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FiG. 3. PC4 interacts directly with TFIIH. (A) Interaction of PC4
with TFIIH, PC4 was fused to the C terminus of GST and expressed in
E. coli as GST-PC4. TFIIH and GALA-VP16 were allowed to interact
with GST or GST-PC4 prebound to glutathione-Sepharose, and, after
exlensive washing, bound proteins were eluted, separated by SDS-
PAGE along with ~20% of the amount of the input protein, and
detected by immunoblotting. TFIIH and GALA-VP16 were detected
with anti-FLAG M2 antibody, since the MO15 subunit of TFIIH and
GALA-VP16 were tagged with a FLAG epitope. The positions of
molecular mass markers are indicated on the left. The positions of
MO15 (TFIIH) and GALA-VP16 (GVP) are also indicated on the
right. (B) Interaction of TFIIH and GALA-VP16. GST pull-down
assays were done under the same conditions as used for the tests
presented in panel A, with GST-VP16 being used in place of GST-
PC4.

1.3-, and 1.0-fold, respectively, in the presence of GAL4-VP16
and PC4 (Fig. 2), demonstrating that TAFs are essential for
stimulating all of the steps, including initiation, promoter es-
cape, and elongation, at least under the present assay condi-
tions. Together, these observations suggest that both TFIIA
and TAFs are indispensable for PC4 to effect noticeable stim-
ulation of promoter escape as well as initiation (probably via
facilitated PIC assembly) in response to GAL4-VP16.

PC4 interacts with TFITH and GAL4-VP16 via its coactiva-
tor domain. A previous study showed that TFIIH is required
for the stimulation of promoter escape because of its ERCC3
helicase activity (10) in activated transcription by GALA-VP16
and PC4. The fact that both PC4 and TFIIH are required
simultancously to facilitate promoter escape prompted us to
examine a possible physical interaction between PC4 and
TFIIH. To do this, we performed GST pull-down assays by
using PC4 fused to the C terminus of GST, which was ex-
pressed in E. coli and retained on the glutathione-Sepharose
resin. Since recombinant TFIIH has a FILAG tag at the C
terminus of its MO15 subunit and GAL4-VP16 has an N-
terminal FLAG tag, both proteins were detected by Western
blotting with anti-FLAG M2 antibody after separation by SDS-
PAGE. As shown in Fig. 3A, TFIIH was found to bind to
GST-PC4 but not to GST alone, indicating that PC4 interacts
with TFITH specifically. The interaction between PC4 and
TFITH seemed as strong as the well-characterized interaction
between PC4 and VP16 (Fig. 3A) and that between TFIIH and
the VP16 activation domain (Fig. 3B), since similar propor-
tions (~10%) of input TFIIH and GALA-VP16 were bound to
GST-PC4 under the same conditions.
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FIG. 4. The interaction of TFIIH and GAL4-VP16 with the coac-
tivator domain of PC4. {A) Schematic representation of the domain
structure of PC4. Two serine-rich domains, termed SEAC, are present
between amino acid residues 7 and 22 and between residues 43 and 63.
The domain for binding single-stranded DNA (dotted line) is localized
between residues 63 and 127, and the 89th tryptophan residue is
critical for its activity. The coactivator domain (dotted line) is localized
to the region between residues 63 and 91, partially overlapping the
ssDNA-binding domain. The lower panel shows the tested delction
mutants and the results of the GST pull-down assays for their inter-
actions with PC4 or GALA-VP16. The 127-amino-acid full-length PC4
is indicated by “wt.” Binding and nonbinding are indicated by “+” and
“—.” respectively, on the right side of the lower panel. (B) GST pull-
down assays for PC4 deletion mutants, as detected with Western blots.
Note the variation in the amounts of bound TFITH, which was repro-
ducible, in marked contrast to the constant level of GALA-VP16 bind-

ing.

To explore the relevance of the interactions of PC4 with
TFIIH and with GALA-VP16 for the coactivator activity of
PC4, we localized the region of PC4 that interacted with
TFIIH and GALA-VP16. We created N-terminal and C-termi-
nal deletion mutants of PC4, as shown in Fig. 4A, and tested
their interactions with TFIIH and GAL4-VP16. As shown in
Fig. 4B and also summarized in Fig, 4A, the mutants PC4(22-
127), PC4(43-127), PC4(63-127), PC4(1-62), and PC4(1-42)
interacted with both TFIIH and GAILA4-VP16, whereas
PC4(92-127), PC4(107-127), and PC4(1-21) did not interact
with either TFIIH or GAL4-VP16 (Fig. 4A and B}, showing
that PC4 interacts with TFIIH and GAL4-VP16 through the
region from residue 22 to residue 91, a domain necessary and
sufficient for the coactivator activity of PC4 (21, 27). Further-
more, the PC4 mutants PC4(1-62) and PC4(63-127), which do
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not overlap with each other, interacted with both TFIIH and
GALA-VP16, suggesting that these interactions occur redun-
dantly at multiple sites within the coactivator domain of PC4,
The interactions of the different PC4 mutants with GALA4-
VP16 were equally strong, whereas those with TFITH showed
variations; for example, PC4(43-127) interacted with TFIIH
more strongly than wild-type PC4 did, while PC4(22-127),
PC4(1-62), and PC4(1-42) interacted with TFIIH more weakly
than wild-type PC4 did (Fig. 4B).

Thus, colocalization of the interaction region to the func-
tionally defined coactivator domain (21, 27) argues that these
interactions are functionally relevant for the coactivator activ-
ity of PC4. Moreover, the redundancy of these interactions is
consistgnt with the role of PC4 as a coactivator, which is ex-
pected to interact with activators and the basal transcriptional
machinery at the same time.

Distinct regulation of the interactions of PC4 with GAL4-
VP16 and TFIIH. Since the interaction of TFIIH with PC4
mutants appeared to differ slightly from that of GAL4-VP16,
we further explored the difference between these two interac-
tions. The interaction between PC4 and GALA-VP16 was pre-
viously shown to be negatively regulated by phosphorylation of
the N-terminal region of PC4 (14, 27); therefore, we sought to
determine whether the same was true for the interaction be-
tween PC4 and TFIIH. To make this determination, we used
PC4-GST, in which the C terminus of PC4 is fused to the N
terminus of GST, since GST-PC4 could not be phosphorylated
efficiently by casein kinase II, presumably because the N-ter-
minal phosphorylation sites of PC4 within GST-PC4 were
sterically inaccessible to the casein kinase II (Fig. 5C). PC4-
GST, expressed in E. cofi and retained on glutathione-Sepha-
rose, showed essentially the same binding to TFIIH and
GALA4-VP16 as GST-PC4 did {data not shown). As shown in
Fig. 5B, PC4-GST could be readily phosphorylated, and the
phosphorylation slowed the migration of PC4-GST on the SDS
gel, a shift of migration similar to that observed for nonfused
PC4 (Fig. 5A), indicating that PC4-GST was phosphorylated in
essentially the same manner as PC4 was. Pull-down assays with
PC4-GST indicated not only that TFIIH interacted with both
phosphorylated and nonphosphorylated PC4, but also that its
interaction with PC4 was slightly enhanced by the phosphory-
lation of PC4 (Fig. 5D). In marked contrast, the interaction
between GAL4-VP16 and PC4 was completely abolished upon
phosphorylation of PC4, as reported previously (13, 27). Thus,
although TFITH and GALA-VP16 interact with PC4 through
the same coactivator domain, these interactions show mark-
edly distinct regulation through the phosphorylation of PC4.

The number of GALA binding sites determines the degree to
which each step of the transcriptional process is stimulated
upon activation. The multiple interactions of GAL4-VP16 and
PC4 with the basal transcription machinery, as demonstrated
here and elsewhere, and the observed stimulatory effects be-
fore and after initiation suggest that each GAL4-VP16 dimer
bound to the five GALA sites may have a distinct role in
activated transcription. To gain further insight into a potential
relationship between each GALA4-VP16 dimer and the effects
on distinct steps, as well as the role of PC4 in this process, we
determined the degree to which each step of transcription is
stimulated in the presence and absence of PC4 when the num-
ber of bound GALA4-VP16 dimers was reduced (Fig. 6A). To
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FIG. 5. PC4 interacts with TFIIH in a manner distinct from that of
GAL4-VP16. (A) Phosphorylation of PC4 with casein kinase II
{CKII)., Purificd PC4 was phosphorylated by casein kinase II {(New
England Biolabs), and the shifted mobility of PC4 was observed upon
phosphorylation. The positions of phosphorylated PC4 (p-PC4) and
nonphosphorylated PC4 (PC4) are shown on the right. (B) Phosphor-
ylation of PCA4-GST. The positions of phosphorylated PC4-GST (p-
PC4-GST) and nonphosphorylated PC4-GST (PC4-GST) are indi-
cated on the right. (C) As shown schematically, PC4 fused to the N
terminus of GST was efficiently phosphorylated by casein kinase 11,
Casein kinase IT phosphorylated PC4 fused to the N terminus, but not
to the C terminus, of GST (data not shown), presumably because the
phosphorylation sites within the N-terminal region of PC4 were steri-
cally masked by GST. A GST molecule and PC4 are schematically
represented, and a phosphate molecule and the amino and carboxyl
termini of PC4 are indicated by P, N, and C, respectively. (D) Inter-
action of phosphorylated PC4 with TFITH. GST pull-down assays with
PC4-GST revealed that TFIIH interacted with both nonphosphory-
lated and phosphorylated forms of PC4 but that GALA4-VP16 inter-
acted only with the nonphosphorylated form of PC4. Note that
approximately twofold more TFITH bound to p-PC4-GST than to
PC4-GST.

this end, we created the templates with one, three, and five
GALA-binding sites (G1, G3, and G5 templates, respectively,
binding 2, 6, and 10 GAL4-VP16 dimers) {Fig. 6A) and per-
formed in vitro transcription analyses. As shown in Fig. 6 and
quantified in Fig. 7, GALA4-VP16 alone stimulated the level of
the 390-nt transcripts from the G1, G3, and G5 templates 2.6-,
2.9-, and 3.5-fold, respectively, showing that increasing the
number of bound GAL4-VP16 dimers does not necessarily
lead to robust transcriptional activation when PC4 is absent
from the reactions. In the presence of PC4, however, stimula-
tion of the 390-nt transcript increased dramatically to 5.3-,
14.3-, and 17.2-fold for the G1, G3, and G5 templates, respec-
tively (Fig. 6B and 7A), revealing that the effect of PC4 be-
comces more apparent as the number of GALA4-VP16 dimers is
increased. Moreover, DNase I footprint analyses showed that
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FIG. 6. Effect of the number of GALA sites on the degree of stimulation of the 390-, 20-, and 2-nt transcripts. {A) Templates used for in vitro
transcription. Three templates, pGITHMC2AT, pG3HMC2AT, and pGSHMC2AT, contained one, three, and five GALA binding sites, respectively.
For in vitro transcription for 20-nt transcripts, the same set of the templates with a G residue at the +20 position (not shown) was used. The amount
of GALA-VP16 added to the transcription teaction was the same for all reactions (25 ng). (B to D) The effects of one, three, and five GALA sites
on the stimulation of the 390-nt (B), 20-nt (C), and 2-nt (D) transcripts. G1, G3, and G5 indicate pGIHMCZAT, pG3HMC2AT, and
pGSHMC2AT, respectively, (E) Binding of GAL4-VP16 to the G1, G3, and G5 templates. Increasing amounts of GAL4-VP16 were lested for
binding to the DNA fragments containing one, three, and five GALA4 sites. The added amounts of GALA-VP16 were 0 ng (lane 1), 1.6 ng (lane
2), 3.1 ng (lane 3), 6.3 ng (lane 4), 12.5 ng (lane 5), 25 ng (lane 6), and 50 ng (lane 7). The positions of GALA binding sites {G1, G3, and G5),
the TATA box (TATA), and the initiation site (+1) are indicated on the right.

all of the GALA sites on the G1, G3, and G5 templates were
occupied almost completely by 25 ng of GAL4-VP16 (Fig. 6E,
lane 6), the amount that was used for in vitro transcription
reactions. Thus, it is unlikely that transcriptional activation for
the G3 and G5 templates derives from the PC4-induced coop-
erative binding of GALA-VP16 to its cognate sites. More likely,
however, is the possibility that PC4 increases the number, or
the effectiveness, of the interactions between GAL4-VP16 and
the basal transcription machinery to allow synergistic effects of
multiply bound GAL4-VP16 dimers (Fig. 7A).

Next, to determine the relative stimulation of initiation, pro-
moter escape, and elongation in activated transcription from
the G1, G3, and G5 templates, we assayed and quantified the
amounts of the 2- and 20-nt transcripts from these templates
(Fig. 6C and D) and then ascribed the effects of GAL4-VP16
or of GAL4-VP16 and PC4 to three distinct steps (Fig. 7B and
C). The analyses of the transcripts from the G1 template in the

presence of GAL4-VP16 alone revealed minor stimulation of
initiation, with little stimulation of promoter escape and elon-
gation. However, markedly increased levels of stimulation of
promoter escape and, to a lesser extent, elongation were ob-
served when PC4 was included in these reactions (Fig. 7C, top
panel). Interestingly, no stimulation whatsoever of initiation
from the G1 template was observed in the presence of both
GALA4-VP16 and PC4 (Fig. 7C, top panel). In contrast, robust
activation of transcription from the G3 and G5 templates by
GALA-VP16 and PC4 was attributed largely to the marked
stimulation of both initiation and promoter escape (Fig. 7C,
middle and bottom panels). Low levels of transcriptional acti-
vation for these templates in the presence of GALA-VP16
alone, however, resulted mainly from the stimulation of initi-
ation.

These data demonstrate the following points. First, GALA-
VP16 alone can effect a low level of stimulation of the initia-
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FIG. 7. The stimulation of initiation, promoter escape, and elongation on the templates with different numbers of GALA4-sites. {A) The effect
of coactivation by PC4 became more pronounced as the number of GALA sites was increased. The levels of the 390-nt transcripts shown in Fig.
6 were quantified by using Fujix BAS 2000, and the values of stimulation (#-fold) were calculated. The standard deviations for three independent
experiments are indicated. (B) The values of activation (n-fold) for the 2-, 20-, and 390-ni transcripts were determined from three independent
experiments and are shown as means * standard deviations. (C) The number of GALA sites influences the activation of initiation, promoter escape,
and elongation. The values for stimulation (r-fold) of initjation, promoter escape, and elongation were calculated as those presented in Fig. 1 were.
On the templates with a single GALA4 site, PC4 stimulated promoter escape rather than initiation of GAL4-VP16-dependent transcription, while
on the templates with three or five GAL4 sites, PC4 stimulated both initiation and promoter escape to similar extents. There were small but

reproducible effects on elongation in all experiments.

tion step but little, if any, promoter escape, regardless of the
number of its binding sites. Second, PC4 increases the degrees
to which GALA-VP16 stimulates initiation and promoter es-
cape, having a more pronounced effect on promoter escape
than on initiation. Third, promoter escape appears to be pref-
erentially stimulated by GAL4-VP16 in the presence of PC4
when GALA4-VP16 is bound on a single GALA site, Together,
these observations suggest that each GAL4-VP16 dimer bound
on the promoter may stimulate a distinct step of transcription.

DISCUSSION

Although a large body of evidence indicates the functional
significance of coactivators in regulating transcription in vitro
and in vivo (2, 18, 20, 36, 41), far less is known about the
precise mechanism(s)} by which these coactivators stimulate
transcription in conjunction with activators, especially in the
context of naked DNA templates. In the present study, we took
advantage of a well-defined reconstituted in vitro transcription
system (10, 12} and demonstrated a crucial role for a coacti-

vator, PC4, in stimulating promoter escape in activated tran-
scription, in part through direct interaction with TFITH.
Figure 8 depicts how PC4 enables GAL4-VP16 to achieve a
high level of transcriptional activation. This model postulates
at least two targets, termed targets A and B, in the basal
transcription machinery, to which signals from activators are
transmitted. These signals, in turn, permit target A and target
B to regulate the steps leading to initiation (PIC assembly,
promoter opening, and initiation) and promoter escape, re-
spectively, Each target postulated in the model is meant to
represent multiple factors rather than a single factor, and,
conversely, a single factor may constitute a part of more than
one target. For instance, since TFITA and TFIID are important
for facilitating both PIC assembly (7, 8, 24, 25) and promoter
escape (Fig. 2), each factor must constitute parts of both target
A and target B. In addition, PC4 and TFIIH (Fig. 3, 4, and 5),
whose ERCC3 helicase activity is also essential for stimulating
promoter escape (L0), are likely to constitute the target B that
regulates promoter escape. This complex network of multiple
intcractions may induce conformational changes, including
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FIG. 8. A model of PC4 coactivator activity. In this model, we
postulate that the basal transcription machinery contains at least two
targets, termed targets A and B, through which the signals from acti-
vators are transmitted either directly or via PC4 to the individual steps
of the transcription process. Target A regulates the steps leading to
initiation (PIC assembly, promoter opening, and initiation) and is
likely to consist of more discrete targets, whereas target B regulates
promoter escape. (A) In the absence of PC4, GALA-VPIS6 elicits tran-
scriptional activation through the predominant effect on target A,
regardless of the number of bound GALA-VP16 molecules. (B} When
PC4 is present, GAL4-VP16 bound at a single GALA site provides
substantial transcriptional activation through target B. (C) When PC4
is present, multiply bound GALA-VP16 achieves robust transcription
through the synergized effects on both target A and target B, enhanced
by PC4,

isomerization of the DA complex (7), that lead to stimulation
of individual steps of the transcriptional process.

In the absence of PC4, GAL4-VP16 appears to function
mainly through target A, and cven increasing the number of
GALA-VP16 dimers bound on the template does not lead to
robust transcriptional activation (Fig. 8A). In the presence of
PC4, however, GAL4-VP16 can function through target B and
also augment the effect through target A. Of the two postu-
lated targets, target B seems to be preferred by the combina-
tion of GAL4-VP16 and PC4, since PC4 directs GALA4-VP16
to function predominantly through target B when the amount
of GALA-VPI6 is limited, as on the G1 template (Fig. 8B). In
contrast, when multiply bound GALA4-VP16 dimers are
present, as on the G3 and G5 templates, PC4 permits distinct
GALA-VP16 molecules to function through both target A and
target B (Fig. 8C), providing a mechanism for transcriptional
synergy (6, 17, 34, 35, 46).

In this model, it is implicitly assumed that GALA-VP16 and
PC4 are capable of multiple interactions with the basal tran-
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scription machinery, interactions that obligate GALA-VP16
and PC4 to adopt different conformations depending upon the
target to which they bind. This assumption is supported not
only by numerous interaction studies but also by recent struc-
tural studies showing that transcriptional activation domains,
including that of VP16, are poorly structured in their free form
but undergo an induced structural transition when complexed
with their targets (5, 9, 30, 45, 51-53, 57, 61). In addition, the
VP16 activation domain can adopt different structures whether
it is bound to TBP or TFIIB (53). Moreover, this structural
flexibility is also displayed by a mediator-like coactivator com-
plex, CSRP (42, 56). Thus, given the lack of a stable three-
dimensional structure within its coactivator domain (3), PC4
may form a stable structure only upon binding to activators and
the basal transcription machinery. Through these interactions,
PC4 could bestow activators with extra surfaces and an added
conformational flexibility that permit more functionally effec-
tive links between activators and the basal transcription ma-
chinery.

Cur model of PC4 action appears to contradict the widely
accepted notion that PIC assembly is the primary target for
activated transcription, as demonstrated by various in vivo and
in vitro studies (47). In particular, using a similar in vitro
transcription system, Chi et al. (7, 8) demonstrated that PIC
assembly, especially DA complex assembly, is necessary and
sufficient for activation, an observation supported by others
(24, 25, 54, 55). Furthermore, Jacob and Luse (19) failed to
detect any stimulatory effect on promoter escape by GALA-
VP16 by using Hela nuclear extract. We believe, however, that
this apparent contradiction can be reconciled for the following
reasons. First, the effect on PIC assembly as inferred by the
order-of-addition experiments docs not necessarily dictate the
actual time point at which the assembled PIC acts on steps of
transcription. Thus, the effects of the assembled PIC, such as
the isomerized DA complex (7), may remain far beyond the
time point of their assembly. Second, we also observed the
predominant effects on initiation (which may reflect PIC as-
sembly in our assays) to overall stimulation of transcription
when the amounts of factors were reduced. We suspect that,
under these conditions, the stimulatory effect on promoter
escape may be easily overlooked. Third, since PC4 acts as a
coactivator only in its nonphosphorylated form (14, 27) and
also in a highly concentration-dependent manner (13), PC4
may not have been functional as a coactivator in the transcrip-
tion systems involving crude fractions {7, 8, 19, 24, 25}, in which
the majority of PC4 is phosphorylated (14, 27). Given these
considerations, our results are not inconsistent with earlier
observations that emphasized the predominant role of PIC
assembly in transcriptional activation.

The exact mechanism by which PC4 assists the ERCC3 he-
licase of TFIIH during promoter escape remains an enigma.
One attractive possibility is that PC4 stabilizes the ssDNA
region exposed during promoter escape through its ssDNA-
binding ability (62), thereby indirectly assisting the ERCC3
helicase. It is generally known that ssDNA-binding proteins
stimulate the activities of DNA polymerases and helicases (7},
and indeed, PC4 facilitates DNA replication mediated by SV40
T antigen (44). However, the possibility of this mechanism
seems remote because a PC4 mutant, W89A, which has little
ssDNA-binding ability {63), shows essentially the same effect
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on promoter escape as wild-type PC4 does (10). Therefore, we
favor alternative mechanisms by which PC4 facilitates the re-
cruitment of TFIIH (29} or dircctly stabilizes the ATP-induced
conformational change of TFIIH per se through protein-pro-
tein interactions, a mechanism consistent with the fact that
TFIH does not function as a classical helicase (22). Related to
this idea, HBx, a coactivator-like transcriptional regulator of
the hepatitis B virus (15), stimulates TFIIH helicase activities
independently of its ssDNA-binding ability (48).

In conclusion, we have shown that PC4 assists GAL4-VP16
in stimulating the multiple steps of transcription and facilitates
synergy by multiply bound GAL4-VP16 dimers. Future studies
should address more detailed mechanistic aspects of the coac-
tivator activity of PC4 and identify the precise factors within
the basal transcription machinery that are targeted by individ-
ual GALA-VP16 and PC4 molecules bound multiply on a single
promoter. These studies may offer a paradigm for further func-
tional analyses of diverse coactivators.
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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-Bl1 and EphA2
mediates neurite outgrowth. In cells coexpressing Tiam1
and ephrin-Bl, Racl is activated by the extracellular
stimulation of clustered soluble EphB2 receptors.
Similarly, soluble ephrin-Al activates Racl in cells coex-
pressing Tiaml and EphA2. Cortical neurons from the E14
mouse embryos and neuroblastoma 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 Tiaml also
inhibits neurite outgrowth induced by the ephrin-Bl
and EphA2 signals. These results indicate that Tiam1 is
required for neurite outgrowth induced by both ephrin-
Bl-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-B1 and EphB2
receptor (Henkemevyer et al, 1996). On the other hand, the
interaction of Eph and ephrin also induces attractive axon
guidance in certain settings. Vomeronasal 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 (Knell
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 wvitro 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 to 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 Racl
(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 Tiaml1,
is also effective in neurite outgrowth (Matsuo er 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
Tiam1 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 Tiam! 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
neurcns from mouse embryos in response to the stimulation
of EphB2-Fc, and NB1 neuroblastoma cells in response to
ephrin-al-Fc. Coexpression of the dominant-negative mutant
of Tiam1, or mutant of ephrin-B1 or EphA2, which lacks its
cytoplasmic region prevented the neurite extension described
above. These results suggest that Tiaml is a mediator of
ephrin-Bl- 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-B1 and EphA2 in vivo. Coexpression and co-precipita-
tion analysis in COS1 cells revealed that Tiaml was co-
precipitated with ephrin-Bl 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 results were further
confirmed by experiments using the antibodies in reverse
order. Ephrin-B1 and EphA2 were co-precipitated with Tiaml
{Figure 1A, lanes S 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 Tiaml
(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 Tiaml (N392), but did not associate with
Tiam1 {C1199) (Figure 1C, lanes 5-8). These results indicate
that ephrin-E1 and EphA2 interact with different regions of
Tiaml.

To identify the region of the Tiaml protein essential for
the interaction with ephrin-B1 or EphA2, we performed an
in vitro glutathione S-transferase (GST) fusion protein pull-
down assay. In vitro-translated Tiam1 was co-precipitated
with the GST-tagged cytoplasmic region of ephrin-Bl
(ephrin-B12°*-346) or EphA2 (EphA2°%*~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-Bl 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-Bl binds to Tiaml via its PHnTSS region. The
PHnTSS region contains amino-terminal PH domain, which

is known to involve in membrane targeting of Tiaml 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 Tiaml, but instead associated with
Tiaml constructs harboring the amino-terminal region of
Tiam1 (N392). We assume that EphA2 binds to Tiaml via
its amino-terminal region (Tiam1'~**?), 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-Bl
more effectively after the incubation with EphB2-Fc
(Supplementary information 3A).

Finally, we examined the in vivo status of Tiaml with
ephrin-B1/EphA2 in the E14 mouse brain, where Tiam1 and
ephrin-B1 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 EphAZ in the whole brain of El4
mouse is expressed at a low level, endogenously expressed
Tiam1 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-Bl1 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-Bi in COS1 cells,

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

Next, we examined the cellular localization of Tiam1, ephrin-
B1 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-B1 protein is
observed in the cell membrane at the contact of cell-to-cell
adhesion (Figure 4A, column c, top). Cencomitantly 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-Bl in
patches containing EphB2-Fc was also confirmed in SK-N-MC
cells (Supplementary information 2, column a). Tiaml pre-
tein is homogenously expressed in the cytoplasm before

1076 The EMBO Journal VOL 23 | NO 5| 2004

Figure 1 Tiaml forms a complex with ephrin-B1 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-Tiaml
(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 (bottom panels). The expression of Tiam1, ephrin-Bl and EphA2 in the cell
lysate was confirmed by immuncblotting. When wild-type ephrin-B1 is overexpressed in COS1 cells, at least two major bands were cbserved by
anti-ephrin-B1 goat polyclonal antibody. Ig, immunoglobulin. 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 Tiaml cDNA
constructs used in this study, Proteins are depicted to scale; M, myristoylation signal; PHn and PHe, NH2- and COOH-terminal pleckstrin
homology domains; TSS, otherwise known as coiled-coil region and an additional adjacent region {CC-Ex); PDZ, P$D-95/DIgA/Z0-1 domain;
DH, Dbl homology domain. (€) COS1 celts were transiently 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 [gG1 (lanes 6, 8) and
immunoblotted with anti-myc antibody. The same membranes were reblotted with anti-ephrin-B1 {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 Tiaml construct.

©2004 European Molecular Biotogy Organization
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Fi§ure 2 Tiaml binds to ephrin-Bl and EphA2 in vitro:
(**S]methionine -labeled wild type or truncated mutants of Tiam1
{C1199, N1041, N392, PHnTSS) translated products were incubated
with glutathione-agarose-conjugated GST, GST-ephrin-B12%4-4¢
and GSTEphA2°® 777 respectively. IVT, the input of in vitro
translation reaction before the beads binding.

stimulation with EphB2-Fc (Figure 44, 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-B1
and Tiam1 in the cells without stimulation of EphB2-Fc, they
never colocalized as shown in the merged panel (Figure 44,
column c). 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
Tiam1 protein by staining with the secondary antibody with-
out prior incubation with the primary anti-Tiaml antibody
(Figure 4A, column b). We also confirmed that the preincu-
bation of anti-Tiam1 antibady with the blocking peptide
{Tiaml C16) or the bacterially produced GST fusion protein
of Tiam1'***-"5%! containing its C-terminal region abolished
Tiam] staining (data not shown). In the primary cortical
neurons from E14 mouse embryos, ephrin-Bl is highly ex-
pressed on the cell membrane and neurites, and Tiaml
protein is distributed in the cytoplasm of the cell body and
neurites (Figure 4B, columns ¢ and d). Tiam1 and ephrin-Bl
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 Tiaml and ephrin-Bl
on the elongated neurites and the periphery of cell bodies of
these neurons, while there was no such patchy localization of
Tiam1 in the neurons without stimulation with EphB2-Fc, 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 Fc fusion protein in primary
cortical neurons (columns b and c, respectively).

1078 The EMBO Journal VOL 23| NO 5| 2004

NB1 neuroblastoma 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 ¢, top). In the same
manner as is the case with cortical neurons, Tiam1, 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-B1, has been reported (Walker-
Daniels et al., 2002; Zimmer et al., 2003). There was no
crossreaction of the secondary antibody to the clustered
ephrin-Al-Fc protein (Figure 4C, column bj. These results
together demonstrate the celocalization of Tiam1 with ephrin-
B1 and EphA2, and the distribution of Tiam] is at least partly
translocated after stimulation of ephrin-B1 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
Rac1 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-B1-expressing cells (Figure 54, lane
3), the amount of GTP-bound Racl was markedly increased
in response to the stimulation by EphB2-Fc when both Tiaml
and ephrin-B1 are expressed (Figure 5A, compare lanes 4 and
5). Because the PHnTSS region of Tiaml works as a domi-
nant-negative mutant of Tiam1 {(Stam et al, 1997), we next
examined whether PHnTSS of Tiam1 blocks the Racl activity
induced by the activatien of ephrin-Bl. The activation of
Racl induced by the stimulation of EphB2-Fc was completely
abolished by the coexpression of PHnTSS of Tiam!1, but not
by the coexpression of Tiaml (N392) (Figure 54, lanes 8 and
9). The coexpression of EphA2 and Tiaml 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-A1l (Figure 5A, lane 15). The stimu-
lation of ephrin-Al-Fc activated Racl in cells expressing
EphA2 and Tiaml, 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-Fe-induced
Racl activation, and Tiam1'7**? blocked the Racl activation
very effectively but not completely {Figure 5A, lanes 13 and 14).
We next examined the phosphorylation of Tiaml by the
activation of ephrin-B1 or EphA2. When ephrin-B1-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 Tiam1 physiologically interacts with ephrin-Bl and EphA2 in the brain of an E14 mouse embrye. 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-B1 and EphA2 are indicated by arrowheads. In (C), the upper band of ephrin-B1 was
overlapped with the band of immunoglobulin. The membranes were reblotted with antibodies indicated (bottom panels).

creased when EphA2-expressing cells were cocultured with
cells expressing ephrin-Al (Figure 5B, lanes 5 and 6, bottom).
The activation of ephrin-B1 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). Tiaml is also phosphorylated upon stimulation of EphA2
by coculturing with cells expressing ephrin-Al (Figure SE,
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 Tiam1 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 immunoblotting with the antibodies
described in Supplementary information 1 (data not shown).

Neurite outgrowth by ephrin-B1-Tiam1

and EphA2-Tiam1 interaction

We first confirmed that the dissociated primary cultured
cells of E14 cortical neurons still maintain the expression
of Tiam1, ephrin-Bl, 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 Organization

lated on tyrosine residues at 30min and 4h after plating
(Figure 6E, 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 cutgrowth.
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-B1-Fc-coated plates
(data not shown).

In the neuroblastoma cell line NB1, a considerable expres-
sion of Tiaml and EphA2 was detected (Figure 7D). We also
confirmed that NB1 cells do not express detectable level of
EphA4 (Figure 7D). We used this NBI 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-Bl were
stimulated with 4 pg/m! of clustered EphB2-Fc (columns a, b) or left untreated (column ¢). 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-Tiam1 antibody was omitted prior to incubation with the rhodamine-labeled
secondary antibody. Column ¢ shows the signals with anti-ephrin-Bl staining {green) and anti-Tiam1 staining (red). Expressians of Tiam1 and
ephrin-B1 in $K-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-Fc (green) and
anti-Tiami (red) antibodies. (Columns ¢, d) Localization of ephrin-Bl (green} and Tiam1 protein (red) without stimulation of EphB2-F¢ is
shown. (C) (Columns a, b) NB1 neuroblastoma cells were stimulated with 4 pg/m! of clustered ephrin-Al-Fe 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 c) Localization of EphA2 (green) or Tiaml protein (red) without
stimulation of ephrin-Al-Fc is shown. Scale bar, 10 pm.
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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-Fe,
many cells exhibited long thin neurites after 16h of incuba-
tion (Figure 7B), whereas few cells bearing such neurites
were observed in cells plated on the control Fc-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-Fc 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 El4 cortical neurons and NB1 cells
induced by plating cells on a poly-L-lysine-coated surface
(data not shown). Furthermore, the forced expression of an
ephrin-B1 mutant lacking its cytoplasmic region (ephrin-
B1'"%*) in E4 mouse cortical neurons lessened the

©2004 European Moelecutar Biology Organization
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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 neuroblastoma 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-Bl- or EphA2-mediated signaling. E14 cortical neu-
rons on the EphB2-Fc¢ surface were transiently transfec-
ted with the PHnTSS region of Tiaml tagged with EGFP.
On the other hand, we used Tiam1!7*? 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
Tiam1 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!~3"
in cortical neurons on the EphB2-Fc-coated surface (data not
shown). Taken together, these resuilts (Figure 8D and H)
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Figure 5 Tiam1 mediates Eph/ephrin-mediated signaling cascades leading to Racl activation. (A) COS1 cells were transiently transfected with
2 g 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
control 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-Racl antibody, Expression of total Racl
and Tiam1 is shown at the bottom. (B} Phosphorylation of Tiaml induced by the activation of ephrin-B1 or EphA2 in vivo. 293T cells
transfected with the plasmids indicated at the top were cocultured with the 293T cells (lane 1), the 293T cells stably expressing EphB2 Ké661M
(lane 2}, the NIH3T3 cells {lanes 3, 5) or the NIH3T3 cells stably expressing ephrin-Al (lanes 4, 6}. Lanes 1-4: The coculture was performed in
media containing *P, for 4 h, and then the cells were lysed for immunoprecipitation with anti-myc, separated by SDS-PAGE and visualized by
autoradiography. 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 coculture was performed for 30 min before cell lysates were immunoprecipitated with anti-myc and
immunoblotted with anti-phospho-tyrosine antibody (4G10). The phospharylation 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-
B1 and EphA2 on tyrosine residues is shown at the bettom of lanes 1, 2 and lanes 5, 6, respectively.
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Figure 6 EphB2-Fc induces neurite outgrowth of E14 mouse cortical neurons, Primary cultured cortical neurons from E14 mouse cerebral
cortex were seeded on plates coated with EphB2-Fc (A), Fe 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 20 h (A-D). (E} Expression of Tiam]1,
ephrin-B1 and various Eph receptors in dissociated primary cultured cells after 20 h incubation on poly-L-lysine-coated dishes, or in the cortical
tissues was monitored by immunoblotting. (E, bottom) E14 primary precursors plated on an EphB2-Fe-coated dish were lysed for the indicated
period, and immunoprecipitated with anti-ephrin-B1. Tyrosine phosphorylation of ephrin-B1 is shown by immunoblotting.

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

Three cell bodies/ One cell body/total

total counted?® counted?
El4 primary cortical neuron®
F¢ 0/527 (0%) 0/527 (0%)
BSA 0/531 {0%) 31/531 (5.8%)
EphB2-F¢ 61/552 (11.1%) 173/552 (31.3%)

ephrin-Al-Fc 10/523 (1.95) 99/523 (18.9%)
NBI neuroblastoma cell line®
Fc 0/323 (0%)
ephrin-A1-Fe 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.

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

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

Discussion

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

©2004 European Malecular Biology Organization

ephrin-B1 and EphA2. Interaction of Tiam1 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 Tiam1
as well as wild-type EphA2 (data not shown). However, we
cannot completely exclude the possibility that the association
of Tiaml with ephrin-Bl is increased by the stimulation of
EphB2-Fc (Supplementary information 3A). The observations
that staining of Tiam1 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 Tiam1 and Racl should be monitored 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 Tiam1 is clearly phosphorylated on
tyrosine residues by EphA2 activation, we detected phos-
phorylation of Tiam1 in ephrin-B1-activated cells at low level
only by the orthophosphate labeling (Figure 5B). Because the
phosphorylation of Tiam1 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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Iv - 187



Tiam1 interacts with ephrin-B1 and EphA2
M Tanaka et al

NB1
D
250 = ooy
Tiam1 e
150=1"
150 = B
EphA2
100=
Et4
cortical
tissue
Ephid ey
Brs
P 100 = e ‘__.,.._..&s\ §>'$
<
W&
ol
;\\(\
Coat © &
IP: EphA2 T
1B: P-Y
30 min
Total lysate PP S
IB: EphA2 |
IP: EphA2 cok
4h 1B: P-Y
Total lysate |
I1B: EphA2

EphA2-Fc

Figure 7 Ephrin-Al-Fc induces neurite outgrowth of NB1 neuroblastoma cells. NB1 neuroblastoma cells were seeded on plates coated with Fc
fragment (A}, ephrin-A1-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 Tiaml and Eph receptors in NB1 cells is shown by immunablotting. (D, bottom} The NB1 cells plated on ephrin-Al-
Fc-coated dishes were lysed for the indicated period, and immunoprecipitated with anti-EphA2. Tyrosine phosphorylation of EphA2 is shown
by immunoblotting.

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 rho 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 PHnTSS 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-Fc-induced neurite
outgrowth. Primary cultured cortical neurons from E14 mouse embryos (A-D), or NB1 cells (E-H) were transfected with plasmids encoding
cither EGFP, EGFP-tagged mutants of ephrin-B1 or EphA2, which lack the cytoplasmic regions (ephrin-B1'~**.EGFP, EphA2'~S%3_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-Fe (A-D} or ephrin-Al-F¢ (E-H), and observed through a fluorescence 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
monitored by immunoblotting.

©2004 European Molecular Bictogy Crganization

IV -188



Tiam1 interacts with ephrin-B1 and EphA2
M Tanaka et af

EGFP ephrin-B1'-285.EGFP PHNTSS-EGFP
2
D &
[ Neurite outgrowth & é,f,t/
(> one call body) é’: o
30 30 cf,o Q‘;
] T S
25 25 £&E
_ 20 T 20 T kDa
& g 75 -
% 15 ] 15 ——
o | S
10 I 10 50 -
5 5 1 37-
L
0 ' 0 ' 25.
EGFP ephrin-B11-265.EGFP EGFP PHNTSS-EGFP
1B: Anti-GFP
Total lysate

EGFP EphA21-563.EGFP Tiam11-869.EGFP
a g
[TH
H @ 8
[0 Neurite outgrowth % P
]
25 25 % E g
it [=}
w = w
20 ' 20 || kDa
— — - e
215 215 100 e
& L 75 -
@ » —_
S 10 S10 50-
4 a7-
5 5
[E’j -
0 . 0 L 25-
EGFP EphA2'-56%.EGFP EGFP Tiam1'-$%5-EGFP IB: Anti-GFP
Total lysate
©2004 European Molecular Biclogy Organization The EMBO Journal VCL 23| NO 5] 2004 1085

IV - 189



Tiam1 interacts with ephrin-B1 and EphA2
M Tanaka st af

of STEF with ephrin-Bl by immunoprecipitation analysis
(Supplementary information 3B}. Therefore, the neurite out-
growth may be regulated by exchange factors other than or in
addition to Tiam1 in a certain region and stage. In this report,
we have used Tiam] fragments containing the PHnTSS region
(Tiam1**-%% and Tiam1'~%") to block wild-type Tiaml.
Because the PHnTSS region of Tiaml is highly homologous
to the PHnTSS domain of STEF, these Tiaml fragments may
also work as dominant-negative mutants for STEF. In addi-
tion, we cannot exclude the possibility that Tiam1 fragments
containing PHnTSS might antagenize the binding of ephrin-
B1 or EphA2 to Tiam1 in addition te acting as a dominant-
negative for Tiaml.

The molecular mechanism of the activation of Tiaml
in ephrin-B1- and EphA2-mediated signaling is not clear.
Although PHnTSS region is not involved in the association
of Tiaml with EphA2, the expression of PHnTSS inhibited
EphA2-induced Racl activation mildly, but evidently
(Figure 5A). This result may suggest the possibility that
EphA2 also activates Tiaml by a mechanism independent
of their association. EphA2 interacts with the p85 subunit of
phosphatidylinositol-3-kinase (PI3-kinase) and induces the
activation of PI3-kinase (Pandey et al, 1994). On the other
hand, Tiaml has been reported to activate by the lipid
products of Pl3-kinase in witro (Fleming et al, 2000}.
Because PHn (amino-terminal PH domain) is required for
the membrane localization and the binding of Tiam1 to the
lipid products of PI3-kinase (Stam et al, 1997), the over-
expression of PHnTSS is considered to block PI3-kinase-
dependent Tiam1 activation. Therefore, the inhibitory effect
by N392-PHnTSS {Tiam1'~®%°) on the neurite outgrowth of
NB1 cells may include a mechanism that may not depend on
the association of Tiam1 with EphA2 (Figure 8). However, as
shown in Figure 5A, overexpression of N392 alone abolished
the Racl activation more effectively than PHnTSS. Therefore,
the significance of the PI3-kinase for the activation of Tiaml
in EphA2-mediated signaling should be further elucidated.

Concerning the ephrin-Bl-mediated reverse signaling on
retinal axon growth, both repulsive and attractive guidance
has been previously suggested. Birgbauer et al (2001) have
shown that the ECD of EphB receptors as soluble proteins
induced growth cone collapse of ephrin-B-expressing retinal
ganglion cells. They also show that axon ocutgrowth of
ephrin-B-expressing dorsal retina explants of El4 mouse
was inhibited on the laminin substratum containing EphB-
ECD. On the other hand, Mann et al {2002) propose an
attractive axon guidance that requires the ephrin-B cytoplas-
mic domain. Retinal axons of Xenopus expressing ephrin-Bs
prefer to grow on laminin substratum containing EphB
receptor stripes in vitro. These apparently inconsistent ob-
servations may be due to the differences in the experimental
procedures, and not to those in the species used between
these reports. EphB-Fc protein was used as a dimer in the
former (Rirgbauer et al, 2001) and as a multimer by preclus-
tering with immunoglobulin in the latter (Mann et al, 2002);
the concentration of laminin substratum used in these
reports was also different. In the present study, we followed
a procedure similar to that of Mann et al, and devised a
simplified system for evaluating the outputs of Eph/ephrin-
induced signaling. We found that ephrin-Bl-expressing cor-
tical neurons markedly extend neurites on surfaces coated
with preclustered EphB2-Fc without any other substratum. As
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to the laminin concentration, the substratum we used con-
tained no laminin, more similar to that used by Mann et al
{1pg/ml) than that used by Birgbauer et al (10 pg/ml). The
lower concentration of laminin seems to prefer the more
attractive or progrowth reaction of these systems.

Cell adhesion itself may promote neurite growth, and there
are reports concerning adhesive interactions between ephrin-
B-expressing axons and the substrate-bound Eph receptor
(Holash et al, 1997). We also noticed faster attachment of
dissociated E14 cortical neurons on EphB2-Fc-coated plates
compared to that on Fc-coated plate. We have not directly
examined whether Tiam1 mediates this cell-to-substrate ad-
hesion of the cortical neurons, but the adhesion of cortical
neurcns on the EphB2-Fc surface was accompanied by the
phosphorylation of the tyrosine residues of p130%* and focal
adhesion kinase (Supplementary information 4). The primary
cultured cortical neurons of E14 mouse embryos adhered to
the plates to almost the same degree as a few hours after
plating and thereafter, irrespective of whether plates were .
coated with preclustered-EphB2-Fc, -ephrin-Al-Fc or bovine
serum albumin (BSA). Similarly, NB1 cells adhered almost
equally to plates precoated with Fc, ephrin-Al-Fc or EphA2-
Fe after a few hours of seeding and thereafter. However, we
cannot completely exclude the possibility that the differences
in neurite outgrowth could depend on differential adhesive-
ness of the substrates.

Among other members of Eph receptors and ephrins,
considerable expression of ephrin-B2 and ephrin-B3 mRNAs
is also present in the cortical neurons {(Stuckmann et al,
2001). Moreover, EphA4 protein is broadly expressed within
the cortex of E14 and E16 mouse (Lieb! et al, 2003; Yun et al,
2003). Because the amino-terminal region of Tiaml
(Tiam1'~*?) also associates with EphA4 leading to the
phosphorylation of Tiaml on tyrosine residues (data not
shown), EphA4 receptor may also regulate Racl activation
by interaction with Tiaml. Further studies are necessary
to examine whether Tiam! also regulates signals mediated
by ephrin-B2, ephrin-B3 and EphA4 in the neurons, which
may position Tiaml as a general mediator of Eph/ephrin
signals. In NB1 cells, we cannot exclude the possibility that
neurite outgrowth of NB1 cells was not exclusively mediated
by EphA2.

Our results suggest the importance of Tiam1 and Racl as
downstream molecules in ephrin-Bl- or EphA2-mediated
signaling in neurite outgrowth. According to previous infor-
mation, Eph receptors/ephrins signals, both forward and
reverse, have exhibited various, sometimes paradoxical ef-
fects on the regulation of neurite extensjon, that is, retraction
and elongation. Our discovery of the involvement of Tiaml
downstream with both the forward and reverse signals of
Eph/ephrin system in these neurite responses provides in-
sight that the selection of the GEFs actually working down-
stream to Ephs/ephrins may determine the fate of neurites.

Materials and methods

Plasmids and antibodies
Plasmids and antibodies used in these series of experiments are
described in Supplementary information 1.

Cell culture and transfection

SK-N-MC neuroepithelioma cells and NB1 neuroblastoma cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum.
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The cerebral cortex from E14 DDY mouse embryos were dissected,
dissociated and plated on chamber slides as described (Ueki et al,
1993}, and cultured in DMEM supplemented with D-glucose (4.5 g/
1) and 10% fetal bovine serum. For transient expression assays, NB1
cells were transfected with plasmid DNA using Lipefectamine 2000
(GIBCO-BRL}, and 293T cells and COS1 cells were transfected with
plasmid DNA either by a calcium phosphate co-precipitation
methed essentially as described previously (Otsuki et al, 2001} or
using FUGENEG reagent (Roche). For the transfection of plasmid
DNA into E14 primary cortical neurons, a total of 3 pg of plasmid
DNA and 4 pl Lipofectamine 2000 reagent were each diluted in 50 pl
of OPTI-MEM™ (GIBCO-BRL), and applied to the cells cultured in
400 ul of NEUROBASAL with B27 supplement 3 h after plating. The
medium was completely exchanged at 4.5h after transfection, and
cells were maintained in DMEM supplemented with D-glucose
(4.5g/) and 10% fetal bovine serum. NIH3T3 cells stably
expressing ephrin-Al and 293T cells stably expressing EphB2 were
established by transfection of pAlterMax encoding EphA2 or EphB2
as described above. Cells were cultured and selected in DMEM
containing puromycin at a concentration of 2 pg/ml (for 293T cells)
or G418 (Gibco BRL} at 0.6 mg/ml (for NIH3T3 cells) ior 2-3 weeks.
Well-isolated colonies were characterized further.

Immunoprecipitation and affinity precipitation

Transfected cells were harvested 48 h after transfection, and cell
lysates were prepared with protease inhibitors in TXB buffer
(t0mM Tris (pH 7.6}, 150mM NaCl, 5mM EDTA (pH 8.0}, 10%
glycerol, 1 mM Na3V0, and 1% Triton X-100). Whole brain tissue
from E14 DDY mice was also lysed in TXB buffer with a Dounce
homogenizer. The lysates were precleared by incubating them with
protein G agarose {Boehringer Mannheim) for 1 h at 4°C. To purify
the proteins, 1pg of monoclonal or affinity-purified polyclonal
antibodies was added and incubated with 500 pl of cell lysate for 1h
at 4°C. The antibodies were precipitated with protein G agarose
for 2h at 4°C. Immunoprecipitates were extensively washed with
TXB buffer, separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and immunoblotted.

Affinity precipitation with GST-PBD was performed as described
previously (Otsuki et al, 2001). Briefly, 293T cells were lysed in the
lysis buffer (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 20mM MgCl,,
ImM Na;V0, 5% Triton X-100, Spg/ml aprotinin and 1mM
PMSF}, and incubated with GST-PBD on sepharose for 1h at 4°C.
The precipitants were washed four times in the same buffer, and
endogenous Racl protein was detected by immunoblotting.

in vivo phosphate labeling

Plasmids encoding Myc-tagged Tiaml with ephrin-B1 or EphA2
were transfected into 293T cells in a 35 mm diameter dish. At 48h
after transfection, the transfected cells were cocultured with cells
stably expressing EphB2 K661M or ephrin-Al. Transfected cells
were preincubated in phosphate-free medium (GIBCO-BRL) for
15 h, and then coculture was Eaerformed in 0.5 ml of phosphate-free
MEM containing 0.09 mCi of **P; (NEN) for a further 4h. The cells
were lysed in the lysis buffer (20mM Tris-HCl (pH 7.5}, 150mM
NaCl, 20mM MgCl,, 1 mM Na;V0y, 0.5% Triton X-100, 5 pg/ml
aprotinin and 1mM PMSF). Myc-tagged Tiaml was purified by
immunoprecifitation using an anti-My¢ antibody and separated on
SDS-PAGE. *P;-labeled Tiam1 was visualized with a Bio Imaging
Analyzer (BAS1000, Fuji) (lanes 1 and 2).

Cell staining

To examine the localization of Tiam] after activation of ephrin-B1
or EphA2, cortical neurons from E14 DDY mice or NB1 cells were
seeded on chamber slides. Cells were incubated with 4 pg/ml of
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clustered EphB2-Fc or ephrin-Al-Fc for 10min, and then the
medium was removed and further incubated in DMEM containing
10% FBS for the indicated period. Cells were fixed for 5 min at room
temperature with 4% paraformaldehyde (PFA) in PBS and
permeabilized for 5min with 0.2% Triton X-100. The cells were
preincubated in 2% BSA with 5% normal serum for 1h, and
in¢cubated with the FITC-conjugated anti-F¢ fragment of IgG
antibody for 1h at room temperature. [n some experiments, cells
were further stained for Tiaml protein by sequential incubation
with anti-Tiam1 (C-16) antibody and rhodamine-conjugated sec-
ondary antibody for 1 h for each. Photos were taken with Radiance
2100 confocal microscope (BioRad).

Neurite elongation assay

Plates and glass chamber slides were coated with Fe fusion proteins,
by being filled with 5 pg/ml of F¢ fusion proteins or the control Fe
fragment plus 50 ug/ml of goat anti-IgG Fe (ICN) in sterile PBS(-)
with gentle rocking for 1-2 h at room temperature before the protein
solution was aspirated. Plates and chamber slides were washed
three times with sterile PBS, and then incubated in PBS containing
2% (w/v} BSA for 30min at room temperature to block the
remaining protein-binding sites. Cortical neurons from the El14
mouse embryos were plated on the coated surface, and then fixed in
4% PFA in PBS after 20h of incubation. In some experiments,
cortical neurons were transfected with EGFP-tagged plasmids
indicated as described above 3 h after plating on chamber slides,
and then fixed after 20h of transfection. For the statistical
calculations, cells bearing neurites longer than one or three cell
bodies in length were considered as cells with neurite outgrowth. [n
counting, only cells positive for EGFP were inctuded in the analysis.
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Supplementary data are available at The EMBO Journai Online.
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