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Regulation of EphB2 activation and cell repulsion
by feedback control of the MAPK pathway

Alexei Poliakov, Maria L. Cotrina, Andrea Pasini, and David G. Wilkinson

Division of Developmental Neurobiology, Medical Research Council National Institute for Medical Research, London NW7 1AA, England, UK

n this study, we investigated whether the ability of Eph

receptor signaling fo mediate cell repulsion is antago-

nized by fibroblast growth factor receptor (FGFR) acti-
vation that can promote cell invasion. We find that
activation of FGFR1 in EphB2-expressing cells prevents
segregation, repulsion, and collapse responses to ephrinB1
ligand. FGFR1 activation leads to increased phosphoryla-
tion of unstimulated EphB2, which we show is caused
by down-regulation of the leukocyte common antigen—
related tyrosine phosphatase receptor that dephosphory-
lates EphB2. In addition, FGFR1 signaling inhibits further

Introduction

The control of cell movement is essential for the establishment
and maintenance of tissue organization during embryogenesis.
For example, mixing of cell populations that have distinct
regional or tissue identity is prevented by inhibition of cell mi-
gration across borders (Steinberg and Takeichi, 1994; Irvine
and Rauskolb, 2001; Pasini and Wilkinson, 2002). Furthermore,
some tissues are assembled by the guidance of actively migrat-
ing cells and neuronal growth cones to specific destinations in
which extracellular cues encountered along the migration route
control the direction of movement. Typically, this guidance
involves multiple signals, some of which attract cells toward a
destination, whereas others are repulsive and prevent cells from
entering inappropriate territory (Tessier-Lavigne and Goodman,
1996). The use of multiple cues raises the question of how di-
verse signals act together to regulate cell migration. Such inte-
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phosphorylation of EphB2 upon stimulation with ephrinB1,
and we show that this involves a requirement for the
mitogen-activated protein kinase (MAPK) pathway. In the
absence of activated FGFR1, EphB2 activates the MAPK
pathway, which in turn promotes EphB2 activation in a
positive feedback loop. However, after FGFR1 activation,
the induction of Sprouty genes inhibits the MAPK pathway
downstream of EphB2 and decreases cell repulsion and
segregation. These findings reveal a novel feedback loop
that promotes EphB2 activation and cell repulsion that is
blocked by transcriptional targets of FGFRI.

gration can occur by convergence of downstream pathways, for
example on central components of cytoskeletal regulation, and/or
by interactions between distinct receptors that modulate each
others’ activity (Huber et al., 2003).

Eph receptor tyrosine kinases and ephrins have roles in
the guidance of migrating cells and neuronal growth cones and
in restricting intermingling between adjacent tissue domains
(Kullander and Klein, 2002; Poliakov et al., 2004; Pasquale,
2005). In vertebrates, Eph receptors and ephrins comprise two
families of membrane-bound molecules that are divided into
two classes: in general, EphA receptors bind the glycosyl phos-
phatidyl inositol-anchored ephrinA proteins, and EphB recep-
tors bind the transmembrane ephrinB proteins (Gale et al., 1996).
Upon binding, Eph receptors and ephrins become clustered, and
both components transduce signals, in the case of Eph receptors
and ephrinB proteins in part via phosphorylation of conserved
tyrosine residues (Holland et al., 1996; Kullander and Klein,
2002; Palmer et al., 2002; Pasquale, 2005).

Functional studies have implicated Eph receptors and
ephrins in the guidance of migrating cells and axons in which
activation leads to repulsion responses that inhibit entry into

© 2008 Poliakov et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publica-
tion date (see http://www.jcb.org/misc/terms.shtml). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Figure 1. Effect of FGFR on EphB2 cell segregation and repulsion. Stable HEK293 cell lines were generated that express EphB2, EphB2+GFP,
EphB2+iFGFR+GFP, or ephrinB1. Cell behavior was studied after mixing different combinations of these cell lines with GFP-expressing and -nonexpressing
cells visualized by fluoresence and relief-contrast microscopy. (a—c) Cell segregation assays in which cells are plated at moderate density and incubated
for 48 h, during which time they achieve confluence. (a) EphB2+GFP cells remain intermingled with EphB2 cells. (b) EphB2+GFP cells segregate from
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ligand-expressing territory (Flanagan and Vanderhaeghen, 1998;
Kullander and Klein, 2002; Poliakov et al., 2004). However, in
other contexts, Eph—ephrin interactions can lead to increased
axon outgrowth or cell migration (Santiago and Erickson, 2002;
Hansen et al., 2004). The biochemical mechanisms underlying
these distinct cell responses are not known, but in in vitro assays
it has been found that low densities of ephrin promote outgrowth
and integrin-mediated adhesion, whereas high densities trigger
repulsion and de-adhesion (Huynh-Do et al., 1999; Hansen et al.,
2004). Thus, the cell response appears to depend on the degree
of receptor activation.

Several lines of evidence raise the possibility that there is
antagonism between the Eph—ephrin system and other receptor
tyrosine kinases in the control of cell migration. FGF receptors
(FGFRs) promote axon outgrowth (McFarlane et al., 1996) and
cell migration (Webb et al., 1997; Montell, 1999; Sun et al.,
1999; Kubota and Ito, 2000), which could oppose the restriction
of cell migration by Eph—ephrin signaling. Furthermore, FGFR
and many other receptor tyrosine kinases activate the MAPK
pathway, whereas Eph receptors can have antagonistic effects
on cell behavior by inhibiting MAPK pathway activation (Elowe
et al., 2001; Miao et al., 2001; Kim et al., 2002; Miller et al.,
2003; Picco et al., 2007). Direct cross talk can occur in which
activation of FGFR1 leads to phosphorylation of EphA4
(Yokote et al., 2005) and ephrinB1 (Chong et al., 2000) inde-
pendently of activation by ephrin and Eph ligands, respectively.
In the case of EphA4, this cross-activation promotes cell prolif-
eration (Yokote et al., 2005), whereas FGFR1 antagonizes the
ability of ephrinB1 to cause cell de-adhesion (Chong et al.,
2000) and enable the migration of cells to the eye field (Moore
et al., 2004).

Therefore, we set out to test whether FGFR activation af-
fects the segregation of cell populations by Eph receptors and
ephrins. We report that activation of FGFR1 in EphB2-expressing
cells inhibits repulsion and segregation responses to ephrinB1.
This change in cell response is caused by inhibition of a positive
feedback loop that promotes high level EphB2 activation re-
quired for cell repulsion.

Results

Effect of FGFR1 on sorting and repulsion
responses of EphB2 cells

Previous studies have used transient overexpression assays in
embryo cells to show that interactions between Eph receptors
and ephrins can restrict intermingling and segregate cell popu-
lations (Mellitzer et al., 1999; Tanaka et al., 2003). However,
this approach has the disadvantage that overexpression and the
presence of endogenous ligands lead to a high baseline activa-

tion of receptor. To establish a more amenable assay, we used
HEK?293 cells that express low levels of endogenous EphB and
ephrinB proteins and made stable lines that express ephrinB1 or
EphB2 and have little receptor autoactivation. To enable activa-
tion of FGFR in EphB2 cells independently of endogenous
FGFs, we established cell lines that coexpress inducible FGFR
(iFGFR), an inducibly activated fusion protein of membrane-
anchored FGFRI1 cytoplasmic domain and a peptide sequence
that is dimerized by the addition of a small molecule, AP20187
(Welm et al., 2002; Pownall et al., 2003). Membrane-targeted
GFP is coexpressed in specific cell lines so they can be identified
in cell-mixing assays. These cell lines are referred to henceforth
by the combination of exogenous genes that they are express-
ing, and unless otherwise stated, iFGFR has been activated with
dimerizing compound.

To test whether EphB2—ephrinB1 interactions can mediate
cell segregation in this system, we performed coculture assays in
which a mixture of two cell populations is plated out at moderate
density such that cells can freely migrate until they become con-
fluent over a 48-h period. We found that although EphB2+GFP
cells remain intermingled with EphB2 cells (Fig. 1, a and g),
EphB2+GFP cells segregate from ephrinB1 cells to form large
aggregates with sharp interfaces between the two cell popula-
tions (Fig. 1, b and g). In contrast, there is little segregation of
EphB2+iFGFR+GFP cells and ephrinB1 cells (Fig. 1, ¢ and g).

To study individual cell behavior, we plated out mixtures
of EphB2 cells and ephrinB1 cells at low density and captured
videos of their interactions. In preliminary experiments, we
found substantial variability in the cell responses. We reasoned
that this might be because of variation in how many contacts
EphB2 cells have made with ephrinB1 cells because repeated
activation and endocytosis of receptor (Marston et al., 2003;
Zimmer et al., 2003) decreases the steady-state level of cell sur-
face EphB2 (unpublished data). Therefore, we performed time-
lapse analysis of the first contact between cells after plating.
We found that although EphB2 cells were not repelled and often
remained in contact upon interaction with other EphB2 cells
(Fig. 1 d and Video 1, available at http://www.jcb.org/cgi/content/
full/jcb.200807151/DC1), there was a rapid and sustained col-
lapse of cell processes and rounding up of EphB2 cells that have
touched ephrinB1 cells (Fig. 1 e and Video 2). In contrast, upon
interaction with ephrinB1 cells, EphB2+iFGFR1 cells had only
a transient collapse response that did not lead to rounding up
(Fig. 1 f and Video 3).

It is possible that the decreased cell repulsion after FGFR
activation is secondary to changes in cell—cell interactions (e.g.,
binding required for Eph receptor activation). Therefore, we
analyzed the effect of iIFGFR in collapse assays in which EphB2
is activated by soluble ephrinB 1-Fc rather than by ephrinB1 cells.

ephrinB1 cells. (c) EphB2+iFGFR +GFP cells fail to segregate from ephrinB1 cells. (d-f) Time-lapse videos of typical behaviors of EphB2-expressing cells
after interaction with ephrinB1 cells. (d) An EphB2+GFP cell is not repelled and remains in contact with an EphB2 cell. (e) Upon touching an ephrinB1 cell,
an EphB2+GFP cell rapidly retracts and rounds up for >35 min (n = 10/10). (f) After interaction with an ephrinB1 cell, an EphB2+iFGFR+GFP cell retracts
but does not round up and reestablishes cell processes by 25 min (n = 8/8). (g) Quantitation of the results of cell segregation assays (a—c) was performed
by the nearest neighbor method (Mochizuki et al., 1998). For a random distribution of two populations, on average half of the contacts of any cell type
are with cells of the same type. The proportion of contacts between like cells increases for segregated populations. Because of clonal growth, cells are not

randomly distributed in control assays. Error bars indicate SEM (n = 4).
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Figure 2. Effect of FGFR on the collapse response of EphB2 cells. EphB2 or EphB2+iFGFR cells were incubated at 4°C with Cy3-labeled anti-EphB2
antibody to label cell surface EphB2. (a and b) The cells were incubated with culture medium at 37°C containing 1 pg/ml ephrinB1-Fc, and time-lapse im-
ages were collected. (a) More than 90% of EphB2 cells undergo rapid collapse with concurrent endocytosis of cell surface EphB2. (b) More than 95% of
EphB2+iFGFR cells do not collapse, whereas endocytosis of EphB2 occurs with similar kinetics as for EphB2 cells. (c) EphB2 cells incubated with anti-EphB2

antibody in the absence of ephrinB1-Fc do not collapse.

We concurrently visualized receptor endocytosis by prelabeling
cell surface EphB2 with Cy3-labeled anti-EphB2 antibody; this
antibody alone does not induce the collapse of EphB2 cells
(Fig. 2 ¢). We found that activation of EphB2 with ephrinB1-Fc
led to rapid retraction of processes and cell rounding accompa-
nied by translocation of cell surface EphB2 into cytoplasmic
vesicles within 5 min (Fig. 2 a and Video 4, available at http://
www.jcb.org/cgi/content/full/jcb.200807151/DC1). In contrast,
EphB2+iFGFR1 cells did not collapse or round up even after
60 min, although the rate of ephrinB1-Fc endocytosis into these
cells was similar to that in EphB2 cells (Fig. 2 b and Video 5).
Collectively, the results of these assays show that FGFR1 acti-
vation in EphB2 cells leads to decreased segregation from
ephrinB1 cells and inhibits cell repulsion and collapse responses
of EphB2 cells to ephrinB1.

FGFR1 activation leads to increased
baseline EphB2 phosphorylation
FGEFR activation could inhibit cell repulsion responses to EphB2
activation by one or both of two mechanisms: by inhibiting
EphB2 activation or by antagonizing downstream pathways re-
quired for cell repulsion. In initial experiments, we analyzed the
effect of FGFR1 activation on EphB2 phosphorylation before
the addition of ephrinB1. To our surprise, we found that activation
of FGFR1 leads to a progressive increase in the level of ephrin-
independent EphB2 phosphorylation (Fig. 3).

One potential mechanism underlying the increase in eph-
rin-independent phosphorylation is that FGFR1 directly or indi-
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rectly phosphorylates EphB2 perhaps via a physical interaction.
However, the increase in baseline EphB2 phosphorylation is slow
in comparison with FGFR1 activation (Fig. 3 b), and EphB2 and
activated FGFR1 do not coimmunoprecipitate (not depicted),
which is inconsistent with a direct coupling between their acti-
vation. Furthermore, a kinase-inactive EphB2 mutant is not phos-
phorylated in the presence of activated FGFR1 (Fig. 4 a),
suggesting that the increase in baseline phosphorylation in-
volves EphB2 autoactivation.

Clues to a potential mechanism came from a study show-
ing that the leukocyte common antigen—related (LAR) receptor
tyrosine phosphatase is down-regulated after FGFR1 activation
in NBT-II carcinoma cells (Billottet et al., 2004) and a study
showing that Eph receptor and LAR homologues act synergisti-
cally in morphogenesis in Caenorhabditis elegans (Harrington
et al., 2002). Therefore, we tested whether LAR dephosphorylates
EphB2. We first analyzed whether FGFR1 activation affects
LAR expression in HEK293 cells and found that there was a
progressive down-regulation of LAR protein, which is concurrent
with the increase in EphB2 phosphorylation (Fig. 4 b). Because
there was no down-regulation of LAR mRNA (Fig. S1, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200807151/DC1),
the decrease in LAR protein may occur through posttransla-
tional mechanisms (e.g., proteolytic cleavage as occurs after EGF
receptor activation; Ruhe et al., 2006). Second, we performed
siRNA-mediated knockdowns to inhibit LAR expression and
found that these lead to an increase in the baseline (Fig. 4 ¢) and
ephrinB1-activated (Fig. 4 e) phosphorylation of EphB2. Finally,
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Figure 3. Effect of iFGFR activation on baseline phosphory-
lation of EphB2. EphB2+iFGFR cells were incubated with
AP20187 to activate iFGFR, and samples were collected at
intervals for immunoprecipitation and Western blot analysis to
detect tyrosine phosphorylation of iFGFR (a, top) and of EphB2
(@, bottom). The time course of phosphorylation is shown in b.
Phosphorylation of iFGFR rapidly increases within minutes,
and baseline (ephrin independent) phosphorylation of EphB2
progressively increases over an 8-h period. Error bars indicate
range (n = 3). Tyr, tyrosine.
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we tested whether LAR phosphatase acts directly on EphB2 by
coincubation of the cytoplasmic domain of LAR with immuno-
precipitated phospho-EphB2 followed by Western blot analysis.
We found that LAR dephosphorylates EphB2 in vitro (Fig. 4 d).
Collectively, these findings suggest that LAR dephosphorylates
EphB2 and that down-regulation of LAR expression by acti-
vated FGFR1 underlies the increase in the baseline phosphory-
lation of EphB2.

We analyzed whether the presence of activated FGFR1 affects
the phosphorylation of EphB2 upon interaction with ephrinB1
cells. In contrast to the effect on baseline EphB2 phosphoryla-

tion, ephrin-induced phosphorylation is inhibited in the pres-
ence of activated FGFR1; after activation by ephrinB1 cells or
ephrinB1-Fc, there is a less than twofold further increase in
EphB2 phosphorylation that reaches a maximal level of ~50%
of that achieved in the absence of FGFR1 (Fig. 5, a and b).

It was possible that the inhibition of activation by ephrinB1
is a consequence of the increased baseline phosphorylation of
EphB2 that could, for example, promote receptor endocytosis
so that less is available at the cell surface for interaction with
ephrin. However, there is a major increase in ephrinB 1-induced
EphB2 phosphorylation after LAR knockdown (Fig. 4 e).
Therefore, the inhibitory effect of FGFR1 on ephrin-induced
EphB2 activation is not caused by a prior increase in EphB2 auto-
activation; on the contrary, the inhibitory mechanism dominates
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Figure 4. Role of LAR in dephosphorylation of EphB2. Immunoprecipitations and Western blot analyses were performed to analyze mechanisms that may
affect the level of EphB2 phosphorylation. (a) Time course of the effect of iFGFR activation on the phosphorylation of EphB2 (left) or kinase-inactive EphB2
(K662R; right). Kinase-inactive EphB2 is not phosphorylated after iFGFR activation. (b) After iFGFR activation, the expression level of the receptor tyrosine
phosphatase LAR progressively decreases (top), concurrent with the increase in baseline EphB2 phosphorylation (bottom). (c) siRNA-mediated knockdown
of LAR in EphB2 cells (lane 2) leads to increased baseline phosphorylation of EphB2 in comparison with control siRNA (lane 1). An siRNA that causes less
of a decrease in LAR has a smaller effect on EphB2 phosphorylation (lane 3). (d) Immunoprecipitated EphB2 (with or without prior activation by ephrinB1)
was incubated with or without the cytoplasmic domain of LAR before Western blot analysis. There is a major decrease in EphB2 phosphorylation after
incubation with LAR (left) compared with controls not incubated with LAR (right). (e) The time course of ephrinB1-induced phosphorylation of EphB2 was
defermined with (left) or without (right) prior knockdown of LAR. The results are shown quantitated in the graph on the right. Knockdown of LAR leads to a
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maijor increase in the ephrinB1-induced phosphorylation of EphB2. Error bars indicate range (n = 3). PiTyr, phosphorylated tyrosine.
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Effect of FGFR on ephrin-induced activation of EphB2 and MAPK. Immunoprecipitation and Western blots analyses were performed to determine

the effect of prior iFGFR activation on the time course of ephrinB1-induced phosphorylation of EphB2 and activation of the MAPK pathway. (a) After iFGFR
activation, there is a lower maximal phosphorylation of EphB2 (left) affer incubation with ephrinB1 cells compared with in the absence of iFGFR (right);
quantitation is shown in the graph on the right. (b) Analogous experiments were performed by activating EphB2 with soluble ephrinB1-Fc; in controls, Fc
alone does not activate EphB2. Similar results are obtained as for activation by ephrinB1 cells, arguing against the possibility that the effect of iIFGFR on
EphB2 activation is secondary to altered cell-cell contacts. (c) Detection of ERK phosphorylation reveals that EphB2 activates the MAPK pathway (black
line), but after iFGFR activation, EphB2 instead inhibits the MAPK pathway (red line). For Western blots, see Fig. 7. Error bars indicate range (n = 3). PiTyr,

phosphorylated tyrosine.

over the increase in EphB2 phosphorylation that would other-
wise occur because of decreased LAR.

Our findings can be explained by a model in which inhibition of
the MAPK pathway by EphB2 is required for repulsion (Elowe
et al., 2001; Tong et al., 2003), and the antagonistic effect of
FGFR1 is caused by activation of MAPK. However, we unex-
pectedly found that in the absence of prior activation of FGFR1,
EphB2 activates the MAPK pathway (Fig. 5 ¢ and see Fig. 7, a
and ¢). In contrast, after FGFR1 activation, there is a decrease in
MAPK phosphorylation upon activation of EphB2 by ephrinB1
(Fig. 5 ¢). These findings suggest that EphB2-mediated cell

repulsion does not require inhibition of MAPK. On the contrary,
cell repulsion and segregation occurs in EphB2 cells in which
EphB2 activates MAPK but not in EphB2+iFGFR cells in which
EphB2 inhibits MAPK. This raised the possibility that MAPK
activation is required for EphB2-mediated cell repulsion. To test
this, we analyzed the effect of blocking the MAPK pathway on
the response of EphB2 cells. We found that incubation of cells
with U0126, an inhibitor of MAPK/extracellular signal-regulated
kinase (ERK) kinase (MEK), inhibits the collapse of EphB2 cells
that normally occurs upon activation with soluble ephrinB1-Fc
(Fig. 6, a and b), similar to the inhibitory effect of FGFR1 acti-
vation (Fig. 6 c).

By analogy with other receptors (Campbell and Holt,
2003; Piper et al., 2006), the activation of MAPK by EphB2
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Figure 6. Effect on blocking MAPK on cell
response to EphB2 activation. (a—c) Collapse
assays were performed fo determine the ef-
fect of ephrinB1-Fc on EphB2+GFP cells in the
absence (a) or presence (b) of blocking ERK
activation with 20 pM U0126 or after iFGFR
activation (c). The cells were incubated at 4°C
with Qdot605-labeled anti-EphB2 antibodies
to label cell surface EphB2. The cells were incu-
bated with culture medium at 37°C containing
1 pg/ml ephrinB1-Fc, and time-lapse images
were collected. Control EphB2 cells undergo
collapse after the addition of ephrinB1-Fc but
do not collapse when the MAPK pathway is
blocked or after activation of iFGFR (right).

could have a direct role in cell collapse responses. An alterna-
tive possibility that MAPK increases EphB2 activation seemed
inconsistent with our finding that FGFR1 (which activates
MAPK) inhibits ephrinB1-induced EphB2 phosphorylation.
Nevertheless, we tested this possibility and found that blocking
of MEK activation with U0126 (Fig. 7, a, b, and e) or MEK in-
hibitor 1 (not depicted) leads to a decrease in ephrinB I-induced
phosphorylation of EphB2. Similarly, we found that U0126 in-
hibits the activation of EphB2 in transfected HeLa cells (unpub-
lished data), indicating that this relationship with MAPK occurs
in other cell types. The finding that EphB2 activates MAPK,
which in turn is required to achieve high levels of EphB2 phos-
phorylation, suggests that a positive feedback loop mediated by
MAPK promotes EphB2 activation.

JCB « VOLUME 183 « NUMBER 5 « 2008

Effect of FGFR target genes on EphB2-
mediated cell repulsion
Our findings present an apparent paradox that activation of
FGFR1 (which activates MAPK) has the same effect on EphB2
activation and cell repulsion responses as the inhibition of MAPK.
One potential explanation is that FGFR activation induces the ex-
pression of feedback antagonists of the MAPK pathway, includ-
ing Sprouty genes (Casci et al., 1999; Kim and Bar-Sagi, 2004,
Mason et al., 2006), which could inhibit MAPK activation by
EphB2. We analyzed the expression of Sprouty family members
and found that Sprouty2 and Sprouty4 are induced upon iFGFR
activation (Fig. S1).

To test whether Sprouty?2 or Sprouty4 alter cell responses
and MAPK activation by EphB2, we transfected Sprouty expression
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constructs into EphB2 cells and incubated these with ephrinB1-Fc.
We concurrently visualized the dynamics of receptor endo-
cytosis by prelabeling cell surface EphB2 with Qdot605-1abeled
anti-EphB2 antibody. We found that neither the collapse re-
sponse of EphB2 cells to ephrinB1 nor the activation of MAPK
by EphB2 was altered significantly by the expression of Sprouty
genes (Fig. S2, available at http://www.jcb.org/cgi/content/
full/jcb.200807151/DC1). However, MAPK activation by FGFR1
was also not affected by Sprouty2 or Sprouty4 (Fig. S2). Sev-
eral previous studies have similarly found that in some cell types,
Sprouty proteins do not inhibit the MAPK pathway, suggesting
that this activity of Sprouty is context dependent (Egan et al.,
2002; Wong et al., 2002; Rubin et al., 2003; Choi et al., 2006).
Therefore, we considered the possibility that other transcrip-

tional targets of FGFR are required for Sprouty to inhibit MAPK
activation and thus decrease EphB2-mediated cell repulsion.

In the absence of iFGFR activator, EphB2+iFGFR cells
express a low level of FGFR1 target genes such as Sprouty2
(Fig. S1), which is presumably caused by a low amount of auto-
activation, but still respond to ephrinB1 in collapse (Fig. 8,
a and b) and segregation assays (Fig. 8 c). Therefore, we tested
whether the collapse and segregation responses of these cells to
ephrinB1 are altered by overexpression of Sprouty2. We found
that the collapse response is inhibited in Sprouty-expressing cells
(coexpressing red fluorescent protein [RFP] reporter) but
still occurs in nontransfected cells (Fig. 8, a and b). To assess
the effect on cell segregation, we mixed ephrinB1 cells with
EphB2+iFGFR cells, some of which are transfected with control
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(n = 4). Pi, phosphorylated.

(RFP) or Sprouty2+RFP expression vector. We found that al- tion responses to ephrinB1 in the context of prolonged low level
though all control-transfected EphB2 cells segregated (Fig. 8 ¢), FGFRI activation.
many Sprouty2-transfected EphB2 cells failed to segregate or A model in which Sprouty expression downstream of

were located at the interface with ephrinB1 cells (Fig. 8 d). These FGFR inhibits the activation of EphB2 predicts that knockdown
findings show that Sprouty?2 inhibits cell repulsion and segrega- of Sprouty will alleviate the effect of FGFR activation on EphB2
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phosphorylation. To test this, we performed knockdowns of
Sprouty2 plus Sprouty4 in activated EphB2+iFGFR cells and
determined the amount of ephrinB1-induced phosphorylation
of EphB2. We found that knockdowns of Sprouty2 plus Sprouty4
with two sets of siRNAs each led to an ~1.8-fold increase in
EphB2 phosphorylation compared with the amount in the pres-
ence of control siRNA (Fig. 8, f and g).

Discussion

The control of cell migration requires the integration of diverse
signals that promote attraction or repulsion. Because FGFR ac-
tivation can increase the migration and invasiveness of cells
during development and tumor metastasis, we tested whether
FGFR activation affects the ability of Eph—ephrin signaling to
restrict the intermingling of cells across boundaries. We found
that activation of FGFR1 in EphB2-expressing cells inhibits the
segregation of EphB2 cells from ephrinB1 cells and decreases
the repulsion response of EphB2 cells to ephrinB1.

Such antagonism between different receptors can be medi-
ated by cross-inhibition of receptor activity and/or by receptors
having opposite effects on a downstream signal transduction
pathway. We found that the activation of EphB2 by ephrinB1 is
decreased in the presence of activated FGFR1, reaching a maxi-
mal level 30-50% of that achieved in the absence of FGFR.
A potential significance of this finding is suggested by studies
showing that high levels of Eph receptor activation are required
for de-adhesion or growth cone repulsion, whereas at lower lev-
els of activation there is increased integrin-mediated cell adhe-
sion or migration of growth cones (Huynh-Do et al., 1999;
Hansen et al., 2004). Consistent with this, a decrease in Eph re-
ceptor activation because of cis-inhibition by coexpressed ephrin
(Hornberger et al., 1999; Carvalho et al., 2006) or truncated Eph
receptor (Holmberg et al., 2000) is associated with decreased
growth cone repulsion or increased cell adhesion. Therefore,
FGFR activation may decrease the repulsion of EphB2 cells by
ephrinB1 at least in part by inhibition of EphB2 activation.

We found that FGFR activation also leads to a slow in-
crease in the baseline phosphorylation of EphB2 in the absence
of ephrinB1 and show that this is caused by down-regulation of
the receptor tyrosine phosphatase LAR, which dephosphory-
lates EphB2 and limits the amount of activation by ephrin. Sim-
ilarly, the receptor tyrosine phosphatase Ptpro has been found to
dephosphorylate Eph receptors (Shintani et al., 2006). These re-
ceptor phosphatases may counteract the autoactivation of Eph
receptors to maintain a low baseline phosphorylation and limit
the amount and duration of Eph receptor phosphorylation after
activation by ephrin.

Role of MAPK in cell responses to EphB2
activation

Our experiments raise the question of how FGFR activation
leads to a decrease in EphB2 activation by ephrinB1. A poten-
tial explanation came from our finding that EphB2 activates the
Ras—-MAPK pathway and that this pathway in turn is required
for high levels of EphB2 activation and for a cell collapse re-
sponse to clustered ephrinB1. The effects of FGFR on sorting

FGF ephrinB1

! l

FGFR — LAR — EphB2

. S

MAPK MAPK — RasGAP

l |

sprouty R-Ras

repulsion

Figure 9. Model of relationship between EphB2, FGFR, MAPK, and cell
repulsion. The diagram depicts relationships deduced in the current study
integrated with the results of other studies described in the Discussion.
Baseline activation of EphB2 is kept low by LAR and other receptor PTPs,
which also limit the amount of ephrin-induced phosphorylation. LAR is
down-regulated by FGFR1 activation. In the absence of FGFR1 activation,
there is a high level of activation of EphB2 by ephrinB1 involving a positive
feedback loop mediated by the MAPK pathway; this positive loop is limited
by the inhibition of MAPK by RasGAP. EphB2 activation triggers multiple
pathways that promote cell repulsion, one of which involves the inhibi-
tion of R-Ras by RasGAP. After induction of Sprouty genes downstream of
FGFR, there is inhibition of the positive MAPK loop downstream of EphB2.
This shifts the response to inhibition of MAPK by EphB2 and a lower level
of EphB2 activation and cell repulsion.

and collapse responses of EphB2 cells to ephrinB1 are mim-
icked by the expression of a transcriptional target of FGFR sig-
nal transduction, Sprouty?2, that is a feedback antagonist of the
Ras—MAPK pathway. Furthermore, we find that knockdown of
Sprouty2 plus Sprouty4 alleviates the inhibitory effect of FGFR
on EphB2 activation. These findings suggest that a MAPK-de-
pendent positive feedback loop increases the amount of EphB2
activation. One potential model is that MAPK activity promotes
repulsion responses of EphB2 cells to ephrinB1 solely by in-
creasing EphB2 activation via this feedback loop. It is also pos-
sible that the MAPK pathway is required for cell repulsion
independently of its effect on EphB2 activation, and indeed,
MAPK is involved in growth cone repulsion by Slit (Campbell
and Holt, 2003; Piper et al., 2000).

Previous studies have shown that binding of Ras—GTPase-
activating protein (GAP) to EphB2 is essential for a neurite repul-
sion response in differentiated NG108 cells (Elowe et al., 2001;
Tong et al., 2003). Because RasGAP inhibits the MAPK path-
way, these findings suggested that the inhibition of MAPK is re-
quired for neurite repulsion, whereas in our assays, inhibition of
MAPK leads to a loss of cell repulsion. One possible explanation
for the difference is that there is a distinct role of MAPK in re-
pulsion responses of HEK293 cell processes compared with
neurites. Indeed, in some contexts MAPK is required for growth
cone attraction and promotes cell migration (Perron and Bixby,
1999; Sahai et al., 2001; Campbell and Holt, 2003; Huang et al.,
2004), and thus inhibition of MAPK may be required for repul-
sion. Alternatively, it may not be the ability of RasGAP to inhibit
MAPK that is required for neurite repulsion downstream of
EphB2 but rather that RasGAP inhibits R-Ras, a promoter of cell
adhesion and migration (Dail et al., 2006). Collectively, these
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observations suggest a model in which a cell repulsion response
to EphB2 is enabled by a MAPK-dependent positive feedback on
receptor activation, which then acts through pathways that in-
clude the inhibition of R-Ras by RasGAP (Fig. 9). A need to suf-
ficiently inhibit R-Ras could contribute to the requirement for a
threshold level of Eph receptor activation to achieve cell repulsion
(Dail et al., 2006). Because RasGAP inhibits MAPK, competing
positive and negative loops may modulate the dynamics of EphB2
and MAPK activation (Fig. 9). Our finding that after FGFR acti-
vation EphB2 inhibits rather than activates the MAPK pathway
can be explained by a shift toward the inhibitory pathway caused
by the presence of Sprouty. A difficulty with this model is that even
after induction of Sprouty2, FGFR activation leads to a net in-
crease in MAPK activity that would be predicted to promote EphB2
activation. A possible explanation is that FGFR and EphB2 do not
appear to interact and thus may activate MAPK in different sub-
cellular compartments, whereas Sprouty2 can inhibit MAPK
downstream of EphB2. In contrast, FGFR and EphA4, which cross-
activate each other, do form a complex (Yokote et al., 2005).
Therefore, we propose that positive feedback requires MAPK
activation local to EphB2. However, Eph receptors can inhibit
MAPK downstream of other receptors (Miao et al., 2001; Kim
et al., 2002; Picco et al., 2007), and it will therefore be important to
analyze the spatial localization of MAPK activation and inhibition.
A question that now needs to be addressed is the mecha-
nism of positive feedback of the MAPK pathway on EphB2 ac-
tivation. Studies of other receptors suggest many candidate
mechanisms, including increased translation, trafficking or re-
cycling that maintains the level of cell surface receptor, or mod-
ulation of a tyrosine phosphatase or kinase that affects receptor
phosphorylation (Biscardi et al., 1999; Ekman et al., 2002;
Ming et al., 2002; Agazie and Hayman, 2003; Campbell and
Holt, 2003; Haj et al., 2003; Marsh et al., 2003; Reynolds et al.,
2003; Qin et al., 2005; Piper et al., 2006; Stetak et al., 2006).

Effect of FGFR activation and Sprouty2 on
cell responses to EphB2

We found that in EphB2 cells, overexpressed Sprouty2 does not
inhibit MAPK activation downstream of EphB2 (or FGFR), and
this accounts for its lack of effect on cell responses to ephrinB1.
Several studies have shown that in some situations, Sprouty pro-
teins can even promote rather than inhibit MAPK activation (Egan
etal., 2002; Wong et al., 2002; Rubin et al., 2003) and that the posi-
tive or negative effect of Sprouty can depend on the cell differentia-
tion status (Choi et al., 2006). The ability of Sprouty?2 to inhibit the
MAPK pathway may therefore require unidentified cofactors or
substrates that have restricted expression. We found that Sprouty?2
did inhibit ephrinB1-induced collapse and cell sorting when ex-
pressed in EphB2+FGFR cells in the absence of iFGFR activator.
Because there is low level induction of FGFR target genes in these
cells, this finding suggests that one or more of these targets is re-
quired to enable Sprouty?2 to inhibit the MAPK pathway.

Potential role of feedback control of EphB2
activation

Our findings raise the question of the role of a positive feedback
loop in EphB2 activation. Modeling and experimental analysis of
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signal transduction pathways has shown that positive feedback
loops lead to bistability in which a progressively increasing
amount of input leads to a sharp transition from a low to high level
of output (Santos et al., 2007). It can be envisaged that such a
switch would ensure that once activation is sufficient to counter-
act the effect of receptor phosphatases and initiate positive feed-
back, this would rapidly lead to maximal EphB2 activation and
the appropriate cell response. Our data suggest that EphB2 both
activates and inhibits MAPK and that the balance shifts toward
inhibition and lack of positive feedback if other MAPK inhibitors,
such as Sprouty, are present. This context-dependent relationship
can explain why different studies have found that EphB2 can in-
hibit (Elowe et al., 2001) or activate (Zisch et al., 2000) the MAPK
pathway. Achieving the appropriate relationship is likely to be
functionally important because inhibition or activation of the
MAPK pathway by Eph receptors has been implicated in control
of the differentiation, migration, and proliferation of cells (Miao
et al., 2001; Vindis et al., 2003; Aoki et al., 2004; Corrigan et al.,
2005; Picco et al., 2007).

Materials and methods

Antibodies and reagents

Anti-EphB2 antibodies and recombinant ephrinB1-Fc chimera were ob-
tained from R&D Systems, and antiphospho-Eph receptor antiserum was
obtained from C. Nobes (University of Bristol, Bristol, England, UK). Antidi-
phosphorylated ERK1/2 antibody, anti-ERK1/2 antiserum, anti—B-catenin
antiserum, anti-Flag M2 antibody, basic FGF, and fibronectin were ob-
tained from Sigma-Aldrich, anti-HA antibody was obtained from Roche,
antiphosphotyrosine antibody was obtained from Millipore, and anti-
FRBP12 antibody was obtained from Thermo Fisher Scientific. Secondary
donkey anti-mouse, anti-rabbit, and anti-goat antibodies conjugated to
IRDye700 and IRDye800 were obtained from Rockland Immunologicals,
Cy3-conjugated AffiniPure F(ab’), fragment donkey anti-goat IgG and
AffiniPure Fab fragment rabbit anti-goat IgG were obtained from Jackson
ImmunoResearch Laboratories, and Qdot605 Antibody Conjugation kit
was obtained from Tebu-Bio. AP20187 reagent to dimerize iFGFR was
supplied by ARIAD Pharmaceuticals. MEK inhibitor 1, U0126, and recom-
binant catalytic domain D1 of LAR were obtained from EMD.

Plasmid constructs

Constructs were provided as follows: human Sprouty4 from C.J.M. de Vries
(Academic Medical Center, Amsterdam, Netherlands); human Sprouty2
from G.R. Guy (Institute of Molecular and Cell Biology, Singapore); H2B-
mRFP from S. Megason and S. Fraser (California Institute of Technology,
Pasadena, CA); iFGFR from E. Pownall (University of York, York, England,
UK); EphB2 K662R mutant from R. Klein (Max Planck Institute of Neurobiol-
ogy, Martinsried, Germany); and mouse EphB2 and ephrinB1 as described
previously (Mellitzer et al., 1999).

Cell culture and cell behavior assays

HEK293 cells were cultured and visualized during time-lapse experiments
at 37°C with 5% CO, in DME supplemented with 10% FCS, glutamine,
and antibiotics. Stable HEK293 cell lines expressing EphB2, EphB2 plus
membranetargeted GFP (EphB2+GFP), EphB2 plus iFGFR1 (EphB2+iFGFR1),
EphB2 plus iFGFR1 and membrane-anchored GFP (EphB2+iFGFR1+GFP),
and ephrinB1 were generated using selection with G418 and/or hygromycin.
Dissociated cell suspensions were made using Accutase (PAA Laboratories)
for cell segregation assays or enzyme-free cell dissociation buffer (Invitro-
gen) for timelapse studies. After washing with culture medium, two cell
lines were mixed in equal proportion and plated onto a fibronectin-coated
coverglass system (chambered 1.0 borosilicate; Lab-Tek). Cells were visual-
ized using an RT live-imaging workstation (Deltavision; Applied Precision,
LLC) on a microscope (IX-70; Olympus) with a charge-coupled device cam-
era (MicroMax 1300 YHS; Roper Scientific) in a heated environmental
chamber (37°C; 5% CO,). For cell segregation assays, the cultures were
plated at 65,000 cells/cm? and grown for 3-4 d until confluence. Images
of segregated cells were taken with a 10x/0.4 NA objective (Olympus)
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and GFP filter set (Chroma Technology Corp.). Quantitation of segrega-
tion was performed by the nearest neighbor method (Mochizuki et al.,
1998). For time-lapse studies of cell interactions, cells were plated at
20,000 cells/cm?, and initial cell-cell contacts were visualized using fluor-
escence (GFP filter set) and phase-contrast optics with a 40x/0.6 NA ob-
jective (Olympus).

For collapse assays, EphB2-expressing cells were plated 24 h be-
fore the experiment at 50,000 cells/cm? and prelabeled with a 1:1 molar
mixture of goat anti-EphB2 antibodies and Cy3-conjugated anti-goat IgG
or Qdot605-conjugated anti-goat Fab fragments for 10 min at 4°C. After
extensive washing, warm culture medium including 1 pg/ml ephrinB1-Fc
chimera was added, and time-lapse images of cell behavior were captured
using a 40x/0.6 NA objective.

To activate iFGFR, 100 nM AP20187 was included in the cell cul-
ture medium during segregation assays or added 24 h before carrying out
time-lapse and collapse assays. To study effects of Sprouty genes, transient
transfection of cells with Sprouty2, Sprouty4, and H2B-mRFP cDNA was
performed using Fugene 6 transfection reagent (Roche). Time-lapse and
still images were collected using Softworx acquisition software (Applied
Precision, LLC). Videos of cell behavior were created using Image) soft-
ware (National Institutes of Health).

siRNA knockdowns

Knockdown of LAR-protein tyrosine phosphatase (PTP) or of Sprouty ex-
pression in HEK293 cells was performed by using Silencer siRNA oligonu-
cleotides against human PTP receptor type F (LAR-PTP) or Sprouty2 and
Sprouty4 from Applied Biosystems. In each experiment, a nontargeting
siRNA was used as control. Transfection of siRNAs info cells was per-
formed for 24 h with X-tremeGENE siRNA Transfection Reagent (Roche)
according to the manufacturer’s recommendations. The extent of knock-
down after 48-72 h was analyzed by using antibodies or RT-PCR.

Phosphorylation analysis

EphB2-expressing cells grown on culture dishes were stimulated with a sus-
pension of ephrinB1-expressing cells or with 1 pg/ml of soluble ephrinB1-Fc
chimera and/or 100 nM AP20187 to activate iFGFR. Phosphorylation of
EphB2, ERK1/2, and iFGFR1 in cell lysates or direct Western blotting was
detected simultaneously by using phosphospecific antibodies. Levels of
phosphorylation were normalized using antibodies for total protein.

In vitro dephosphorylation assay

EphB2-expressing HEK293 cells were left untreated or were stimulated
with 1 pg/ml ephrinB1-Fc for 30 min, and EphB2 was immunoprecipitated
from cell lysates (as described in the previous paragraph). After extensive
washes, half of each immunoprecipitate was incubated with ~5 U of the
soluble catalytic domain of LAR in dephosphorylation buffer (20 mM
Hepes, pH 7.4, 10 mM dithiothreitol, 150 mM NaCl, and 2 mM EDTA) for
1 h at 37°C. The other half of the immunoprecipitates was incubated in the
absence of LAR. The reaction was stopped by adding sample buffer, pro-
teins were separated by SDS-PAGE, and the tyrosine phosphorylation state
of the proteins was analyzed by Western blotting.

Quantitative Western blot assays

Cells were chilled on ice and lysed in cell lysis buffer (1% NP-40, 20 mM
Hepes, pH 7.4, 100 mM NaCl, 10 mM Na,P,0;, 1 mM CaCl,, 1 mM
MgCl,, Halt protease inhibitor cocktail [Thermo Fisher Scientific], and
phosphatase inhibitor cocktail set Il [EMD]) for 10 min at 4°C. Cell lysates
were centrifuged at 16,000 g for 10 min at 4°C. Protein concentration in
cell lysates was measured using bicinchoninic acid protein assay (Thermo
Fisher Scientific). After equalizing protein concentration with lysis buffer,
lysates were immunoprecipitated or run directly on SDS-PAGE. Immuno-
precipitation was performed with antibodies prebound to protein G Sepha-
rose 4 Fast Flow (GE Healthcare) for 1-2 h at 4°C, which was washed as
follows: lysis buffer, twice in lysis buffer containing 0.85 M NaCl, lysis buf-
fer, and 10 mM Hepes, pH 7.0, all containing 2 mM sodium orthovanc-
date. Proteins bound to protein G Sepharose were eluted with 2x SDS
sample buffer for 10 min at 70°C and run on SDS-PAGE. Transfer of pro-
teins from gels on Immobilon-FL membranes (Millipore) was performed us-
ing XCell Il Blot module (Invitrogen). Detection and quantification were
performed using the Infrared Imaging System protocol (Odyssey; LI-COR
Biosciences). The membranes were stained simultaneously with pairs of
primary and secondary antibodies conjugated to infrared fluorescent dyes
IR700 and IR800. After staining, the membranes were scanned using 700-
and 800-nm channels on an imager (Odyssey), and the intensity of stain-
ing was determined using the median background method.

Online supplemental material

Fig. S1 shows the expression of Sprouty2, Sprouty4, and LAR-PTP mRNA
in EphB2 cells and in EphB2+iFGFR cells in the absence or presence of
AP20187. Fig. S2 shows the lack of effect of Sprouty2 and Sprouty4 on
EphB2 and MAPK activation in EphB2 cells. Videos 1-3 show the effect of
FGFR on EphB2 cell repulsion. Video 1 is a negative control showing the
interaction between an EphB2+GFP cell and an EphB2 cell corresponding
to Fig. 1 d. Video 2 shows the inferaction between an EphB2+GFP cell and
an ephrinB1 cell corresponding fo still images in Fig. 1 e. Video 3 shows
the interaction between an EphB2+iFGFR+GFP cell and an ephrinB1 cell
corresponding to still images in Fig. 1 f. Videos 4 and 5 show the effect of
FGFR on EphB2 cell collapse. Video 4 shows the collapse response of
EphB2 cells to ephrinB1-Fc corresponding o still images in Fig. 2 a. Video 5
shows the collapse response of EphB2+iFGFR cells to ephrinB1-Fc corre-
sponding to still images in Fig. 2 b. Online supplemental material is avail-

able at http://www.jcb.org/cgi/content/full /jcb.200807151/DC1.
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