the
activation of SFK, which may transduce signaling to the down-
stream effectors, The phosphorylation of ephrin-B1 directly or
indirectly modifies the degree of cell-cell adhesion.

reports do not contain detectable levels of Eph receptors
that bind ephrin-B1, was also used to confirm the results
(Figure 3B) (Zisch et al, 2000; Miao et al, 2005).

The cognate receptors for ephrin-B1 were not detected
in L cells and MDCK cells by ephrin-Bl1-Fc labeling
(Supplementary data 5B), and at least EphB1, EphB2 and
EphB3 were not detected by RT-PCR in L cells (data not
shown). Moreover, ephrin-B1 phosphorylation level was not
attenuated by the addition of soluble ephrin-B1 in L and
MDCK cells (Supplementary data 5C), which was consistent
with the observation that soluble ephrin-B1 blocks the EphB
receptor-stimulated signaling, but does not affect the inter-
action between ephrin-Bl and claudin on the same cell
membrane. Together with the observation that immobilized
CLD1-Fc directly phosphorylated ephrin-Bl, these results
suggest that ephrin-B1 phosphorylation was enhanced by
the interaction with claudins.

The phosphorylation of ephrin-B1 in claudin-expressing L

" cells was markedly increased in the existence of cell-cell
adhesion. Although we cannot rule out the possibility that
less amount of association between ephrin-B1 and claudin in
single scattered cells may affect the phosphorylation level
of ephrin-B1 (Figure 5A), clustered CLD1-Fc fusion protein
coated on the plates or microbeads enhanced ephrin-Bl
phosphorylation, suggesting that the intercellular interaction
of claudins is most probably required for the phosphorylation
of ephrin-B1. This increase in tyrosine phosphorylation can-
not be explained by any other adhesion molecules or any
cognate receptor for ephrin-Bl, since the phosphorylation
level of ephrin-B1 in parent L cells did not alter according to
cell density (Figure 5). The fact that the incubation of the
cells with soluble clustered CLD1-Fc was not as effective for
the phosphorylation of ephrin-Bl, suggests a functional
difference between soluble clustered claudin and the endo-
genous claudin on the cell membrane. It is well known that
the clustering of ephrin-B1 on the cell membrane represented
the trigger of its phosphorylation when stimulated by the
EphB2-Fc fusion protein. The intercellular interaction of
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claudins may enhance the local concentration of associating
ephrin-B1, resulting in oligomerization and the activation of
ephrin-B1 as a substrate of SFK. As the isolated ECD1 of CLD1
or CLD4 could not activate tyrosine phosphorylation of
ephrin-B1, such concentration of ephrin-Bl may not be
induced by the isolated ECD1 of claudins. Alternatively, the
intercellular interaction of claudins may directly stimulate the
activation of SFK, which in turn phosphorylate ephrin-B1
associating with the claudin. However, the presence of such
activation of the SFK in response to the intercellular inter-
action of claudins is as yet unknown. In addition, the cause of
the basal level of ephrin-B1 phosphorylation in parent L cells
is not still clear. There still remains the possibility that some
other mechanism causing the slight phosphorylation of
ephrin-B1.

Ephrin-B1 increased the degree of paracellular permeabil-
ity, which is a consequence of the tyrosine phosphorylation
of the cytoplasmic domain of ephrin-B1. This result suggests
that the interaction of claudins with ephrin-Bl attenuated
cell-cell adhesion through a cellular signal transduction
through phosphorylated ephrin-B1l, rather than physical
interference with claudins to make homophilic clusters.
The measurement of the permeability of low-molecular-size
dextran is commonly used for the assessment of tight junctions.
However, phosphorylated ephrin-B1 does not seem to exclu-
sively modify the function of tight junctions, because it
affected the gross change of cell-cell adhesion. Although
the phosphorylation of ephrin-B1 was induced by claudins,
further precise examination is necessary to determine which
adhesion molecule is the primary target of phosphorylated
ephrin-B1. The ephrin-B1 phosphorylation does not regulate
cell-cell adhesion through the modification of the expression
levels of the proteins composing tight or adherence junctions.
For example, the overexpression of ephrin-B1 in MDCK cells
induced by doxycyline did not change the protein expression
levels of CLD1, CLD4, ZO-1, E-cadherin and B-catenin (data
not shown).

The expression of ephrin-Bl increased the permeability
during both the processes of destabilizing the cell adhesion
through EGTA treatment and restoring cell-cell adhesion after
the calcium switch. The intracellular localization of claudins
may therefore be important for the ephrin-Bl-mediated reg-
ulation of cell-cell adhesion. When claudins are localized to
tight junctions in a restrictive manner, ephrin-B1 may not be
phosphorylated widely. In our assay of paracellular flux,
overexpression of ephrin-B1 was induced in MDCK cells by
adenovirus infection after the cells reached confluent, which
might be the reason why ephrin-Bl did not increase the
permeability effectively without treatment of the calcium-
chelating agent. The disruption of tight junctions through
calcium depletion leads to the presence of naive cell-cell
contacts with the diffusion of claudins on the cell membrane,
which may further stimulate ephrin-B1 phosphorylation
more widely, and accelerate the cell dissociation. The inter-
cellular interaction between claudins occurs also in naive-
contact cells, which do not possess the mature tight junction
strands. In the calcium-switching process, the formation of
new cell-cell contact triggers the ephrin-B1 phosphorylation,
which may then delay the construction of the firm celi-cell
adhesion. Such mechanisms may be also involved in the
event of epithelial-to-mesenchymal transition during the in-
vasion and metastasis of some carcinoma cells. Alternately,
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ephrin-B1-expressing MDCK cells may be settled in a ‘ready
to dissociate’ state when they are confluent. Upon the deple-
tion of the extracellular calcium, the breaking up of cell-cell
adhesion structures might be accelerated in these cells. The
morphological observation of ephrin-Bl-expressing MDCK
cells (Figure 8A) also suggests that the phosphorylation of
ephrin-B1 may affect the spreading of the cells resulting from
the modification of cell-to-substrate adhesion.

Recent studies show that cell adhesion can trigger ligand-
independent activation of growth factor receptors (Comoglio
et al, 2003). For example, EGF receptor associates with
E-cadherin. Following the cell-cell contact formation, an EGF
receptor was found to be phosphorylated on tyrosine resi-
dues, which in turn activated MAP kinase and Rac in the
absence of EGF stimulation (Pece and Gutkind, 2000; Betson
et al, 2002). Claudins may play roles in translating environ-
mental cues into intracellular signals through coupling with
ephrin-B1 according to our results. Some of the claudins are
frequently overexpressed in many cancer cells from the
studies involving screening of the genes preferentially ex-
pressed in malignant cells. Therefore, claudins may play
significant roles in carcinogenesis or the progression of
cancers. In HT29 colon cancer cells, ephrin-B1 and claudins
were found to be diffusely localized on the cell membrane,
which may increase the chance of inducing ephrin-B1 phos-
phorylation. Novel signaling through the interaction of
ephrin-Bl with claudins may inhibit the formation of
tight adhesive structures during the process of cell-cell
contact in some carcinoma cells, which may, in turn, affect
malignant phenotypes such as invasion and metastasis of
the carcinomas.

Materials and methods

Plasmids and antibodies, cDNA library, cell culture, IP

and cell staining

Plasmids and antibodies used in this study and the methods of the
library screening, cell culture, IP and cell staining are described in
Supplementary data 1.

Preparation of CLD1-Fc-coated beads

Latex-sulfate microspheres (5.2 pm diameter; Interfaciat Dynamics
Corporation) were coated with CLD1-Fc fusion protein as reported
(Honda et al, 2003). Briefly, beads were suspended in 0.1 M borate
buffer, pH 8.0, and incubated with goat anti-mouse IgG (Fc-specific)
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antibody (ICN). After the beads were washed with PBS, the beads
were then incubated with CLD1-Fc protein. After the incubation,
the beads were washed three times with PBS, and resuspended in
PBS containing 5 mg/ml bovine serum albumin (BSA}.

Generation of adenoviruses and adenoviral infection

To generate recombinant adenoviruses, cDNAs encoding wild type
or various mutants of ephrin-B1 were subcloned into the vector
pShuttle-CMV (Stratagene). Transposition of the ephrin-B1 cDNAs
from the pShuttle-CMV into pADEasy-1 (Stratagene) created the
adenoviral vectors pAD-ephrin-Bl1 (wild type, Acyto, 4YF, AV),
where the transgenes were under the control of a CMV promoter.
Recombinant adenoviral DNA was transfected into 293 human
embryonic kidney cells to allow the production of adenoviral
particles. The titer of adenovirus stocks was determined by an
Adeno-X rapid titer kit (Clontech). Confluent MDCK cells grown on
Transwell filters or glass coverslips were infected with adenoviruses
at a multiplicity of infection (MOI} of 5 in medium containing 10%
FBS. Following incubation for 12h, the virus-containing medium
was removed and fresh medium containing 10% FBS was added.
The infected cells were used for the permeability assay 48 h after the
infection.

Paracellular permeability assay

MDCK cells were grown until confluent in Transwell chambers,
then the cells were either left untreated or treated with doxycycline
(2pg/ml} for 48h prior to subject to the assay. In some
experiments, the medium of both the upper and lower wells was
replaced with Hank’s balanced salt solutions (HBSS™) containing
2mM of EGTA for the indicated period. We performed the
experiments under the conditions of cell-cell contact remaining
after treatment with EGTA, which was confirmed through the
microscopic observation. In some experiments, the monolayers
were allowed to recover in the calcium-containing medium
(calcium switch) with 0.5% FBS for the indicated period. Then,
the upper well was replaced to the normal medium containing 0.5 %
FBS with FITC-dextran (MW 3000) at a concentration of 10 pug/ml.
Following incubation for the indicated period, samples were taken
from the lower compartment of the Transwell chambers. The
amount of FITC-dextran in the lower wells was measured using
Beacon 2000 (Takara), with an excitation wavelength of 490 nm and
detection of emissions at 530nm. Student’s t-test was used to
analyze data from four independent experiments, each in duplicate.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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