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Src family kinases are major regulators of various
integrin-mediated biological processes, although their
functional roles and substrates in cancer metastasis are
unknown. We explored the roles of Src family tyrosine
kinases in cell migration and the spread of K-1735 mu-
rine melanoma cell lines with low or high metastatic
potential, Corresponding to elevated cell motility and
spreading ability, Fyn was selectively activated among
Src family kinases, and the cell motility was blocked by
an inhibitor of Sre family kinases. Significant tyrosine
phosphorylation of cortactin, stable complex formation
between activated Fyn and cortactin, and co-localiza-
tion of cortactin with Fyn at cell membranes were all
observed only in cells with high metastatic potential.
Both integrin-mediated Fyn activation and hyperphos-
phorylation of cortactin were observed 2-5 h after stim-
ulation in highly metastatic cells, and they required de
novo protein synthesis. We demonstrate that cortactin is
a specific substrate and cooperative effector of Fyn in
integrin-mediated signaling processes regulating meta-
static potential.

Malignant tumors are thought to contain subpopulations of
cells with differential metastatic capabilities (1). Processes of
tumor metastasis consist of multiple steps linked together,
including invasion, detachment, intravasation, circulation, ad-
hesion, extravasation, and growth in distant organs (2). Cell
locomotion and spreading are key functions of the cells re-
quired in most of these processes. Analysis of differences in
expression and meodification of signaling molecules associated
with cell migration and spreading among tumor sublines with
different metastatic potentials in a tumor is expected to provide
precise information for understanding the molecular mecha-
nisms underlying the development of cancer metastasis.

There are studies demonstrating that Sre family tyrosine
kinases play essential roles in the signaling of integrin-medi-
ated biological processes such as actin organization and cell
migration (3-7). In addition, recent reports show that Src is
highly activated in colon cancers, particularly in those meta-
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static to the liver (8). Involvement of Src kinase during meta-
static spread of carcinoma cells in NBT-II rat carcinoma cell
lines has also been suggested (5). Fyn has been suggested a
factor governing the metastatic potential of tumors including
murine methylcholanthrene-induced fibrosarcoma cells (%), al-
though the precise mechanism is unknown.

Increasing numbers of studies have shown that Src family
kinases function through collaboration with their substrates,
such as FAK, cortactin, p130%*® (a Crk-associated substrate),
and paxillin in cytoskeleton organization and cell migration.
FAK is activated upon cell binding to extracellular matrix
proteins and forms transient signaling complexes with Sre
family kinases (10). Cortactin plays essential roles in cortical
actin cytoskeleton organization, primarily affecting cell motil-
ity and invasion (11-13). A docking protein, p130Y22, plays
essential roles in cell attachment and migration when it is
tyrosine-phosphorylated by Src family kinases (6). Functional
roles of paxillin in integrin-mediated signaling have been im-
plicated by tyrosine phosphorylation of paxillin following
integrin-dependent cell adhesion to extracellular matrix pro-
teins, which is in part attributed to Src family kinases (14). To
obtain further information on their involvements in the pro-
gression of metastasis, appropriate biological models showing
different metastatic potentials are required.

A widely used model for studying the molecular mechanisms
underlying the progression of metastasis is a series of cell lines
derived from K-1735 murine melanoma, which contains heter-
ogeneous clones with multiple metastatic diversities (15), The
primary K-17356 melanoma that arose in an inbred C3JH/HeN
murine mammary tumor virus-negative mouse was trans-
planted once into an immunesuppressed recipient and then
established in culture. Randomly chosen clones C10 and C19
were classified as nonmetastatic or low metastatic; M2 and X21
were highly metastatic and produce tumor foci in lungs of syn-
genic mice (15). In this study, we investigated the roles of Src¢
family tyrosine kinases in cell migration and the spread of
these cell lines. Up-regulation of Fyn kinase activity and en-
hanced tyrosine phosphorylation of cortactin were identified in
highly metastatic cells, which also showed elevated cell motil-
ity and spreading ability. A new mode of integrin-mediated
activation of Fyn was also observed in highly metastatic cells.
These results indicate a novel role of the Fyn-cortactin path-
way required for the regulation of cell motility and metastatic
potential during the progression of metastasis.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—K-1735-derived mouse melanoma cell lines
were donated by Dr. I. J. Fidler. Clones C-10 and C-19 are classified as
nenmetastatic or low metastatic. Parental clones M-2 and X21 are
highly metastatic and produce tumor foci in lungs of syngenic mice (15).
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Fic. 1. Enhanced motility and spreading ability on FN in highly metastatic murine melanoma eell lines. A, cell motility under FN
stimulation was elevated in highly metastatic cells. Haptotactic cell migration toward FN was measured using modified Boyden chamber cell
migration assay as described under “Experimental Procedures.” Cells migrated through the filter in 3 h and spread on the lower side of the filter
were fixed, exposed to Giemsa staining, and visualized by a microscope at a magnification of 200%. The number of cells was counted from at least
eight microscope fields. The error bars show the standard deviation. B, enhanced cell spreading ability of highly metastatic cells. A cell spreading
assay was carried out as described under “Experimental Procedures.” 10%ml cells in DMEM containing 0.5% FCS were plated on FN-coated dishes
(10 pg/ml). Photos of cells were taken under the microscope at a magnification of 200 at the indicated times. Single cells that were phase bright
with rounded morphology were scored as nonspread, whereas those that possessed a flat shape and were phase dark were scored as spread. The
percentages of spread cells at each time point were scored as indicated. The same experiment was repeated at least three times, and the error bars

show the standard deviation.

3Y1-Crk is an isolated clone of rat 3Y1 cells transfected with v-Crk
c¢DNA of an avian sarcoma virus CT10 inserted in expression vector
pMV-7. 3Y1-Vec is an isolated clone of rat 3Y1 cells transfected with
expression vector pMV-7 (16). All tumor cells were maintained in Dul-
beceo’s modified Eagle’s medium (DMEM*; Sigma) supplemented with
10% fetal calf serum (FCS; Sigma) and grown in the presence of peni-
cillin and streptomycin (Sigma) at 37 °C with 5% CO,.

Antibodies and Reagents—Polyclonal antibodies against Src family
tyrosine kinase (Src-2), Src (Sre-N-16), or Fyn (Fyn3) were obtained
from Santa Cruz Biotechnology. Anti-phosphotyrosine antibedy 4G10,
polyclonal antibedy against human Fyn, and monoclonal antibody
against cortactin (clone 4F11) were cbtained from Upstate Biotechnol-
ogy, Inc. Monoclonal antibodies against Yes, Hek, or FAK were obtained
from Transductory Laboratories. Monoclonal antibody against paxillin
was obtained from Zymed Laboratories Inc. Polyclonal antibodies
against Cas (Cas3 and Cas2) were used as described previously (16).
Rhodamine-labeled phalloidin was purchased from Melecular Probes,
and fluorescein isothiocyanate-conjugated anti-mouse and rhodamine-
conjugated anti-rabbit antibodies were obtained from Santa Cruz Bio-
technology. Polylysine, fibrenectin, and cycloheximide were purchased
from Sigma. Sr¢ family kinases inhibitor 4-amino-5-(4-chloropheny!)-7-

! The abbreviations used are: DMEM, Dulbecco’s modified Eagle'’s
medium; FCS, fetal calf serum; PP2, 4-amino-5-(4-chlorophenyl)-7-(t-
butyl)pyrazolo[3,4-dlpyrimidine; PP3, 4-amino-7-phenylpyrazol (3,4
dlpyrimidine; FN, fibronectin; PBS, phosphate-buffered saline; CHX,
cycloheximide,

(t-butyl)pyrazolo[3,4-dlpyrimidine (PP2) and the structural analog 4-a-
mine-7-phenylpyrazol [3,4-d]pyrimidine (PP3) were obtained from Cal-
biochem-Novabiochem Litd.

Cell Stimulation with Fibronectin or Polylysine—The cells were se-
rum-starved (on dish} in DMEM containing 0.5% FCS for 18 h, washed
by phosphate-buffered saline (PBS), and harvested by trypsin-EDTA
treatment (0.6% trypsin, 2 myv EDTA) in DMEM. The trypsin was
inactivated by the addition of soybean trypsin mhibitor (0.5 mg/ml)
(Sigma), and the cells were collected by centrifugation, resuspended in
DMEM containing 0.5% FCS, and held in suspension for 30 min at
37 °C (off dish). The cell culture dishes were precoated with FN purified
from bovine plasma (10 gg/ml) or polylysine (10 pg/ml) (Sigma) in PBS
overnight at 4 °C, rinsed with PBS, and warmed to 37°C for 1 h.
Suspended cells were distributed onte ligand-coated dishes and incu-
bated at 37 °C. At various times following plating as indicated, the
attached cells were rinsed in PBS and lysed in 1% Triton X-100 buffer
(see below). Total cell proteins in lysates were standardized prior to use.

Cell Lysis, Immunoblotting, and Immunoprecipitation—Protein ex-
traction and Western blotting analysis were performed as described (6).
Briefly, the cells were lysed in 1% Triton X-100 buffer (50 mM Hepes,
150 mm NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl,, 1 mm
EGTA, 100 mym NaF, 1 mm NagVQ,, 10 pg/ml approtinin, 10 pg/ml
leupeptin, 1 mM phenylmethylsulfonyl), and insoluble material was
removed by centrifugation. The protein aliquots were separated by
SDS-PAGE and probed with 1:2000 diluted antibodies. For immuno-
precipitation, 500 ug of protein was mixed with 1-2 ug of antibodies
against cortactin, Src family (8re-2), Src (Sre-N-16), Fyn, Cas3, paxillin,
or FAK and incubated for 1 h on ice. Then samples were rotated with
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Fic. 2. Impaired cell motility by
PP2 treatment in highly metastatic
murine melanoma cells. The cells were
subjected to haptotactic cell migration to-
ward FN using a Boyden chamber in the
presence of PP2 (10 um), dimethyl sulfox-
ide (DMS0, 10 ), or PP3 (10 pM) in the
upper well as described under “Experi-
mental Procedures.” The cells were al-
lowed to move in 3 h toward FN added to
the lower chamber; the cells at the lower ¢V .
side of the filter were exposed to Giemsa > -'-", A e sy
staining and visualized under microscope . . e
at a magnification of 200x, The number
of cells on the lower side of the filter was B
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Fic. 3. Elevated Fyn kinase activity and highly phosphorylated proteins associated with Fyn in cells with high metastatic
potential. The cells plated on plastic culture dishes for 48 h were lysed using 1% Triton X-100 buffer as described under “Experimental
Procedures.” Src family kinases in equal portions of cell lysates were isolated by immunoprecipitation (IP) using antibedies against Sre family
(8rc2; A and F), Fyn (B and G, Src (Sre-N-16; C and H), Yes (D and I}, or Hek (E and J). The immunoprecipitates were labeled by [yv*?P]ATP in
an in vitre kinase assay in the presence (A-E) or absenice (F—J) of exogenous synthetic polypeptides poly{Glu-Tyr]. The labeled proteins were
analyzed by SDS-PAGE and visualized by autoradiography. The results presented here are representatives of experiments performed at least
twice. A-E, kinase activities of Src family kinases in the presence of poly{Glu-Tyr]. Elevated Fyn activity in X21 and M2 was observed. F-J,
phosphorylated proteins associated with Src family kinases in mildly or highly metastatic cells in an in vitro kinase assay. Fyn-associated proteins
with a size of 85 kDa were specially observed in X21 and M2 (as indicated by closed ¢riangles). Phosphorylated proteins with a size of 80 kDa in
M2 associated with Srec, Yes, and Hek in M2 are indicated by open friangles.

IP:anti-Fyn IP: afi-Yes

protein A- or protein G-Sepharose beads (Sigma) for 1 h at 4 °C. The
beads were washed four times with 1% Triton X-100 buffer and boiled
in sample buffer (2% SDS, 0.1 M Tris-HC), pH 6.8, 10% glycerol, 0.01%

bromphenol blue, 0.1 M dithicthreitol) before being subjected to SDS-
PAGE analysis.
Immunofluorescence—Immunofluorescence staining was performed
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Fic. 4. Overexpression and hyperphosphorylation of cortactin in cells with high metastatic potential. Cells plated on plastie eulture
dishes for 48 h were lysed in 1% Triton X-100 buffer as described under “Experimental Procedures.” Tyrosine phosphorylation of cortactin, p130°*,
paxillin, and FAK in equal portions of cell lysates were analyzed by immunoprecipitation (IP) using antibody against cortactin (UBI), p130C=s,
paxillin (Zymed Laboratories Inc.), or FAK (Transduction Laboratories). The immunoprecipitates were subjected to immunoblotting analysis by
anti-phosphotyrosine antibody 4G10. As a contrel, quantity of cortactin, p130®*, paxillin, or FAK in equal amount of whole cell lysates were also
analyzed by immunobletting (IB). A, expression and tyresine phosphorylation of cortactin are up-regulated in highly metastatic cells X21 and M2.
B, expression and tyrosine phosphorylation of p130“, paxillin, and FAK in melanoma cells. C, PP2 treatment impaired tyrosine phosphorylation
of cortactin in highly metastatic cell lines X21 (upper panel) and M2 (lower panel). The cells cultured in DMEM with 10% FCS were washed by
DMEM and then treated by PP2 (10 pM), Me,SO (10 uM), or PP3 (10 uM) in DMEM for 15 min before being lysed in 1% Triton X-100 buffer.

Cortactin in equal portions of cell lysates was isolated by immunoprecipitation and subjected to immunoblotting by anti-phosphotyrosine antibody
4G10.

C10 X21C19 M2
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63.8KD",: - TP: anti-Fyn
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FiG. 5. Specific association between cortactin and Fyn in highly metastatic melanoma eells. A, physical association between cortactin
and Fyn. Equal amounts of immunoprecipitates ({P) by antibody against Fyn (Fyn3) (Santa Cruz Biotechnology) were subjected to immunoblotting
(IB) by anti-cortactin antibody. The expression of Fyn was indicated by immuncblotting analysis of equal amount of whole cell lysates using
antibody against Fyn (Fyn3). Enhanced association between cortactin and Fym in X21 and M2 were observed. B and C, tyrosine-phosphorylated
proteins associated with Fyn (B) or Src (C) were analyzed by immuneblotting equal portion of immunoprecipitations against Fyn or Sre (Sre-N-16,
Santa Cruz Biotechnology) with anti-phosphotyrosine antibody 4G 10 (UBI). Tyrosine phosphorylation of Fyn-associated protein with a size of 85

kDa (indicated by closed triangle} in X21 and M2 and tyrosine phosphorylation of Src-associated protein in M2 with a size of 80 kDa (indicated by
open triangle) were observed.
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F1c. 6. Fyn-cortactin association in 3Y1-Crk fibroblasts. A, cell motility was enhanced in 3Y1-Crk fibroblasts. A modified Boyden chamber
cel] migration assay wag performed as described under “Experimental Precedures.” The cells that had migrated through the filter were fixed,
exposed to Giemsa staining, and visualized by a microscope at a magnification of 200, The number of cells on the lower side of the filter was
counted from at least eight fields {error bars show the standard deviation), The results presented here are representative mean values of
experiments performed three times. B, tyrosine-phosphorylated proteins p130°* and P85 were associated with Fyn in 3Y1-Crk fibroblasts. C,
elevated tyrosine phosphorylation of cortactin in 3¥1-Crk fibroblasts. Fyn-associated tyrosine-phosphorylated protein and phosphotyrosine of
cortactin in 83Y1-Crk fibroblasts were determined by immunoblotting equal portion of immunoprecipitations (IP) against Fyn or cortactin (UBI)
with anti-phosphotyrosine antibody 4G10 (UBI). The quantity of Fym or cortactin in an equal amount of whole cell lysates was also analyzed by

immunoblotting (IB}.

essentially as described previously (6). 8 x 10* cells were plated onto
12-mm circle cover glasses (Fisher), which were placed in each well ofa
24-well plate and allowed to grow for 24 h in DMEM with 10% FCS at
37 °C with 5% CQO,. Where necessary, the 12-mm circle cover glasses
were coated with FN (10 pg/ml) or polylysine (10 ug/ml) overnight in
PBS, respectively, before cells plating. The cells were then fixed with
4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.0} for 5 min,
washed three times with PBS, and permeabilized with 0.1% Triton
X-PBS for 10 min before blocking with 2% bovine serum albumin with
TRST (0.15 M NaCl, 1% Tris, pH 7.0, 0.05% Tween 20). Then the cells
were incubated with the first antibody anti-cortactin (5 ng/ul) or anti-
Fyn (Fyn3} (5 ng/ul) in 2% bovine serum albumin with TBST to stain
cortactin or Fyn for 1 h. After washing three times with PBS, the cells
were then incubated with fluorescein isothiocyanate-conjugated anti-
mouse IgG antibody (1:40) or rhodamine-conjugated anti-rabbit IgG an-
tibody (1:40) for 30 min. In staining actin stress fibers, the cells were
incubated with rhodamine-conjugated phalloidin {1:200, 1 unit/ml) for 30
min in 2% bovine serum albumin with TBST. After the cells were washed
three times with PBS, the cover glasses were mounted in a 1:1 mixture of
2.5% DABCO (Sigma) in PBS and glycerol. The cells were then visualized
using a Radiance 2100 confocal microscopic system (Bio-Rad).

Cell Migration Assay—Cell motility of 3Y1-Crk fibroblasts was per-
formed as described previcusly (6). Haptotactic cell migration of all the
melanoma cells was analyzed using Boyden chamber cell migration
assay with some modification. The conditions are described in a previ-
ous study (17). In detail, the cells were trypsinized, washed once in

DMEM with 10% FCS, and washed once in serum-free DMEM, 1.5 X
10° cells were then resuspended to 560 ul of DMEM with 15 mm Hepes
buffer (pH 7.2) and added to the upper well of the Boyden chamber. To
investigate the effect of PP2 treatment on cell motility, the cells were
added to the upper well under the same conditions in the presence of
PP2 (10 M), Me, SO (10 um), or PP3 (10 M), FN (Sigma) was diluted in
1280 ul of medium as described above at a concentration of 10 pg/ml
and filled the lower well of the chamber, A polyvinylpyrrolidone-free
polycarbonate filter with an 8-um pore size (Neuroprobe) was used. The
chamber containing the cells was incubated for 3 h at 37 °C in a humid
5% CO, atmosphere. The cells at the lower surface of the filter were
fixed in methanol for 30 min, washed with PBS, and then exposed to
Giemsa staining for 15 s. After washing three times with PBS, the filter
was mounted on a glass slide. The side of the filter to which cells had
been added was scraped. The number of migrated cells was counted
from photographs taken of at least eight fields at a magnification of
200% under the microscope.

Cell Spreading Assay—Cells in confluence were overnight serum-
starved, harvested with 0.5% trypsin and 2 my EDTA, and washed
once with soybean trypsin inhibitor (0.5 mg/m}) in DMEM before
being resuspended with DMEM at 10° cells/ml. The cells were then
plated on dishes coated with FN (10 pg/ml) (Sigma). Photos of cells
were taken at the indicated times. Single cells that were phase bright
with rounded morphology were scored as nonspread, whereas those that
possessed a flat shape and were phase dark were scored as spread. The
percentage of spread cells was calculated by counting the spread cells in
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Fic. 7. Subeellular co-localization of cortactin with actin filaments or Fyn in melanoma cells with high metastatic potential.
Co-localizations of cortactin and actin filaments (A) or co-localizations of cortactin and Fyn (B) in melanoma cell lines were investigated by
immunefluorescence staining. The cells plated on 12-mm circle cover glasses were allowed to grow for 24 h in DMEM with 10% FCS at 37 °C with
5% CO,, then fixed, permeabilized, and stained by primary antibody against cortactin (UBI) and rhodamine-conjugated phalloidin (Molecular
Probes) or Fyn (Fyn3) (Santa Cruz Biotechnology) (10 ng/ul). Fluorescein isothioeyanate-conjugated anti-mouse IgG or rhodamine-conjugated
anti-rabbit IgG antibody (Santa Cruz Biotechnology) were utilized as secondary antibodies. The cells were then visualized by a Radiance 2100
confocal microscopic system (Bio-Rad). A, eo-localizations of cortactin and actin filaments in C10 (panels al, a2, and ed), C19 (panels b1, b2, and
b3}, X21(panels c1, c2, and ¢3), and M2 (panels di, d2, and d3). Co-localizations of cortactin and actin filaments at membrane protrusions or
extensions are indicated by arrowheads. B, co-localizations of cortactin and Fyn in membrane protrusions or extensions in M2 and X21, The
triangles indicate co-localizations of cortactin and Fyn. Panels a-c, M2; panels d-f, X21. Panels a and d, merged localization of cortactin and Fyn;

panels & and e, anti-cortactin; panels ¢ and £, anti-Fyn.

each microscope field. The same experiment was repeated at least three
times.

Immune Complex Kinase Assay—For immune complex assay, each
member of Src family kinases in cell lysates containing 500 ug of
proteins was first immunoprecipitated by antibody against Fyn (UBI),
Sre family (Sre2), Sre (Sre-N-16) (Santa Cruz Biotechnology), Yes, or
Hck (Transduction Laboratories}. Then immunoprecipitates were con-
sequently washed using 1% Triton buffer and kinase buffer (50 mM Tris,
pH 7.4, 50 mm NaCl, 10 mm MgCl,, 10 mm MnCl,) three times, respec-
tively. To each sample, 1 pl of exegenous synthetic polypeptides poly-
[Glu-Tyr]) was added as exogenous substrate. Kinase reaction was per-
formed in 30 ul of kinase buffer with & pCi of [v-?2PJATP (ICN) at room
temperature for 30 min. Kinase reactions were stopped by the addition
of SDS-PAGE sample buffer (2% SDS, 0.1 M Tris, pH 6.8, 10% glycerol,
0.01% bromphenel blue, 0.1 M dithiothreitol). The samples were then
subjected to SDS-PAGE analysis using 8% polyacrylamide gel. The gels
were then dried and exposed to autoradiography.

RESULTS

Highly Metastatic Murine Melanoma Cell Lines Exhibited
Enhanced Motility and Spreading Ability on Fibronectin—To
clarify differences in cell properties that correspond to the
diversity of metastatie potentials of K-1735 cell lines, we meas-
ured haptotactic cell migration ability toward FN using a Boy-
den chamber. As shown in Fig, 14, about 140 cells/field of
highly metastatic cells X21 and M2 migrated through the pores

of the filter in 3 h toward FN, In contrast, for low metastatic
cells C19 and C10, only about 70 cells/field of C19 and no more
than 10 cells/field of C10 migrated through the pores toward
FN, respectively. No cell locomotion was observed in the ab-
sence of FN in any of these cell lines, suggesting that these cells
exhibit FN-dependent cell motility. Cell motility under the
stimulation of integrin correlates with metastatic potentials.
To determine their differences in spreading abilities, time-de-
pendent cell spreading was estimated by the percentage of flat
cells in all of cells at attachment after plating on FN-coated
dishes (see “Experimental Procedures™). About 70% of X21 and
45% of M2 exhibited a flat shape with multiple protrusions 30
min after plating on FN, In contrast, about 20% of C19 and 17%
of C10 were spread (Fig. 1B). After plating on FN for 60 min,
the percentages of flat cells of X21 and M2 increased to about
98%, whereas there were less than 50% C19 and C10 showing
a flat shape (Fig. 1B). These results demonstrate that cell
spreading of X21 and M2 occurs much faster than that of C10
and C19. Both cell migration and cell spreading abilities were
enhanced in highly metastatic cell lines.

Analysis of Src Family Kinases Responsible for Enhanced
Cell Motility of Melanoma Cells with High Metastatic Poten-
tial—Roles of Src family tyrosine kinases in cell migration of
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F16. 8. Integrin stimulated redistributions of cortactin with actin filaments in highly metastatic cells, M2 and X21 cells were plated
onto 12-mm circle cover glasses (Fisher Scientific), which were coated with FN (10 pg/ml) or polylysine (PLL, 10 pg/ml), overnight in PBS and
allowed to grow for 24 h in DMEM with 1% FCS at 37 °C with 5% CQ,. Then co-localization of cortactin and actin filaments in highly metastatic
melanoma cell lines was investigated by immunofluorescence staining using rhodamine-conjugated phalloidin (Molecular Probes) or antibody
against cortactin (UBI} and fluorescein isothiocyanate-conjugated anti-mouse IgG (1:40). The cells were then visualized by a Radiance 2100
confocal microscopic system (Bie-Rad). Redistribution of cortactin co-localized with actin filaments at lamellipodias in M2 or fillopodias in X21 on

FN were observed in merged images {as indicated by arrows).

X21 and M2 cells were investigated by the Boyden chamber in
the presence of specific inhibitor of Src family kinases including
Sre, Fyn and Hek, PP2 (18). The inactive structural analog PP3
and Me,S0 were used as negative controls. Treatment of PP2
significantly reduced the number of cells migrating through the
pores in 3 h from 140 to about 30/field (Fig. 2), whereas nega-
tive controls Me,SO or PP3 did not show such an effect, show-
ing that PP2 impairs cell metility of X21 and M2. These results
demonstrate that some member(s) of Src family kinases play
essential roles in cell migration of highly metastatic cells.

To characterize the member of the Src kinases responsible
for the enhanced cell motility and spreading ability detected in
highly metastatic cells M2 and X21, the kinase activities of Sre,
Fyn, Yes, and Hck were investigated using an in vitro immune
complex kinase assay in the presence of exogenous synthetic
polypeptides poly[Glu-Tyr] as substrates. No significant differ-
ences in kinase activities of Src and Yes were observed in any
of the cell lines with different metastatic potentials {(Fig. 3, C
and D). In the case of Hck, the kinase activity was rather lower
in X21 and M2 (Fig. 3E), whereas the activity of Fyn was
particularly elevated in highly metastatic cells X21 and M2
compared with C10 and C19 (Fig. 3B). These results indicate
that Fyn is a candidate Src family kinase responsible for high
metastatic potential in X21 and M2 melanoma cells.

In the absence of exogenous substrate, a distinet 85-kDa
protein was significantly phosphorylated by the immune com-
plex kinase assay by pan-Src and Fyn in X21 and M2 (Fig. 3, F
and G, closed triangles) but not in C10 or C19. This protein was
not detected in protein complexes immunoprecipitated by Src

{Src-N-18), Yes, or Hek (Fig. 3, H-J), demonstrating that this
protein is specifically associated with Fyn in highly metastatic
cell lines. An 80-kDa phosphorylated band was also immuno-
precipitated by Src, Hek, or Yes only in M2 (Fig. 3, H—J, open
triangles). Judging from differences in molecular size and sub-
strate specificity, this protein is distinct from the 85-kDa pro-
tein observed in both X21 and M2,

Overexpressed and Hyperphosphorylated Cortactin Was Spe-
cifically Associated with Fyn in Highly Metastatic Cells—Cor-
tactin, a protein of 80/85 kDa, acts as a potential linker be-
tween membrane-located receptors and cytoskeleton, primarily
affecting cell motility and invasion (11-13). Because the molec-
ular size of cortactin appeared close to the size of the protein
associated with Fyn in X21 and M2 (Fig. 3G), we examined the
expression and tyrosine phosphorylation of cortactin in these
murine melanoma cells. As expected, tyrosine phosphorylation
of cortactin was significantly elevated in X21 and M2 (Fig. 44,
lanes 2 and 4) compared with that of C10 and C19 (Fig. 44,
lanes 1 and 3). Expression levels of cortactin in X21 and M2
were also up-regulated (Fig. 4B, lanes I and 3). Tyrosine phos-
phorylation levels of cortactin were much reduced by Src family
kinase inhibitor PP2 in X2t and M2 in contrast to PP3 (Fig.
4C), confirming that Src family kinases are responsible for
tyrosine phosphorylation of cortactin in X21 and M2. At the
same time, we investigated the expression and tyrosine phos-
phorylation of other substrates of Sre family kinases such as
pl30°2s, FAK, and paxillin. As shown in Fig. 4B, tyrosine
phosphorylation of p130°* was reduced in X21 and M2 com-
pared with that in C10 and C1%, and no significant differences
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Fic. 8. Late phase activation of Fyn under integrin stimulation in cells with high metastatic potential. The cells were either
serum-starved (on dish), held in suspension for 30 min (off dish), or plated onto FN-coated dishes for the times indicated. Fyn in equal portions of
cell lysates were isolated by immunoprecipitation {IF) using antibodies against Fyn (UBI), and the immunoprecipitates were labeled by [y-**PJATP
in an in vitro kinase assay in the presence of exogenous synthetic polypeptides poly[Glu-Tyr]. The labeled proteins were analyzed by SDS-PAGE
and visualized by autoradiography. Tyresine phosphorylation of cortactin in equal cell Iysates were also analyzed by immunoprecipitation using
antibody against cortactin and immunoblotting (IB} by tyrosine phosphorylation antibody 4G10. The results presented here are representative of
experiments performed at least twice, A, integrin-stimulated Fyn activation {(upper panef) and tyrosine phosphorylation of cortactin (fower panel)
exhibited a peak at 2-5 h after plating in X21. B, no peak of Fyn activation and tyrosine phospherylation of cortactin under integrin stimulation
in C10 was observed, C, effects of cycloheximide on integrin-induced activation of Fyn (upper panel) and tyrosine phosphorylation of cortactin
(lower panel). The cells were either serum-starved, held in suspension for 30 min, or plated onto FN-coated dishes for the times indicated in the
absence (lanes I-4) or presence (upper panel, lanes 5-8; lower panel, lares 5 and 6) of cycloheximide (10 pg/ml) (Sigma). Then ir vitre kinases assay

was carried out in the presence of poly[Glu-Tyr] as described above.

of FAK tyrosine phosphorylation were detected among these
cells. Tyrosine phosphorylation and expression of paxillin in
C10 were much lower, but they were at the same level in C19
as in X21 and M2. Cortactin was the only phosphotyrosine-
containing protein showing significantly elevated phosphoryl-
ation levels in highly metastatic cell lines.

Further study confirmed that cortactin was specifically as-
sociated with Fyn in X21 and M2, It was observed that the
amount of cortactin coupling with Fyn in X21 and M2 was
significantly greater than that in C10 and C19 (Fig, 54). Cor-
respondingly, tyrosine phosphorylation of the protein with a
size of 85 kDa associated with Fyn in X21 and M2 was also
observed (Fig. 5B, lanes 2 and 4). In contrast, an 80-kDa ty-
rosine-phosphorylated protein associated with Src was only
observed in M2 but not in X21 (Fig. 5C, lane 4). This M2-
specific protein was later identified as a gag protein derived
from murine mammary tumor virus by means of mass spec-

trometry analysis,2 which might be infected during the estab-
lishment of the M2 cell line by in vivo selection. There has been
no report on tyrosine phosphorylation of this protein so far, and
its roles on the metastatic potential of M2 are currently under
investigation,

To provide additional evidence for essential roles of kinase-
substrate cooperation between Fyn and cortactin, v-Crk trans-
formed 3Y1 fibroblasts were used in which Fyn was reported to
be activated by v-Crk (19). Following Fyn activation, elevated
cell motility was observed in 3Y1-Crk cells compared with
mock-transfected 3Y1-vec cells as shown in Fig. 64. At the
same time, tyrosine phospherylation of cortactin was signifi-
cantly enhanced in 3Y1-Crk fibroblasts (Fig. 6C), and the same
molecular sizes of phosphoproteins were obvious among Fyn-
associated phosphoproteins apart from pl30°®%, which has

?J. Huang, T. Asawa, T. Takato, and R. Sakai, unpublished data.
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been reported to be associated with Fyn (Fig. 6B). These results
in fibroblasts also support the possibility that cortactin tyro-
sine phosphorylation is regulated by Fyn in relation to signal-
ing of cell migration,

Subcellular Localization of Fyn and Cortactin in Melonoma
Cell Lines—Because cortactin has been functionally identified
as an actin-associated protein (20-22), we also investigated
co-localizations of cortactin with actin in C10, C19, X21, and
M2. First, different distribution patterns of actin filaments
between low and highly metastatic cells were noticed on non-
coated glass slides. Significantly increased amounts of actin
filaments were found at cell membrane protrusions in highly
metastatic cells X21 and M2 (Fig. 74, panels ¢2 and d2). In
contrast, actin filaments were widely (nonspecifically) observed
in cell matrix in C10 and C19 (Fig. 7A, panels a2 and £2). It was
also observed that overexpressed cortactin was localized in
these cell membrane protrusions specific to X21 and M2 (Fig.
7A, panels cl, d1, ¢3, and d3), implying that cortactin is asso-
ciated with signaling of actin cytoskeleton organization near
the membrane in highly metastatic cells. Results of staining of
Fyn and cortactin demonstrated that most of cortactin and Fyn
were distributed at cell membrane protrusions in M2 and X21
(Fig. 1B, panels a and d, arrows), showing apparent co-local-
ization of cortactin and Fyn at these structures,

To further investigate the role of cortactin in highly meta-
static cells, we explored co-localization of cortactin with actin
filaments in X21 and M2 under the stimulation of integrin, As
shown in Fig. 8, cortactin was co-localized with actin filaments
at lamellipodias or fillopodias in M2 or X21, which were formed
under the stimulation of FN.

Late Response of Fyn Activation by FN Requires de Novo
Protein Synthesis—To illustrate molecular mechanisms under-
lying FN-stimulated redistribution of cortactin and formation
of lamellipodia or fillopodia in highly metastatic cells X21 and
M2, we explored the activity of Fyn under FN stimulation by in
vitro kinase assay with poly[Glu-Tyr]. In X21, Fyn activity was
relatively high when cells were at attachment (Fig. 94, lane I),
whereas it was sharply reduced when cells were detached and
kept in suspension for 30 min (Fig. 94, lane 2). The activity of
Fyn was restored 2 or 5 h after cells were plated on FN (Fig. 94,
lanes 5§ and 6). Corresponding to the activation of Fyn, tyrosine
phosphorylation of cortactin also exhibited a similar time
course (Fig. 94, lower panel). A similar pattern of activation of
Fyn and tyrosine phosphorylation of cortactin by FN was also
observed in M2.2 In contrast, levels of Fyn activity were not
significantly changed in C10 and C19 after each indicated time
plated on FN (Fig. 98).2 Although tyrosine phosphorylation of
cortactin was abolished by detachment, no obvious peaks in
tyrosine phosphorylation of cortactin after each indicated time
plated on FN were observed in these cells (Fig. 9B, lower
panel). Preceding elevated Fyn activity at 2-5 h after stimula-
tion, the expression level of cortactin was also increased from 1
to 2 h in X21 (Fig. 94, lower panel). The same results were
observed in M2.2

The late phase activation of Fyn demonstrated by both M2
and X21 on FN raised the possibility of yet unidentified regu-
latory mechanisms in integrin-mediated Fyn activation. To
determine whether de novo synthesis of regulatory proteins in
this process is required, we investigated Fyn activity in the
presence of cycloheximide (CHX), a protein synthesis inhibitor.
As expected, elevated expression of cortactin induced by inte-
grin stimulation was antagonized by CHX at 5 h after plating
(Fig. 9C, lower panel, lane 6). At the same time, it was observed
that activation of Fyn was significantly blocked by the treat-
ment of CHX at 5§ h after plating (Fig. 9C, upper panel, lane 8}
compared with the control (Fig. 9C, upper panel, lane 4). Tyro-
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sine phosphorylation of cortactin was also down-regulated by
CHX treatment (Fig. 9C, lower panel, lane 6). The same results
were observed in M2.2 These findings indicate that de novo
protein synthesis is involved in the late phase activation of Fyn
by FN stimulation.7

DISCUSSION

Previous studies have shown that Fyn is an essential regu-
lator in integrin-mediated processes including actin cytoskele-
ton organization, cell migration, and adhesion in normal cells
(23-25). A recent study also demonstrated that Fyn is prereq-
uisite for normal keratinocyte migration and squamous carci-
noma invasion (26). However, little is known regarding the
functional roles of Fyn in tumor metastasis. In this study, in
contrast to Src, Yes, and Hek, enhanced levels of Fyn activity
and late phase activations of Fyn after stimulation by FN were
observed in highly metastatic murine melanoma cell lines.
Activated Fyn caused hyperphosphorylation of cortactin and
formation of stable complex between Fyn and cortactin in these
metastatic cell lines, indicating that Fyn and cortactin are key
molecules in the integrin signaling pathway during the devel-
opment of cancer metastasis.

Activation of Fyn by integrin signaling is mediated by many
kinds of proteins involved in integrin signaling, which includes
caveolin 1, tyrosine kinases, FAK, or receptor protein tyrosine
phosphatase « (23, 25, 27). It has been observed in several
studies that the activity of Src is enhanced 20-40 min follow-
ing FN stimulation in NIH 3T3 fibroblasts (28-31). In this
study, it was observed that Fyn activation occurs as late as 2-5
h after fibronectin stimulation in metastatic melanoma cell
lines, and integrin-mediated activation of Fyn requires de novo
protein synthesis. One possibility is that the up-regulation of
cortactin that occurred approximately 1-2 h after stimulation
is a primary event that triggers the activation of Fyn and
phosphorylation of cortactin itself. As a special substrate asso-
ciated with Fyn in metastatic cells, it is possible that cortactin
regulates the activity of Fyn through physical associations to
SH2 of Fyn. Another possibility is that a third molecule(s),
which is specifically expressed in metastatic cell lines under
stimulation of integrin, might regulate activation of Fyn, al-
though this protein(s) has not been identified. In this paper, we
do not demonstrate that cortactin is a direct substrate of Fyn
kinase. According to a recent paper, tyrosine phosphorylation
of cortactin occurs via activation of Racl by ¢-Src in C3H
fibroblasts (38). Therefore, there is a possibility that cortactin
phosphorylation by Fyn is regulated in a similar indirect man-
ner in highly metastatic melanoma cell lines.

Cortactin was first identified as a p80/85-kDa v-Src sub-
strate in chicken embryo cells transformed by v-Src oncogene
(32). It was implicated in the progression of breast tumors
through gene amplification at chromosome 11ql13 (33). The
importance of tyrosine phosphorylation of cortactin in metas-
tasis was also implicated in a recent report (34). In this study,
overexpression and enhanced tyrosine phosphorylation of cor-
tactin in highly metastatic cells was observed, and it was also
clarified that cortactin was specifically associated with Fyn in
cells with high metastatic potential. When the activity of Fyn
was inhibited by PP2, tyrosine phosphorylation of cortactin
was also down-regulated. Moreover, corresponding to up-regu-
lated membrane redistribution of cortactin, co-localized cortac-
tin and Fyn at cell membrane protrusions in highly metastatic
cells were also observed. Taken together, these results indicate
that cortactin is associated with Fyn in integrin-mediated sig-
naling processes in cancer metastasis. Previous reports have
shown that cortactin is primarily localized within peripheral
cell structures such as lamellipodia, pseudopodia, and mem-
brane ruffles and has been suggested to operate as a potential
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linker between membrane-located receptors and eytoskeleton,
primarily affecting cell motility and invasion (11, 12). In this
study, corresponding to enhanced cell motility, co-localized eor-
tactin with actin filaments at lamellipodias or fillopodias was
also observed in highly metastatic cells. Studies in normal cells
have shown that cortactin was actively involved in lamellipodia
actin polymerization (20-22). Lamellipodias and fillopodias are
membrane structures formed during cell spreading and migra-
tion (35). It can be deduced from these reports that cortactin
plays important roles in cell migration through its roles in
integrin-stimulated actin cytoskeleton rearrangements during
cancer metastasis. Support for this deduction is provided by the
study of overexpression of cortactin in human tumors or NIH
3T3 fibroblasts, which has been shown to result in increased
cell motility (36, 37). Overall, results in this study indicate that
the Fyn-cortactin pathway is specifically activated for signal-
ing of cell migration and spreading during the progression of
cancer metastasis.

Identification of specifie involvements of Fyn and cortactin in
integrin signaling pathways in metastatic melanoma cell lines
provided important information for the understanding of mech-
anisms underlying the progression of cancer metastasis. Fur-
ther studies are necessary to elucidate what is produced de
novo for the activation of Fyn and how it affects Fyn activity
stimulated by integrin in metastasis. Moreover, to fully clarify
their roles in metastasis and to provide further information for
cancer therapy, the effect of blocking tyrosine phosphorylation
of cortactin or suppressing expression of cortactin on the me-
tastasis potential also needs to be further investigated.
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Tiam1 mediates neurite outgrowth induced

by ephrin-B1 and EphA2
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Bidirectional signals mediated by Eph receptor tyrosine
kinases and their membrane-bound ligands, ephrins, play
pivotal roles in the formation of neural networks by
induction of both collapse and elongation of neurites.
However, the downstream molecular modules to deliver
these cues are largely unknown. We report here that
the interaction of a Racl-specific guanine nucleotide-ex-
changing factor, Tiaml, with ephrin-B1 and EphA2
mediates neurite outgrowth. In cells coexpressing Tiam!1
and ephrin-Bl, Racl is activated by the extracellular
stimulation of clustered soluble EphB2 recepiors.
Similarly, soluble ephrin-Al activates Racl in cells coex-
pressing Tiam1 and EphA2. Cortical neurons from the E14
mouse embryos and neurcblastoma cells significantly ex-
tend neurites when placed on surfaces coated with the
extracellular domain of EphB2 or ephrin-Al, which were
abolished by the forced expression of the dominant-nega-
tive mutant of ephrin-Bl1 or EphA2. Furthermore, the
introduction of a dominant-negative form of Tiam1 also
inhibits neurite outgrowth induced by the ephrin-Bl
and EphA2 signals. These results indicate that Tiaml is
required for neurite outgrowth induced by both ephrin-
El-mediated reverse signaling and EphA2-mediated for-
ward signaling.
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Introduction

The members of the Eph receptors and their ligands are
.variously involved in neural development: regulating axon
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guidance, axon fasciculation and synaptogenesis. The inter-
action of Eph and ephrin regulates axon guidance by a
repulsive function. Retinal axons expressing EphA receptors
are guided to their target tectal area according to interactions
with a repellent ephrin-A gradient (Cheng et al, 1995). The
pathfinding of mouse anterior commissure is also regulated
by the repulsive function between ephrin-Bl and EphB2
receptor (Henkemeyer et al, 1996). On the other hand, the
interaction of Eph and ephrin also induces attractive axon
guidance in certain settings. Yomeronasal axons expressing
ephrin-AS are attractively elongated by interaction with target
EphA receptors in the accessory olfactory bulb, implying that
ephrin-A mediates attractive guidance mechanisms (Knoll
et al, 2001). Another example of attractive axon guidance is
also reported in terms of the interaction of the EphB receptor
and ephrin-B. Mann et al (2002) show that Xenopus dorsal
retinal axons expressing ephrin-B preferentially project to the
tectal area where EphB1 is highly expressed, while the ventral
ones that express EphB2 project to the dorsal area of the
tectum where ephrin-Bs are highly expressed. Therefore, Eph
receptors and ephrins are involved in both repulsive and
attractive guidance mechanisms during the establishment of
neuronal connections. Gao et al have previously shown the
two opposing effects of Eph receptors and ephrins on neurite
outgrowth in vitro by a series of experiments. Primary
cultured rat neurons extended or retracted neurites when
they were plated on cells stably expressing various Eph or
ephrins on their surface (Gao et al, 1996, 1998, 1999, 2000).
However, the molecular basis of such morphological change
requires investigation.

Rho GTPases are important regulators of the actin cyto-
skeleton. Activation of RhoA and its effector protein
Rho-kinase (ROCK) leads 1o growth cone collapse, neurite
retraction or neurite growth inhibition by inducing the con-
traction of actomyosin (Wahl et al, 2000). On the other hand,
activation of Racl induces neurite elongation. Tiaml, a
specific guanine-nucleotide exchange factor (GEF) for Ract
(Habets et al, 1994), affects neuronal morphology (Leeuwen
et al, 1997; Kunda et al, 2001}. Moreover, STEF, another GEF
for Racl, which has highly homologous regions with Tiam1,
is also effective in neurite outgrowth (Matsuo et al, 2002).
The cellular localization of Tiaml and EphA2 is similar.
When cells were cultured sparsely, both EphA2 and activated
Tiam1 are highly expressed at the cell periphery containing
membrane ruffles. However, when cells were adhered to each
other, they are highly expressed at the site of cell-to-cell
adhesion (Sander et al, 1998; Zantek et al, 1999). These
observations led us to focus on the examination whether
Tiaml and EphA2 interact, and Tiam1 could be a mediator of
EphA2 receptor. During the examination of the interaction of
Tiaml with several Eph receptors and ephrins, we have
found that ephrin-B1 also associates with Tiaml.

In this study, we describe the interaction of Tiaml with
ephrin-Bl and EphA2. A part of Tiam1 was accumulated to
the sites including clustered ephrin-B1 and EphA2 after the
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cells were stimulated with EphB2 and ephrin-Al, respec-
tively. Neurite outgrowth was observed in primary cortical
neurons from mouse embryos in response to the stimulation
of EphB2-Fc, and NB1 neurpblastoma cells in response to
ephrin-al-Fc. Coexpression of the dominant-negative mutant
of Tiam1, or mutant of ephrin-Bl or EphA2, which lacks its
cytoplasmic region prevented the neurite extension described
above. These results suggest that Tiaml is a mediator of
ephrin-B1- and EphA2-induced neurite outgrowth.

Results

Tiam1 interacts with the cytoplasmic domain

of ephrin-B1 and EphA2

We have examined the association between Tiaml with
ephrin-Bl and EphA2 in vive. Coexpression and co-precipita-
tion analysis in COS1 cells revealed that Tiaml was co-
precipitated with ephrin-B1 and EphA2 by specific antibodies
(Figure 1A, lanes 1 and 3, arrowheads, respectively), but not
by the normal goat serum or mouse IgG1 (Figure 1A, lanes 2
and 4, arrowheads, respectively). These resulls were further
confirmed by experiments using the antibodies in reverse
order. Ephrin-Bl and EphA2 were co-precipitated with Tiam1
(Figure 1A, lanes 5 and 7, arrowheads, respectively). Next,
we have generated several truncated mutants of Tiaml to
determine the region within Tiam1, which is required for the
interaction with ephrin-B1 or EphA2 (Figure 1B). Among the
truncated mutants of Tiaml, N-terminal-deleted Tiam1
(C1199) tightly bound to ephrin-B1, but Tiaml encoding
392 amino-terminal amino acids (N392) did not associate
with ephrin-B1 (Figure 1C, lanes 1-4). Reciprocally, EphA2
interacted with Tiam1l (N392}, but did not associate with
Tiaml (C1199) (Figure 1C, lanes 5-8). These results indicate
that ephrin-B1 and EphA2 interact with different regions of
Tiam1.

To identify the region of the Tiaml protein essential for
the interaction with ephrin-B1 or EphA2, we performed an
int vitro glutathione S-transferase (GST) fusion protein pull-
down assay. In vitro-translated Tiaml was co-precipitated
with the GST-tagged cytoplasmic region of ephrin-Bl
{ephrin-B12%473%%) or EphA2 (EphA25¢°~%77) but not by the
control GST alone (Figure 2, top). The cytoplasmic region of
ephrin-B1 did not bind to Tiam1 (N392). As shown in Figure 2
(bottom), ephrin-B1 clearly associated with the PHnTSS
region of Tiaml, which is also included in C1199 and
N1041. Therefore, we concluded that the cytoplasmic region
of ephrin-B1 binds to Tiaml via its PHnTSS region. The
PHnTSS region contains amino-terminal PH domain, which

is known to involve in membrane targeting of Tiam1 protein,
and TSS domain, which is conserved among Tiam1, STEF and
SIF proteins (Matsuo et al, 2002). On the other hand, the GST-
tagged cytoplasmic region of EphA2 did not associate with
the PHnTSS region of Tiam1, but instead associated with
Tiaml constructs harboring the amino-terminal region of
Tiaml (N392). We assume that EphA2 binds 1o Tiaml via
its amino-terminal region (Tiam1'~3%%). Although the associa-
tion of Tiam1 with ephrin-B1 was detected without activation
of ephrin-B1 by the extracellular domain {ECD} of EphB2, we
found that the GST-tagged PHnTSS domain of Tiaml ex-
pressed in 293T cells was co-precipitated with ephrin-B1
more effectively after the incubation with EphB2-Fc
(Supplementary information 3A}.

Finally, we examined the in wivo status of Tiaml with
ephrin-B1/EphA2 in the E14 mouse brain, where Tiam] and
ephrin-Bl are highly expressed. Tiaml was co-precipitated
with ephrin-B1 from an extract of E14 mouse whole brain by
the specific antibody, but not by normal goat serum
(Figure 3A). Although EphA2 in the whole brain of EI4
mouse is expressed at a low level, endogenously expressed
Tiaml protein was co-immunoprecipitated with EphA2 but
not with the control mouse IgG1 (Figure 3B). The interaction
of ephrin-B1 and EphA2 with Tiam1 in the mouse brain was
further confirmed by experiments using the antibodies in
reverse order. Ephrin-Bl and EphA2 were co-precipitated
with Tiaml by the specific antibodies, but not by normal
rabbit serum (Figure 3C and D). The size of endogenous
ephrin-B1 protein in the mouse brain was slightly larger than
transiently expressed ephrin-B1 in COS1 cells,

Tiam1 is transiocated after stimulation with the
extracellular domain of EphB2 or ephrin-A1

Next, we examined the cellular localization of Tiam1, ephrin-
Bl and EphA2. Ephrin-B reverse signaling is known to induce
the formation of large membrane patches containing several
proteins after stimulation with preclustered EphB2-Fc (Cowan
and Henkemeyer, 2002; Palmer et al, 2002). In SK-N-MC
cells, intense staining of endogenous ephrin-B! protein is
observed in the cell membrane at the contact of cell-tg-cell
adhesion (Figure 4A, column ¢, top). Concomitantly with the
stimulation of EphB2-Fc, patches containing ephrin-Bl were
formed mostly in the cell membrane (Figure 4A, column a,
top panel}. As expected, the colocalization of ephrin-B1 in
patches containing EphB2-Fc¢ was also confirmed in SK-N-MC
cells (Supplementary information 2, column a}. Tiam! pro-
tein is homogenously expressed in the cytoplasm before

1076 The EMBO Journal VOL 23 | NQ & | 2004

Figure 1 Tiaml ferms a complex with ephrin-Bl and EphA2 receptor. (A) COS1 cells were transiently transfected with a plasmid encoding
wild-type Tiam1 together with that encoding ephrin-B1 (lanes 1, 2, 5, 6) or EphA2 (lanes 3, 4, 7, 8). Cells were lysed and immunoprecipitated
(IP) with anti-ephrin-B1 (goat polyclonal, lane 1), normal goat serum (NGS, lane 2), anti-EphA2 (lane 3), mouse IgG1 (lane 4}, anti-Tiam1
(lanes 5, 7} or normal rabbit serum (NRS, lanes 6, 8). The precipitates were subjected to immunoblotting (IB) with the indicated antibodies.
The same membranes were reblotted with the antibodies indicated (bottem panels). The expression of Tiaml, ephrin-B1 and EphA2 in the cell
lysate was confirmed by immunoblotting. When wild-type ephrin-B1 is overexpressed in COS1 cells, at least twe major bands were observed by
anti-ephrin-B1 goat polyclonal antibody. Ig, immunoglebulin. The prominent band of 80kDa in lane 3 is an unknown protein, which associates
with EphA2 and may have a related structure with Tiaml. {B} Schematic representation of a wild-type and the truncated Tiam] cDNA
constructs used in this study. Proteins are depicted to scale; M, myristoylation signal; PHn and PHc, NH2- and COOH-terminal pleckstrin
homology domains; T$S, otherwise known as coiled-coil region and an additional adjacent region (CC-Ex); PDZ, PSD-95/DIgA/Z0O-1 domain;
DH, Dbl homology domain. (€) COS1 cells were iransiently transfected with the plasmids as indicated in the above lanes. The cell lysates were
immunoprecipitated with anti-ephrin-B1 C18 {lanes 1, 3), EphA2 (lanes 5, 7), normal rabbit serum (lanes 2, 4) or mouse IgG1 (lanes 6, 8) and
immunoblotted with anti-myc antibody. The same membranes were reblotted with anti-ephrin-Bl (goat) or anti-EphA2 as indicated. The
expression of myc-tagged Tiaml constructs in these cell lysates (total lysate) was confirmed by immunoblotting. The additional band at
110kDa in lane 1 may be an artificially produced fragment of overexpressed Tiam1 construct.
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Figure 2 Tiaml binds to ephrin-Bl and EphA2 ir vitro:
(**s)methionine -labeled wild type or truncated mutants of Tiaml
(C1199, N1041, N392, PHnTSS) translated products were incubated
with glutathione-agarose-conjugated GST, GSTephrin-B1%¢4 -3¢
and GSTEphA2°® 77, respectively. IVT, the input of in vitro
translation reaction before the beads binding.

stimulation with EphB2-Fc (Figure 4A, column ¢, middle}.
However, at least a part of Tiaml was clearly found to
colocalize to the patches after exposure to preclustered
EphB2-Fc (Figure 4A, column a, middle and bottom).
Although there were a few spotty stains of both ephrin-Bl
and Tiam1l in the cells without stimulation of EphB2-Fe, they
never colocalized as shown in the merged panel (Figure 4A,
column ¢}. In order to exclude the possibility that the second
antibodies used directly recognize the clustered Fc fusion
proteins, we have shown that there is almost no staining of
Tiaml protein by staining with the secondary antibody with-
out prior incubation with the primary anti-Tiam1 antibody
(Figure 4A, column b). We also confirmed that the preincu-
bation of anti-Tiaml antibody with the blocking peptide
(Tiam! C16) or the bacterially produced GST fusion protein
of Tiam1'**°~'*% containing its C-terminal region abolished
Tiaml staining (data not shown). In the primary cortical
neurens from E14 mouse embryos, ephrin-Bl is highly ex-
pressed on the cell membrane and neurites, and Tiam!}
protein is distributed in the cytoplasm of the cell body and
neurites (Figure 4B, celumns ¢ and d). Tiam1 and ephrin-B1
were also copatched in E14 cortical neurons 1 h after stimula-
tion with clustered EphB2-Fc (Figure 4B, columns a and b).
We observe many patches containing Tiam1l and ephrin-B1
on the elongated neurites and the periphery of cell bodies of
these neurons, while there was no such patchy localization of
Tiam] in the neurons without stimulation with EphB2-Fe. In
Supplementary information 2, we show the precise colocali-
zation of ephrin-B1 with EphB2-Fc patches, and that in the
control there was no crossreaction of the rhodamine-labeled
secondary antibody to clustered Fe fusion protein in primary
cortical neurons (columns b and c, respectively).

1078 The EMBO Journai VOL 23 | NO 5 | 2004

NB1 neurcblastoma cells express EphA2 and Tiaml en-
dogenously as described later. Before stimulation of NB1 cells
with ephrin-Al-Fc, there was no patchy localization of EphA2
detected by immunostaining. Intense staining of EphA2 was
located on the cell membrane, especially at the sites of cell-
to-cell contact (Figure 4C, column c, top). In the same
manner as is the case with cortical neurons, Tiam]l, initially
distributed homogenously in the cytoplasm (Figure 4C, col-
umn ¢, middle}, was partly translocated to patches containing
EphA2 after stimulation with soluble ephrin-Al (Figure 4C,
column a, middle and bottom). The patches containing
EphA2 localized not only on the cell membrane but also in
the cytoplasm, which may be a consequence of the inter-
nalization of EphA2 from the cell membrane after stimulation
of its ligand. Such internalization of ligand-stimulated EphA2,
and more recently ephrin-Bl, has been reported (Walker-
Daniels ef al., 2002; Zimmer et al., 2003). There was no
crossreaction of the secondary antibody to the clustered
ephrin-Al-Fc protein (Figure 4C, column b}. These results
together demonstrate the colocalization of Tiam1 with ephrin-
B1 and EphA2, and the distribution of Tiam1 is at least partly
translocated after stimulation of ephrin-Bl and EphA2.

Tiam1 is involved in Racl activation induced
by Eph/ephrin signaling
To analyze whether Eph/ephrin signaling mediates Tiaml
activation, we examined the modification of Tiaml-induced
Racl activation by the affinity precipitation of GTP-bound
Racl with the GST-tagged p21-binding domain of PAK1 {GST-
PBD}. Racl was slightly activated by the overexpression of
wild-type Tiam1l (Figure 5A, compare lanes 1 and 2).
Although Racl was also slightly activated after stimulation
with EphB2-Fc in ephrin-Bl-expressing cells (Figure SA, lane
3}, the amount of GTP-bound Racl was markedly increased
in response to the stimulation by EphB2-Fc when both Tiam1
and ephrin-Bl are expressed (Figure 5A, compare lanes 4 and
5}. Because the PHnTSS region of Tiaml works as a domi-
nant-negative mutant of Tiaml {Stam et al, 1997}, we next
examined whether PHnTSS of Tiam1 blocks the Racl activity
induced by the activation of ephrin-Bl. The activation of
Racl induced by the stimulation of EphB2-Fc was completely
abolished by the coexpression of PHnTSS of Tiaml, but not
by the coexpression of Tiam1 (N392) (Figure 5A, lanes 8 and
9). The coexpression of EphA2 and Tiam1 did not induce
Racl activation significantly without stimulation of ephrin-
Al-Fc (Figure 5A, lane 10). The overexpression of EphA2
alone is not effective in activating Racl even though the cells
were stimulated by ephrin-Al (Figure SA, lane 15). The stimu-
lation of ephrin-Al-Fc activated Racl in cells expressing
EphA2 and Tiaml1, which was blocked by the coexpression of
Tiam1'"*® (Figure 5A, compare lanes 11 and 12). The coex-
pression of PHnTSS partly inhibited the ephrin-Al-Fc-induced
Racl activation, and Tiam1'™** blocked the Racl activation
very effectively but not completely (Figure 5A, lanes 13 and 14).
We next examined the phosphorylation of Tiam1 by the
activation of ephrin-B] or EphA2. When ephrin-B-expressing
cells were cocultured with cells expressing kinase-inactivated
EphB2 (EphB2K661M), ephrin-B1 was highly phosphorylated
on tyrosine residues, but not when cocultured with control
mock-transfected cells as we have described before
(Figure 5B, lanes 1 and 2, bottom) (Tanaka et al, 2003).
Similarly, the tyrosine phosphorylation of EphA2 was in-
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Figure 3 Tiaml physiologically interacts with ephrin-Bl and EphA2 in the brain of an E14 mouse embryo. Whole brains from E14 mice
embryos were lysed and immunoprecipitated (IP) with anti-ephrin-B1 (goat}, anti-EphA2, anti-Tiam1, normal goat serum (NGS), normal rabbit
serum (NRS) or mouse IgG1 respectively as indicated in the above lanes, The precipitates were subjected to immunoblotting (IB) with the
indicated antibodies. Co-precipitated Tiaml, ephrin-Bl and EphA2 are indicated by arrowheads. In (C), the upper band of ephrin-Bl was
overlapped with the band of immunoglobulin. The membranes were reblotted with antibodies indicated (bottem panels).

creased when EphA2-expressing cells were cocultured with
cells expressing ephrin-Al (Figure 5B, lanes 5 and 6, bottom}.
The activation of ephrin-BE1 by overlaying the EphB2-expres-
sing cells leads to weak phosphorylation of Tiam1 as detected
by labeling cells with orthophosphate (Figure 5B, lanes 1 and
2). Tiam1 is also phosphorylated upon stimulation of EphA2
by coculturing with cells expressing ephrin-Al (Figure 5B,
lanes 3 and 4). Moreover, Tiaml is phosphorylated on
tyrosine residues by the stimulation of EphA2-mediated
signaling, as detected by immunoblotting with anti-phospho-
tyrosine antibody (Figure 5B, lanes 5 and 6). On the other
hand, we did not clearly detect phosphorylation of Tiaml in
response to activation of ephrin-B1 on either tyrosine resi-
dues (examined by the same method as above) or on serine/
threonine residues by immunobletting with the antibodies
described in Supplementary information 1 {data not shownj.

Neurite outgrowth by ephrin-B1-Tiam1

and EphA2-Tiam1 interaction

We first confirmed that the dissociated primary cultured
cells of El4 cortical neurons still maintain the expression
of Tiam1, ephrin-B1l, EphB2 and EphA4 in vitro, although
the expression levels of these proteins were higher in the
cortical tissue compared to dissociated cortical cells
(Figure 6E}. When E14 cortical neurons were seeded on
preclustered EphB2-Fc-coated plates, ephrin-B1 is phosphory-

©2004 European Molecular Biology Organizaticn

lated on tyrosine residues at 30min and 4h after plating
(Figure GE, bottom). Around 31% of the cells seeded on
EphB2-Fc-coated plates show neurites longer than one cell
body in length (Figure 6A, Table I}, which is statistically
different from the numbers when plated on the clustered Fc
only or on the albumin (Figure 6B and C). The effect of
ephrin-Al-Fc on neurite outgrowth of E14 mouse cortical
neurons was weaker than the stimulation of EphB2-Fc¢
(Figure 6D, Table I). In particular, the number of cells bearing
longer neurites (longer than three cell bodies in length) was
much smaller when cells were seeded on ephrin-Al-Fc-
coated plates than on EphB2-Fc-coated plates (Table I).
EphA2 expression in the cortex of E14-16 was monitored in
brain lysates, because we suspect that the weak expression in
this area and the developmental stage may be one of the
reasons for the less dramatic effect on neurite outgrowth.
Actually, the expression of EphA2 was barely detectable in
the cortex region of this stage (Figure 6E), while it was
detectable in the whole brain lysate (Figure 3). We did not
observe any elongated neurites on ephrin-Bl-Fc-coated plates
(data not shown).

In the neuroblastoma cell line NB1, a considerable expres-
sion of Tiam1 and EphA2 was detected (Figure 7D). We also
confirmed that NB1 cells do not express detectable level of
EphA4 (Figure 7D}. We used this NB1 system in the following
experiments for evaluation of EphA2 forward signaling, The
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Figure 4 Tiaml is recruited to patches induced by EphB2-Fc- or ephrin-Al-Fc stimulation. (A) SK-N-MC cells expressing ephrin-B1 were
stimulated with 4 pg/ml of clustered EphB2-Fc (columns a, b} or left untreated (column c). After 10 min of stimulation, the cells were washed
and incubated in a medium without EphB2-Fc¢ for 1 h prior to fixation. The cells were immunostained with anti-Fc (green) and anti-Tiam1 (red)
antibodies (column a). In column b, incubation with primary anti-Tiam!l antibedy was omitted prior to incubation with the rhedamine-labeled
secondary antibody. Column ¢ shows the signals with anti-ephrin-B1 staining (green) and anti-Tiam1 staining (red). Expressions of Tiam1 and
ephrin-Bl1 in SK-N-MC cells are shown by immunoblot. (B} {Columns a, b) E14 mouse cortical neurons were cultured for 20h on poly-L-lysine-
coated slides, and then stimulated with EphB2-Fc for 1 h as described above, The cells were fixed and immunostained with anti-Fe (green) and
anti-Tiam1 (red) antibodies. (Columns c, d) Localization of ephrin-Bl (green) and Tiaml protein (red) without stimulation of EphB2-Fc is
shown. (C) (Columns a, b) NBI neuroblastoma cells were stimulated with 4 pg/ml of clustered ephrin-A1-Fc as described in {A). The cells were
immunostained with anti-Fe (green) and anti-Tiam1 (red) antibodies. In column b, incubation with primary anti-Tiam1 antibody was omitted
prior to incubation with the rhodamine-labeled secondary antibody. {Column ¢} Localization of EphA2 (green} or Tiaml protein (red) without
stimulation of ephrin-A1-Fc is shown. Scale bar, 10 um.
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tyrosine phosphorylation of EphA2 was clearly demonstrated
at 30min and 4h after plating on ephrin-Al-Fc-coated
dish (Figure 7D, bottom}, The decreased expression level
of EphA2 after stimulation is considered to be a result of
negative regulation of activated EphA2 by Cbl-mediated
ubiquitination (Wang et al, 2002). When NB1 cells were
plated on a surface coated with preclustered ephrin-Al-Fc,
many cells exhibited long thin neurites after 16 h of incuba-
tion (Figure 7B}, whereas few cells bearing such neurites
were observed in cells plated on the control Fe-coated plates
(Figure 7A). The elongated neurites were not observed on
preclustered EphA2-Fc-coated plate, either, as shown in
Figure 7C.

To confirm that the outgrowth of neurites observed
above depends on the interaction of EphB2 or ephrin-Al
with its cognate ligand or receptor, we did several experi-
ments interfering with this pathway by a soluble ligand or
receptor and a dominant-negative or defective competitor
in the following experiments. When the cells were plated
on Fc fusion protein-coated surface as above with an
excess volume of the soluble ephrin-B1-F¢ or EphA2-Fc in
the medium, the neurite outgrowth of E14 cortical neurons
plated on the EphB2-Fc surface and neurite outgrowth of NB1
cells plated on the ephrin-Al-Fc surface were blocked, re-
spectively. However, the addition of soluble ephrin-B1 or
EphA2 in the medium had no effect on the nonspecific
neurite outgrowth of E14 cortical neurons and NB1 cells
induced by plating cells on a poiy-L-lysine-coated surface
(data not shown}. Furthermare, the forced expression of an
ephrin-Bl mutant lacking its cytoplasmic region (ephrin-
B1'"2%%) in El4 mouse cortical neurons lessened the

Merge

Figure 4 {Continued)
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effect both in numbers and length of neurites, while the
expression of control EGFP did not affect the neurite out-
growth (Figure 8, compare A and B). Likewise, the expression
of mutants of EphA2 lacking its cytoplasmic region
(EphA2' %) in neurcblastoma cells reduced the number of
these cells bearing neurites on an ephrin-Al-coated surface
(Figure 8, compare E and F}.

Finally, we examined whether dominant-negative mutants
of Tiaml inhibit the neurite outgrowth induced by the
ephrin-B1- or EphA2-mediated signaling. E14 cortical neu-
rons on the EphB2-F¢ surface were transiently transfec-
ted with the PHnTSS region of Tiaml tagged with EGFP.
On the other hand, we used Tiam1'~®® to test whether it
could block the neurite outgrowth induced by EphA2-
mediated signaling, because it effectively blocked the
Racl activation induced by the activation of EphA2
(Figure 5A). As shown in Figure 8C, the neurite outgrowth
of cortical neurons on the EphB2-Fc surface was signi-
ficantly inhibited by the expression of PHnTSS protein,
Similarly, NB1 cells expressing Tiam1!'*®®® did not show
apparent neurites on the ephrin-Al-Fc-coated surface
(Figure 8G). On the other hand, the expression of these
Tiaml fragments did not effectively inhibit the nonspecific
neurite outgrowth of cortical neurons and NB1 cells
induced by plating the cells on poly-L-lysine-coated plates
(data not shown). Moreover, the inhibitory effect of PHnTSS
protein on the neurite outgrowth of NB1 cells on the
ephrin-Al-Fe-coated surface was modest, and we did not
observe any inhibition of neurite outgrowth by Tiam1'~%%
in cortical neurons on the EphB2-Fe-coated surface (data not
shown}. Taken together, these results (Figure 8D and H}
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Figure 5 Tiam! mediates Eph/ephrin-mediated signaling cascades leading to Racl activation. (A) COS1 cells were transiently transfected with
2ug of a plasmid encoding wild-type Racl, together with plasmids indicated in the above lanes. Mock plasmid was used to adjust the amount
of DNA to total 10pg for each transfection. The transfected cells were incubated in media containing clustered EphB2-Fc, ephrin-Al-Fc or
contral Fc each at a concentration of 5 pg/ml as indicated above the lanes for 15 min before harvesting the cell lysates for affinity precipitation
with immobilized GST-PBD. Precipitated GTP-bound Racl was detected by immunoblotting with anti-Rac1 antibody. Expression of total Racl
and Tiaml is shown at the bottom. (B) Phosphorylation of Tiam! induced by the activation of ephrin-Bl or EphA2 in vive, 293T cells
transfected with the plasmids indicated at the top were cocultured with the 293T cells (lane 1), the 293T cells stably expressing EphB2 K661M
(tane 2), the NIH3T3 cells (lanes 3, 5) or the NIH3T3 cells stably expressing ephrin-A1 (lanes 4, 6). Lanes 1-4; The coculture was performed in
media containing *’P; for 4 h, and then the cells were iysed for immunoprecipitation with anti-myc, separated by SDS-PAGE and visualized by
autoradiograph\{. Lanes 1, 2 bottom: The lysates for immunoprecipitation were prepared from the cells as described above except for the
labeling with **P;. Lanes 5, 6: The coculiure was performed for 30min before cell lysates were immunoprecipitated with anti-myc and
immunoblotted with anti-phospho-tyrosine antibody (4G10). The phosphorylation of Tiam1 is indicated by filled triangle. Co-precipitated
EphA2 is indicated by open triangle. The same membrane was reblotted with anti-myc antibody (right panel). The phosphorylation of ephrin-
Bl and EphA2 on tyrosine residues is shown at the bottom of lanes 1, 2 and lanes 5, 6, respectively.
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Figure 6 EphB2-Fc induces neurite cutgrowth of E14 mouse cortical neurons. Primary cultured cortical neurons from E14 mouse cerebral
cortex were seeded on plates coated with EphB2-Fc (A), Fc fragment (B), bovine serum albumin (BSA) (C) or ephrin-Al-Fc (D), as described in
Materials and methods {Neurite elongation assay). Representative pictures are shown after incubation for 20h (A-D). (E) Expression of Tiam1,
ephrin-B1 and various Eph receptors in dissociated primary cultured cells after 20 h incubation on pely-L-lysine-coated dishes, or in the cortical
tissues was monitored by immunoblotting. (E/bottom) E14 primary precursors plated on an EphB2-Fc-coated dish were lysed for the indicated
period, and immunoprecipitated with anti-ephrin-B1. Tyrosine phosphorylation of ephrin-B1 is shown by immunoblotting.

Table 1 Quantification of the effects of EphB2-Fc and ephrin-Al-Fc
on neurite formation

Three cell bodies/
total counted?

One cell body/total
counted?

E14 primary cortical neuron®

Fc 0/527 (0%) 0/527 (0%)
BSA 0/531 (0%) 31/531 (5.8%)
EphB2-Fc 61/552 (11.1%) 173/552 (31.3%)

ephrin-Al-F¢ 10/523 (1.95) 99/523 (18.9%)
NB1 neuroblastoma cell line
Fc 0/323 (0%)
ephrin-Al-Fc 115/349 (33.0%)
EphA2-F¢ 14/304 (4.6%)

*The number of cells possessing neuritis three cell bodies or one cell
body was counted 20 h after plating the cells.

bTotal number of cells counted in four independent experiments.
“Total number of cells counted in three independent experiments.

indicate that Tiam1 locates downstream of ephrin-Bl- or
EphA2-mediated signaling and is involved in the neurite
outgrowth.

Discussion

Examination of the association between Tiaml with ephrin-
Bl and EphA2 receptor revealed that Tiam1 interacts with

©2004 European Molecular Biclogy Organization

ephrin-B1 and EphA2. Interaction of Tiaml with EphA2 was
not apparently modified by the phosphorylation status of
EphA2, because EphA2 with a mutation in its kinase domain
and an abolished catalytic activity also associated with Tiam!
as well as wild-type EphA2 (data not shown). However, we
cannot completely exclude the possibility that the association
of Tiaml with ephrin-B1 is increased by the stimulation of
EphB2-Fc (Supplementary information 3A}. The observations
that staining of Tiaml in the cytoplasm did not appear to
diminish in the stimulated cells (Figure 4) reveal that only a
part of Tiam1 protein translocated to the patches colocalizing
with ephrin-B1 or EphA2. Therefore, the localized activation
of Tiam1l and Racl should be menitored spatially and tem-
porally in these cells in order to evaluate the significance
of the translocation of Tiaml. In primary cultured cortical
neurons, patches containing ephrin-Bl and Tiaml often
locate along the extended neurites. The biological signifi-
cance of such colocalization along the neurites requires
elucidation. Although Tiaml is clearly phosphorylated on
tyrosine residues by EphA2 activation, we detected phos-
phorylation of Tiam1 in ephrin-Bl-activated cells at low level
only by the orthophosphate labeling (Figure 5B). Because the
phosphorylation of Tiaml on threonine residues has been
detected by the same antibody in response to the stimulation
of platelet-derived growth factor, Tiam1 was not phosphory-
lated at least on the same positions by the activation of
ephrin-Bl (Fleming et al, 1998). The significance of the
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Figure 7 Ephrin-Al-Fcinduces neurite outgrowth of NB1 neurcblasioma cells. NB1 neuroblasioma cells were seeded on plates coated with Fe
fragment (A), ephrin-Al-Fc (B) or EphA2-Fc (C) as described in Materials and methods. Representative cells are shown after incubation for 20h
(A-C). (D} Expression of Tiam] and Eph receptors in NBI cells is shown by immuncblotting. {D, bottom) The NB1 cells plated on ephrin-Al-
Fc-coated dishes were lysed for the indicated peried, and immunoprecipitated with anti-EphA2. Tyrosine phosphorylation of EphA2 is shown
by immunaoblotting.

phosphorylation of Tiaml induced by the activation of
ephrin-B1 and EphA2 remains to be further studied.

Among proteins reported to be putatively associated with
the cytoplasmic regions of Ephs or ephrins, Ephexin, which is
a GEF for the tho family GTPases, preferentially interacts with
EphA receptors (Shamah et al, 2001). Stimulation of ephrin-A
regulates growth cone collapse or retraction through Ephexin.
Although A-class ephrins are not highly expressed in the

developing mouse cortex (Yun et al, 2003}, it is important
to examine the expression of Tiaml and Ephexin, two
exchange factors having opposing effects on the neurites
motility, in the cortical region. Furthermore, we also have
to consider a homologous protein of Tiaml, STEF, another
GEF for Racl, because STEF is also expressed in the cerebral
cortex of developing mice {Matsuo et al, 2002; Kawauchi et al,
2003). We detected the association of the PHaTSS domain

1084 The EMBO Journal VOL 23| NO 5| 2004

Figure 8 Expression of dominant-negative mutants of ephrin-Bl, EphA2 and Tiaml affects EphB2-F¢- or ephrin-Al-Fe-induced neurite
outgrowth. Primary cultured cortical neurons from E14 mouse embryos (A-D), or NBI cells (E-H) were transfected with plasmids encoding
either EGFP, EGFP-tagged mutants of ephrin-B1 or EphA2, which lack the cytoplasmic regions (ephrin-B1'~2°°-EGFP, EphA2* ***.EGFP), or
EGFP-tagged fragments of Tiam1 (PHnTSS-EGFP or Tiam1' *“*.EGFP). The transfected cells were fixed after 20 h of incubation on slides coated
with either EphB2-Fc (A-D) or ephrin-Al-Fc (E-H), and observed through a flucrescence microscope. Representative cells are shown (A-C,
E-G). (D, H) Percentage of transfected cells bearing neurites longer than one cell body. Exogenously expressed proteins in these cells were
monitered by immuncblotting.
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