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Activation of the EphB2 receptor tyrosine kinase by clustered ephrin-B1 induces growth cone collapse and
neurite retraction in differentiated NG108 neuronal cells. We have investigated the cytoplasmic signaling
events associated with EphB2-induced cytoskeletal reorganization in these neuronal cells. We find that unlike
other receptor tyrosine kinases, EphB2 induces a pronounced downregulation of GTP-bound Ras and conse-
quently of the extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) pathway.
A similar inhibition of the Ras-MAPK pathway was observed on stimulation of endogenous EphB2 in COS-1
cells. Inactivation of Ras, induced by ephrin B1 stimulation of NG108 neuronal cells, requires EphB2 tyrosine
kinase activity and is blocked by a truncated form of p120-Ras GTPase-activating protein (p120-RasGAP),
suggesting that EphB2 signals through the SH2 domain protein p120-RasGAP to inhibit the Ras-MAPK
pathway. Suppression of Ras activity appears functionally important, since expression of a constitutively active
variant of Ras impaired the ability of EphB2 to induce neurite retraction. In addition, EphB2 attenuated the
elevation in ERK activation induced by attachment of NG108 cells to fibronectin, indicating that the EphB2
receptor can modulate integrin signaling to the Ras GTPase. These results suggest that a primary function of
EphB2, a member of the most populous family of receptor tyrosine kinases, is to inactivate the Ras-MAPK
pathway in a fashion that contributes to cytoskeletal reorganization and adhesion responses in neuronal

growth cones.

External signals that control cellular behavior in metazoan
organisms are often transduced at the cell surface by receptor
tyrosine kinases (RTKs). Eph receptors comprise the largest
family of mammalian RTKs, with 14 members. The family has
apparently undergone a striking expansion during the evolu-
tion of multicellular animals, since only a single Eph receptor
has been identified in Caenorhabditis elegans (30) or Drosophila
(65), suggesting that these receptors might be involved in con-
trolling complex cellular interactions. The ligands for Eph re-
ceptors, termed ephrins, are themselves anchored to the
plasma membrane, either via a glycosylphosphatidylinositol
linkage (A class) or through a transmembrane sequence (B
class) (21, 28, 39). Consequently, signaling generally requires
direct contact between ephrin- and Eph receptor-expressing
cells. The Eph receptors are also classified into A and B groups
on the basis of sequence homology and ephrin-binding ability
(27). Although the binding of receptors to ephrins is generally
nonselective within a given class, different combinations of
receptors and ligands interact with distinct affinities, while
EphA4 can bind both classes of ephrins (28).

In C. elegans, the VAB-1 Eph receptor and corresponding
ephrins regulate a series of morphogenetic cell movements
important for development (14, 30, 72). In mammals, Eph
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receptors and ephrins are expressed in reciprocal compart-
ments of the developing embryo (28, 33) and are important for
axon guidance and topographic map formation in the central
nervous system (7, 19, 25, 34, 74), neural crest cell migration
(18), patterning of the hindbrain and paraxial mesoderm (28),
and vascular network assembly (1, 29, 31, 71). For both inver-
tebrates and vertebrates, there are data to suggest that Eph
receptors have both kinase-dependent and kinase-independent
functions, with the latter potentially reflecting either an ability
of Eph-ephrin interactions to mediate cell adhesion or an
intrinsic ephrin-signaling activity (13, 22, 23, 37).

In the guidance of axons in the nervous system, and in cell
migrations, ephrin-Eph receptor signaling commonly has a re-
pulsive effect on cell movement (11, 53, 54, 57). In vitro, the
activation of Eph receptors in neuronal cells induces deadhe-
sive responses and collapse of neural growth cones (6), corre-
lating with axon and neural crest cell repulsion from ephrins
displayed on cells or isolated membranes (53, 54). Although
ephrins and Eph receptors clearly activate repellant responses
in many cells, there is increasing evidence that specific ligand-
receptor pairs can also initiate an attractive response in some
cell types, for example by eliciting endothelial cell sprouting
(1), increased cellular adhesion (8, 22, 23, 41), neural tube
closure (40), and projection of vomeronasal axons (47). This
resembles the ability of several other guidance molecules to
induce either attraction or repulsion (56).

The intracellular signaling pathways that mediate the bio-
logical effects of Eph receptors and ephrins are only starting to
emerge. Activated receptors become autophosphorylated at
multiple sites, including two absolutely conserved tyrosine res-
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idues in the juxtamembrane region and a tyrosine within the
activation segment of the kinase domain (6, 44). Interestingly,
prior to phosphorylation, the juxtamembrane tyrosines (Y604
and Y610 in EphB2) repress receptor kinase activity, but fol-
lowing phosphorylation they are released to serve as docking
sites for SH2 domain proteins (6). RTKs commonly signal
through cytoplasmic proteins with SH2 domains, which bind
either directly to phosphotyrosine (pTyr) sites on the activated
receptor or to phosphorylated docking proteins. Both mecha-
nisms may be used by Eph receptors. A variety of SH2 proteins
have been identified as potential Eph receptor-binding part-
ners, including the Fyn and Src tyrosine kinases (15, 26, 35, 75),
the p120-Ras GTPase-activating protein (p120-RasGAP) (see
interaction ID:123 at www.BIND.ca [35, 38]), the Nck and Crk
adaptors (35, 69), SHEP1 (24), the Ras-binding protein AF6
(36), and the Src-like adaptor protein SLAP (58). Which of
these targets are relevant to the biological functions of Eph
receptors remain uncertain. In addition, we and others have
found that activated Eph receptors preferentially phosphory-
late the p62dok-1 docking protein in neuronal and endothelial
cells (4, 38). p62dok-1 has an N-terminal pleckstrin homology
(PH) domain followed by a phosphotyrosine-binding (PTB)
domain and multiple tyrosine phosphorylation sites which en-
gage the SH2 domains of p120-RasGAP and Nck (73). In
NG108 neuronal cells expressing EphB2 and stimulated with
clustered ephrin-B1, p62dok-1 is the most prominently ty-
rosine-phosphorylated protein other than the receptor itself
(38).

The Ras-mitogen-activated protein kinase (MAPK) pathway
is commonly activated by RTKs, and indeed is viewed as a
hallmark of RTK signaling (16). Autophosphorylation of
RTKs such as the epidermal growth factor, platelet-derived
growth factor (PDGF), or insulin receptors leads to the re-
cruitment (either directly or indirectly) of the Grb2-Sos1 com-
plex, which in turn induces the exchange of GDP for GTP on
Ras proteins, and the association of Ras with the Raf serine/
threonine protein kinase (59). Raf phosphorylates the dual-
specificity protein kinases MEK1 and MEK2, which conse-
quently activate the MAPKs extracellular signal-related
kinases 1 and 2 (ERK1/2). This core biochemical pathway is
regulated by many different signals in numerous cell types,
raising the issue of how such a widespread signaling pathway
generates distinct biological responses in different cells or fol-
lowing stimulation by different ligands. In metazoans, each cell
is simultaneously exposed to multiple extracellular signals and
must integrate these inputs to initiate the appropriate out-
come. The combined nature of these external signals, together
with regulators expressed within the target cell, may therefore
determine the extent and duration of Ras-MAPK activation,
which in turn can determine how the cell responds (51).

Unlike other RTKs, Eph receptors appear inefficient at stim-
ulating cell proliferation in fibroblasts or epithelial cells (10,
12), and the role of MAPK signaling downstream of activated
Eph receptors remains unclear. Here, we show that EphB2
tyrosine kinase activity down regulates Ras and ERKI1/2
MAPKSs in a neuronal cell culture system. Our data suggest
that p120-RasGAP contributes to Ras inhibition by Eph re-
ceptors and indicate that Ras activation interferes with neurite
retraction induced by ephrin-B1.
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MATERIALS AND METHODS

EphB2 constructs, mutagenesis, and reagents. Full-length murine EphB2
c¢DNA was cloned into the mammalian expression vector pcDNA3 (Invitrogen)
as previously described (38). Mutations and truncations in EphB2 were made
using PCR-based site-directed mutagenesis. For juxtamembrane mutations, a
BgllI fragment encompassing the tyrosine residues was replaced with the iden-
tical fragment with tyrosines 604 (JX1) and 610 (JX2) mutated either singly to
phenylalanine or together to phenylalanine or glutamate. EphB2-AC was syn-
thesized by mutation of Vs, in the SAM domain to a stop codon. The presence
of the mutations was confirmed by sequence analysis. The YFP-Actin cDNA
(Clontech) was cloned into the retroviral PMX-Puro vector (60). For cloning, the
entire coding region was amplified by PCR with EcoRI sites flanking the start
and stop codons. The 5’-primer CCCGAATTCGCTAGCGCTACCGGTCGCC
ACCATG and the 3'-primer CCCGAATTCCTTAAGATACATTGATGAGTT
TGGAC were used. Cloning of a truncated p120-RasGAP encoding the N-
terminal hydrophobic region and including the SH2-SH3-SH2 domains (GAP-N)
was previously described (52). pcDNA3-HA-RasV, used in live imaging of cells
was a kind gift of A. Guha. PDGF-BB was purchased from PeproTech Inc.

Cell culture and EphR stimulation. Rat2 cells were maintained in Dulbeco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
(Sigma). NG108-15 (NG108) cells were routinely cultured in DMEM containing
10% FBS and 1x hypoxanthine-aminopterin-thymidine (HAT) (Gibco). Stable
cell lines in NG108 cells were produced as previously described (38). Briefly,
parental NG108 cells were transfected with 10 pg of cDNA using Lipofectin
reagent and OptiMEM medium (Gibco) as specified by the manufacturer. Cells
were then grown in the presence of 400 wg of G418 (Gibco) per ml to select
stable transfectants. Transient transfections into these cell lines were performed
using Lipofectin or ExGEN 500 (MBI Fermentas) reagents. Stimulation of
EphB2 expressing cells was carried out as previously described (38) with 2 pg of
aggregated Fc-ephrin-B1 per ml unless otherwise indicated. For ERK and MEK
activation experiments, NG-EphB2 cells were seeded into six-well plates 24 h
prior to stimulation at 3 X 10° cells/well.

Immunoprecipitation and Western blotting. Unless otherwise indicated, cells
were serum starved overnight in DMEM containing 1X HAT. For ERK, MEK,
and antiphosphotyrosine (anti-pTyr) Western blots, cells were stimulated with
Fc-ephrin-B1 as indicated and lysed directly in 2X sodium dodecyl sulfate (SDS)
loading buffer. For immunoprecipitation experiments, cells were washed twice in
phosphate-buffered saline (PBS) and lysed as previously described (38). Protein
levels were equalized using a bicinchoninic acid protein assay kit (Pierce), and
the proteins were immunoprecipitated as indicated. They were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a polyvi-
nylidene difluoride membrane (Millipore), and blotted with the appropriate
antibodies. Antibodies against EphB2 have been previously described (33). Phos-
pho-ERK1/2 and phospho-MEKI1 antibodies were purchased from Cell Signaling
Technologies, and Grb2 antibodies were purchased from Transduction Labora-
tories. All other antibodies were from Santa Cruz. Immunoblots were visualized
using a linear enhanced chemiluminescence (ECL) substrate (ECL Plus; Amer-
sham) as specified by the manufacturer. All blots were exposed to either X-Omat
imaging film (Kodak) or Fluor-S Multilmager and visualized using QuantityOne
software (Bio-Rad).

Assay for activated Ras. The Ras-binding domain of c-Raf (Raf-RBD) is
thought to have a high affinity for GTP-bound Ras, and has been used as a probe
for activated Ras (61). After treatment with clustered ephrin-B1 ligand, the cells
were washed twice with HEPES-buffered saline (HBS) (25 mM HEPES [pH 7.5],
150 mM NaCl), and lysates were prepared in p21Ras lysis buffer (PLB) (25 mM
HEPES [pH 7.5], 150 mM NaCl, 1% NP-40, 1 mM EDTA, 10% glycerol, 25 mM
NaF, 10 mM MgCl,, 1 mM sodium vanadate, 10 wg of leupeptin per ml, 10 pg
of aprotinin per ml, 0.1 mM phenylmethylsulfonyl fluoride). Total-cell lysates
were equalized for protein content and were incubated with 20 wg of purified
glutathione S-transferase (GST)-Raf-RBD on glutathione beads (Pharmacia)
for 60 minutes. Samples were resolved by SDS-PAGE and immunoblotted with
anti-Ras antibodies (Quality Biotech) as indicated above.

Neurite retraction assays. NG-EphB2 cells were transfected as indicated 56 h
prior to the retraction assay. YFP-Actin-expressing cells were plated onto Del-
taT3 dishes (Bioptechs) and mounted on a temperature-controlled stage adap-
tor. The temperature was maintained at 37°C, and the cells were imaged using an
inverted Olympus IX-70 fluorescence microscope equipped with Deltavision
deconvolution software (Applied Precision). For neurite retraction assays, ligand
was added to the culture medium and the cells were immediately imaged every
30 s for 40 min.
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RESULTS

Kinase activity of EphB2 downregulates ERK1/2 and MEK1
phosphorylation. To investigate the role of Eph RTKs in reg-
ulating the MAPK pathway in a neuronal cell type, we have
used a derivative of the NG108-15 (NG108) cell line stably
expressing wild-type EphB2 (NG-EphB2) (6, 38). The parental
NG108 cells do not express detectable Eph receptors and do
not respond to ephrin-B1 stimulation. In contrast, although
neurite outgrowth is induced normally in the NG-EphB2 cells
by cyclic AMP, ephrin-B1 induces neurite retraction of these
cells in a fashion that depends on EphB2 kinase activity (6).
Ephrin-B1 stimulation of NG-EphB2 cells leads to a rapid
increase in the tyrosine phosphorylation of EphB2 and a num-
ber of cellular proteins, most notably p62dok-1 (6, 38). Grow-
ing or serum-starved NG108 parental and NG-EphB2 cells
were stimulated with clustered Fc-ephrin-B1 ligand for differ-
ent times ranging from 2 to 60 min, and total-cell proteins were
assayed for activated ERK and MEK using antibodies directed
against the phosphorylated, activated forms of these kinases.
Both growing (in 10% FBS) and serum-starved NG-EphB2
cells exhibited a marked decrease in activated, phospho-
ERKI1/2 (Fig. 1A, upper panel), as well as activated, phospho-
MEKI (Fig. 1B, upper panel), although the absolute levels of
these proteins did not decrease significantly (Fig. 1A and B,
lower panels). In contrast, stimulation of parental NG108 cells
with ephrin-B1 showed no appreciable difference in phospho-
ERK1/2 or phospho-MEKI1 levels compared to total protein
levels. Furthermore, the decrease in the phosphorylated forms
of both MEK and ERK was more pronounced and occurred
for a longer duration under serum-starved conditions (Fig.
1C). This is most probably due to the presence of compensat-
ing mitogenic factors in serum, since we found significantly
elevated levels of tyrosine phosphorylated EphB2 up to 60 min
after ephrin-B1 stimulation in the presence or absence of se-
rum (Fig. 1D).

Unlike NGI108 cells, COS-1 cells express endogenous
EphB2, which becomes phosphorylated on tyrosine residues
subsequent to stimulation with clustered Fc-ephrin-B1 (Fig.
2A). In agreement with the observations made in NG-EphB2
cells, stimulation of COS-1 cells with clustered ephrin-B1 led
to a time-dependent decrease in ERK phosphorylation in cells
that had been serum starved (Fig. 2B, left panels), as well as in
cells grown in the presence of 10% FBS (Fig. 2B, right panels).
In contrast, treatment with clustered Fc alone did not signifi-
cantly alter the ERK1/2 phosphorylation status in COS 1 cells
(Fig. 2B, lanes 1 to 4 and 9 to 12). These results indicate that
activation of the EphB2 RTK in two distinct cell types of
neuronal and epithelial origin induces downregulation in ERK
phosphorylation.

To investigate the features of EphB2 that are important for
the downregulation of ERK signaling, we constructed stable
NG108 cell lines expressing EphB2 with truncations or muta-
tions in specific residues (Fig. 3A). Several protein interaction
motifs are conserved among Eph family receptors and have
been implicated in the downstream signaling (39). The jux-
tamembrane tyrosines 604 and 610 (JX1 and JX2, respectively,
in Fig. 3A) regulate kinase activity (6) and serve as docking
sites for SH2 domains once phosphorylated, whereas the C-
terminal SAM domain is implicated in receptor oligomeriza-
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tion (67, 70) but may also serve a docking function through
phosphorylation of Y,, (69). The EphB2-AC construct ends at
Vys; in the SAM domain, effectively eliminating this domain,
as well as the C-terminal PDZ domain-binding site. Similar to
wild-type (WT) EphB2, stimulation of NG108 cells expressing
EphB2-AC or EphB2-Y,,,F caused a rapid decrease in the
levels of phosphorylated ERK1/2 and MEK1, which could be
detected within 2 min (Fig. 3B and C). These observations
suggest that neither a functional SAM domain nor the C-
terminal PDZ domain-binding motif are required for the de-
crease in EphB2 stimulated MAPK signaling, and, indeed, the
C-terminal region of EphB2 is not required for neurite retrac-
tion (S. Holland and T. Pawson, unpublished results). In con-
trast, replacement of either of the two conserved juxtamem-
brane tyrosines with phenylalanine, which impairs kinase
activity and neurite retraction, resulted in a smaller decrease in
ERK1/2 and MEKI1 phosphorylation following ephrin-B1 chal-
lenge than that of WT EphB2. In particular, the rate of EphB2-
Y;x-,F-induced down regulation of ERK1/2 phosphorylation
was significantly lower in comparison to WT EphB2 (Fig. 3B,
upper panel, compare lanes 5 and 6 with lanes 14 and 15). The
double substitution of EphB2-Y,y, ,F effectively eliminated
the decrease in phosphorylated ERK1/2 (Fig. 3B, upper panel,
compare lanes 8 and 9 with lanes 5 and 6) after stimulation
with ephrin-B1 ligand, consistent with the observation that this
double substitution abrogates ephrin-Bl-induced kinase activ-
ity and NG108 neurite retraction (6). Similarly, ephrin-B1
treatment of cells expressing a mutant EphB2 rendered kinase
inactive through a mutation in the catalytic domain (EphB2-
KD, substitution at Lys 611 to Met) induced no appreciable
decline in phospho-ERK levels (Fig. 3D). Together, these re-
sults indicate that activation of EphB2 in the NG108 cells
attenuates the phosphorylation and thus the activation of the
MEKI1 and ERK1/2 kinases and show that this inhibition of the
MAPK signaling pathway requires EphB2 kinase activity.

Activation of EphB2 in NG108 cells leads to a decrease in
the levels of GTP-bound Ras. The small GTPase Ras is an
important upstream regulator of the MAPK cascade and a
common downstream effector of RTK signaling (59). To study
the effect of EphB2 on Ras activation, parental NG108 and
stable EphB2 cell lines were stimulated with clustered eph-
rin-B1 and cell lysates were incubated with the Ras-binding
domain of c-Raf expressed as a GST fusion protein (GST-Raf-
RBD) and immobilized on glutathione-Sepharose beads. The
Raf-RBD has a higher affinity for the GTP-bound form of Ras
than for the GDP bound form and can thus be used as a probe
for activated Ras (61). Stimulation of NG-EphB2 cells in the
presence of serum with clustered Fc-ephrin-B1 ligand led to a
transient decrease in the levels of Ras-GTP that was restored
to the basal level by 30 mins after stimulation (Fig. 4, left
panels). In the absence of serum, the decrease in the Ras-GTP
level was more dramatic (Fig. 4, right panels). In contrast,
parental NG108 cells showed no changes in the levels of GTP-
bound Ras. These observations are in good agreement with the
decrease in ERK1/2 and MEKI1 phosphorylation shown in Fig.
1. Collectively, these results imply that activation of EphB2 in
NG108 cells leads to a decrease in the levels of activated Ras
and subsequently a more prolonged decrease in ERK activa-
tion, even in the presence of serum.
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FIG. 1. Ephrin-B1 stimulation of EphB2 leads to the down regu-
D lation of the ERK1/2 MAPK signaling pathway. (A and B) Serum-
starved (right panels) or growing (10% FBS) (left panels) parental
ephrinBl  NG-EphB2 ( -serum) NG-EphB2 (+serum) NG108 or NG-EphB2 cells were stimulated with 2 pg of clustered
(mins) 0 15 30 60 15 30 60 Fc-ephrin-B1 per ml for the indicated time points and lysed directly in
2x SDS-PAGE sample buffer. The lysates were electrophoresed and
blotted (WB) with antibodies against phosphorylated ERK1/2 (A, top
IP: EphB2 Jp—— “ Proen panels), or phosphorylated MEK1 (B, top panels). The blots were
WB:pTyr - stripped and reprobed for total ERK1 or MEK1 (bottom panels, A and
B, respectively). (C) Graphical representation of phospho-ERK1/2 and
phospho -MEKI1 from panels A and B relative to total levels. (D) Time
IP: EphB2 [le—EphB2 course of EphB2 tyrosine phosphorylation in NG108 cells. NG108 cells
WBEphB2 | o o e ’ were serum starved (lanes —serum) or grown in the presence of serum
(lanes +serum) and stimulated with 2 g of clustered Fc-ephrin-B1

per ml as indicated. Immunoprecipitated (IP) EphB2 was then re-
solved by SDS-PAGE and probed with anti-pTyr antibodies (upper
panel). Blots were subsequently stripped and reprobed with crude
anti-EphB2 sera (lower panel).
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FIG. 2. Ephrin-B1 stimulation of COS-1 cells leads to tyrosine phosphorylation of endogenous EphB2 and down regulation of ERK1/2
phosphorylation. (A) COS-1 cells were serum starved for 14 h and were either left untreated (lane C) or stimulated with 8 g of clustered human
Fc (lanes Fc) or Fc-ephrin-B1 (lanes Ephrin-B1) per ml. The cells were subsequently washed twice with PBS and lysed in PLC buffer as indicated
in Materials and Methods. Lysates equalized for protein concentration were subjected to immunoprecipitation (IP) with anti-EphB2 antibodies,
and immunoprecipitates were subsequently separated by SDS-PAGE and blotted with anti-pTyr antibodies (upper panel). The membranes were
then stripped and reprobed with anti-EphB2 antibodies (bottom panel). (B) Serum-starved (left panels) and growing (right panels) COS-1 cells
were challenged for the indicated time with 8 pg/ml clustered Fc or Fc-ephrin-B1 and subsequently lysed and immunoblotted (WB) with
anti-phospho-ERK1/2 antibodies as indicated in Fig. 1. The membranes were then stripped and reprobed with anti-ERK1 antibodies (B, bottom

panels).

p120-RasGAP participates in EphB2-induced downregula-
tion of the Ras-MAP kinase pathway. Replacement of Y604
and Y610 in the EphB2 juxtamembrane region by phenylala-
nine locks the receptor in an autoinhibited state, but their
replacement by glutamate allows for receptor activation while
impairing the subsequent binding of SH2 domain proteins to
the juxtamembrane sequence (6, 76). To test the consequences
of mutating the EphB2 juxtamembrane tyrosines to glutamate
on the inhibition of Ras-MAPK activation, lines of NG108
cells stably expressing a Tyr604/610Glu mutant (EphB2-EE)
were isolated. Ephrin-B1 stimulation of NG-EphB2 and NG-
EphB2-EE cells resulted in a similar profile of tyrosine phos-
phorylation, notably of the p120-RasGAP-associated protein
p62dok-1, although phosphorylation was induced with slower
kinetics in the EphB2-EE cells (Fig. 5A). Ephrin B1 stimula-
tion of NG-EphB2-EE cells caused a significant decrease in
ERK1/2 phosphorylation; however, this down regulation was
attenuated compared with that for cells expressing WT EphB2
(Fig. 5B). Ephrin-B1 stimulation of cells expressing EphB2 or
EphB2-EE induced the association of both WT and mutant
receptors with p120-RasGAP, although this interaction was

markedly reduced for EphB2-EE (Fig. 5C). Thus, the
EphB2-EE mutant can still down regulate ERK activation, but
this activity is less potent than that of WT EphB2, correspond-
ing to a decreased ability of the mutant to access p120-Ras-
GAP, cither directly or through p62dok-1 phosphorylation.
To pursue the possible role of p120-RasGAP in EphB2-
mediated Ras-MAPK downregulation, we have used a trun-
cated form of p120-RasGAP lacking the C-terminal GTPase-
activating domain but retaining the N-terminal SH2 and SH3
protein binding motifs (GAP-N) (52). In fibroblasts stably
transfected with this truncated p120-RasGAP, the levels of
activated Ras are upregulated, indicating that GAP-N acts as a
dominant negative (Fig. 6A). NG-EphB2 cells were trans-
fected with either vector control or the GAP-N construct and
were challenged with clustered Fc-ephrin-B1 48 h after trans-
fection. Immunoblotting of whole-cell lysates with p120-Ras-
GAP antibodies raised against the N-terminal region (52) re-
vealed a 49-kDa band in the GAP-N-transfected cells that was
not present in the control cells and corresponds to the ex-
pected molecular weight of GAP-N (Fig. 6B, upper panel). In
the control NG-EphB2 cells, stimulation of EphB2 led to a
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FIG. 3. Kinase activity of EphB2 is required for down regulation of
ERK1/2 signaling. (A) Schematic representation of the EphB2 mutant
NG-EphB2 NG-EphB2 structures, indicating juxtamembrane tyrosines JX1 (Ygg4), JX2 (Ye10)
WT KD and the conserved SAM domain tyrosine (Y,0). (B and C) EphB2-AC,
ephrin B1 a C-terminal truncation, ends at Vs, in the SAM domain. NG108 or
(min) 0 515 30 0 51530 NG-EphB2 clones expressing WT or mutant receptors were stimulated
with 2 pg of clustered Fc-ephrin-B1 per ml for the indicated time
points. The cells were harvested directly in 2X SDS sample buffer, and
; - = lysates were electrophoresed and immunoblotted (WB) with antibod-
WB:P-ERK1/2 | — o —— ies against phosphorylated ERK1/2 (B, top panel) or phosphorylated
MEKI1 (C, top panel). Immunoblots were stripped and reprobed with
anti-ERK1 (B, bottom panel) or anti-MEK1 (C, bottom panel). (D)
NG108 cells expressing WT EphB2 and kinase-inactive EphB2 (KD)
WB:ERKI1 —— == were stimulated with clustered Fc-ephrin-B1 and treated as indicated
* for panels B and C. Lysates were then probed with anti-phospho-
ERK1/2 (upper panel), and anti-ERK1 (lower panel).
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FIG. 4. EphB2 activation by ephrin-B1 causes a transient decrease in the levels of activated p21Ras. (A) Parental NG108 or NG-EphB2 cells
in the presence of serum (left panels) or serum starved (right panels) were stimulated for the indicated times with Fc-ephrin-B1 clusters (2 wg/ml),
and lysates were mixed with GST-Raf RBD immobilized on glutathione beads in a pull-down (PD) assay. Samples were electrophoresed and
immunoblotted (WB) for Ras (upper panel). To demonstrate equivalent protein levels at different time points, equal volumes of whole-cell lysate
were electrophoresed and immunoblotted for Ras (lower panel).

time-dependent decrease in phospho-ERK1/2 levels whereas
there was no apparent decrease in these levels in the GAP-N-
transfected cells (Fig. 6B, middle panel). In contrast, NG-
EphB2 cells overexpressing the Grb2 adaptor protein showed
no apparent difference in the kinetics of ephrin-induced ERK
downregulation compared to cells transfected with the vector

control (Fig. 6C). These results argue that Grb2 does not play
a significant role in signaling downstream of EphB2 in NG108
cells and indicate that the dominant inhibitory effect of GAP-N
is specific and not simply due to overexpression of an SH2/SH3
domain polypeptide. These results show that overexpression of
GAP-N ablates the EphB2-induced downregulation of ERK

A C IP:EphB2
NG- NG-
Ephrin B1 NG-EphB2  NG-EphB2-EE EphB2 EphB2EE
(mins) 02 51530 025 153060
EphrinBl = + = 4
WB: pTyr - PHEE (e oRrasGar || M B |« pr2oRasGaP
116 — .'. ' : plsU-Ras | p
o
WB: pT
58 — alla |« p62dok-1 PR ‘ % | «<—EphB2
48
WB: EPhB2 | s s wsmemn [«—EphB2
WCL
B
Ephrin Bl _ NG-EphB2 - WB: p120-RasGAP
(mins) 02 51530 0 2 5153060 <= p120-RasGAP

WB: P-ERK12 (== e —

WB: ERKI1

FIG. 5. Role for p120-RasGAP in signaling from EphB2 in NG108 cells. (A) NG-EphB2 and NG-EphB2-EE clones were stimulated with
aggregated Fc-ephrinB1 ligand for the indicated times, and whole-cell lysates were separated by SDS-PAGE and immunoblotted (WB) for
anti-pTyr. Tyrosine-phosphorylated EphB2 and p62dok-1 are indicated by arrows. (B) Cell lysates from (panel A) were immunoblotted for
phosphorylated ERK1/2 (upper panel) and reprobed for ERK1 (lower panel). (C) Serum-starved NG-EphB2 and NG-EphB2-EE cells were
incubated in the presence or absence of 2 pg of aggregated ephrin-B1 per ml for 20 min and lysed as indicated in Materials and Methods. EphB2
immunoprecipitates were blotted for p120-RasGAP (upper panel) and reprobed with anti-pTyr antibodies (second panel) and anti-EphB2 (third
panel). For control, equivalent amounts of whole-cell lysate (WCL) were immunoblotted for p120-RasGAP to indicate equal input (bottom panel).
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FIG. 6. p120-RasGAP but not Grb2 participates in signaling from EphB2 in NG-108 cells. (A) Lyates from WT Rat2 cells or Rat2 cells stably
expressing GAP-N (top panel) were mixed with GST-Raf RBD immobilized on glutathione beads. Samples were electrophoresed and immuno-
blotted (WB) for Ras (bottom panel). Equivalent aliquots of whole-cell lysate were probed for Ras to demonstrate equal input (middle panel).
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signaling in NG108 cells, suggesting that the GTPase domain
of p120-RasGAP may play an important role in this process.
Interestingly, and in agreement with the results presented
above, we were unable to detect association of tyrosine-phos-
phorylated proteins with Grb2 in ephrin-Bl-stimulated NG-
EphB2 or NG-EphB2-EE lysates, whereas ephrin-B1 stimula-
tion led to the recruitment of tyrosine-phosphorylated
p62dok-1 to p120-RasGAP in both of these cell lines (38) (Fig.
6D). Collectively, these data suggest that the primary role of
EphB2 in NG108 cells in relation to the Ras-MAPK pathway
is the transmission of negative signals through p120-RasGAP
rather than of positive signals through the Grb2/Sos1 complex.

Constitutive Ras activation impairs EphB2-mediated neu-
rite retraction in NG108 cells. Ephrin-B1 stimulation of dif-
ferentiated, neurite-bearing NG-EphB2 cells leads to the col-
lapse of polymerized actin structures and to neurite retraction,
as visualized by using rhodamine-phalloidin staining (6). Using
a conjugated yellow fluorescence protein-actin construct
(YFP-actin [see Materials and Methods]), we have identified a
similar series of events using time lapse imaging of living cells.
Parental NG108 or NG-EphB2 cells were transfected with
YFP-actin, and neurite outgrowth was induced 24 h after trans-
fection. In both NG108 and NG-EphB?2 cells, YFP-actin pro-
tein was localized throughout the cell body and was particu-
larly rich in the protruding filopodial projections and growth
cones (Fig. 7A and data not shown), in good agreement with
the distribution patterns of endogenous F-actin in NG108 cells
(38). Imaging of untreated parental and NG-EphB2 cells re-
vealed basal levels of cytoskeletal movement, including dy-
namic but small projections and retractions in actin micro-
spikes (data not shown). After stimulation with 2 pg of
clustered ephrin-B1 per ml, NG-EphB2 cells exhibited a rapid
reorganization of polymerized actin structures, as visualized by
disassembly of the filopodial projections and retraction of neu-
rite extensions (compare arrows in Fig. 7A to F) (time-lapse
videography of the neurite retraction can be seen on our web-
site at www.mshri.on.ca/pawson/home.html). The collapse of
organized actin structures was accompanied by shrinkage and
compaction of the cell bodies. In contrast, ephrin-B1 stimula-
tion of YFP-actin transfected parental NG108 cells induced no
significant collapse of neurite or microspike extensions and the
cells retained their differentiated morphology at the end of the
40-min time course (data not shown).

To investigate the possible significance of EphB2-induced
down regulation of the Ras-MAPK pathway for cytoskeletal
remodeling, we analyzed the behavior of NG-EphB2 cells co-
expressing YFP-actin and the RasV,, variant, which is consti-
tutively active due to its insensitivity to the GTPase activating
function of p120-RasGAP. If down regulation of GTP-bound
Ras is important for EphB2-mediated cytoskeletal reorganiza-
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tion, we reasoned that constitutively active RasV,, might an-
tagonize this response. NG-EphB2 cells were cotransfected
with YFP-actin and RasV,, and were differentiated to form
neurites 24 h after transfection. The resulting cells showed an
accumulation of actin at the tip of microspike projections,
much like NG-EphB2 cells (Fig. 7A"). However, in contrast to
parental NG-EphB2 cells, stimulation of the cells expressing
RasV,, with clustered Fc-ephrin-B1 resulted in the collapse of
only a few neurites, while most microspikes remained extended
and structured (Fig. 7A’ to F’). Together, these observations
raise the possibility that down regulation of Ras activity may be
required for EphB2-induced changes in cell morphology in
NG108 cells.

EphB2 stimulation causes down regulation of fibronectin-
induced ERK1/2 activation. Several recent studies have impli-
cated Eph receptors and ephrins in modulating integrin activity
(55, 77). Integrin engagement of matrix ligands such as fi-
bronectin causes transient activation of the ERK pathway in a
Ras-dependent manner (64). To investigate the effect of
EphB2 signaling on integrin-mediated ERK1/2 activation, NG-
EphB2 cells were serum starved overnight and then held in
suspension in the absence of serum to diminish ERK1/2 phos-
phorylation. Cells were subsequently seeded onto fibronectin-
coated plates for various times to activate ERK1/2 signaling
and then challenged with clustered ephrin-B1 ligand. As an-
ticipated, plating of NG-EphB2 cells on fibronectin led to an
increase in phospho-ERK1/2 levels in a time-dependent fash-
ion, up to 80 min after plating (Fig. 8, left-hand five lanes).
EphB2 stimulation with ligand for 2, 20, or 40 min caused a
notable decrease in the integrin-stimulated phospho-ERK1/2
levels at all time points of integrin engagement tested, com-
pared to untreated controls (Fig. 8, compare lanes 11 and 9 to
lane 4 and compare lane 7 to lane 2). These data suggest that
EphB2 can negatively regulate signaling from integrin recep-
tors, leading to down regulation of ERK1/2 activation.

DISCUSSION

Activated RTKs generally engage the Grb2/Sosl complex,
leading to activation of the Ras-MAPK pathway. However, in
addition to recruiting SH2 domain proteins that enhance sig-
naling events, receptors can bind SH2 proteins that attenuate
cytoplasmic signaling pathways, such as p120-RasGAP. Since
all RTKs studied to date stimulate the Ras-MAPK pathway,
negative regulators have generally been viewed as playing a
secondary role in receptor signaling by down regulating previ-
ously activated pathways and thereby controlling the duration
of the cellular response to growth factors. However, in immune
cells a number of receptors (such as FcyRIIB) which are sub-
strates for cytoplasmic tyrosine kinases are dedicated to the

(B and C) NG-EphB2 cells were transfected with empty vector or GAP-N, as indicated (B), or in parallel empty vector and HA-Grb2 (C). At 48 h
after transfection, the cells were challenged with 2 pg of clustered Fc-ephrin-B1 per ml and assayed for expression of p120-RasGAP and GAP-N
(B, upper panel), HA-Grb2 (C, upper panel), and phospho-ERK1/2 (B and C, middle panel), then reprobed for total ERK1 (B and C, bottom
panel). (D) Parental NG108, NG-EphB2 and NG-EphB2-EE cells were incubated in the absence (—) or presence (+) of clustered Fc-ephrin-Bl
for 20 mins. For the Grb2 immunoprecipitation (IP) control, Rat2 cells were incubated in the absence (—) or presence (+) of PDGF for 20 min.
Lysates were subsequently immunoprecipitated with either p120-RasGAP (left panel) or Grb2 (middle and right panels) antibodies, and
immunoblots were probed with anti-pTyr antibodies. Asterisks indicate tyrosine-phosphorylated proteins in the Grb2 immunoprecipitation control.

Lower panels indicate total protein levels.
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inhibition of phosphotyrosine signaling pathways, which they
achieve through the recruitment of SH2-containing inositol
and tyrosine phosphatases (i.e. SHIP1 and Shpl) to ITIM
motifs (17). Here, we show that in some cell types a primary
effect of the EphB2 receptor, a member of the largest family of
vertebrate RTKSs, is to inactivate Ras and thereby inhibit the
MAPK pathway. In particular, we show that activation of the
EphB2 RTK in the neuronal cell line NG108 leads to inhibi-
tion of Ras and ERK1/2 in a p120-RasGAP-dependent man-
ner and demonstrate that down regulation of activated Ras is
required for EphB2 stimulated neurite retraction in NG108
cells.

To investigate the role of EphB2 in the activation of the
ERK pathway in a neuronal context, we have used NG108 cells
in which we have ectopically expressed WT or mutant EphB2
(38). These cells can be differentiated to extend elaborate
neurite and filopodial structures reminiscent of motor neurons,
a cell type in which endogenous Eph receptors are expressed
during embryogenesis (33), and they can therefore be consid-
ered a physiologically relevant cell culture system. Using phos-
phospecific antibodies that detect the activated forms of
MEK]1 and ERK1/2, we have found that activation of EphB2
by clustered ephrin-B1 causes a dose-dependent (data not
shown), and time-dependent (Fig. 1 A and B) decrease in the
level of activated ERK1/2 and MEK1 in NG-EphB2 cells. This
down regulation of MEK and ERK activation induced by eph-
rin-B1 is more pronounced and of longer duration in the ab-
sence of serum, suggesting that EphB2 inhibitory signaling can
be partially counteracted by serum growth factors. Active
EphB2 also down regulated the Ras-MAPK pathway in COS 1
cells (Fig. 2), suggesting that inhibitory Ras signaling by EphB2
operates in multiple cell types. However, we have not observed
any Ras inhibition following ephrin-B1 stimulation of mouse
embryo fibroblasts ectopically expressing EphB2 (data not
shown). These results suggest that negative signaling from
EphB2 to Ras is cell type dependent. This may explain the
observation that overexpression of chicken EphB2 in 293 cells
stimulates ERK2 activity (76).

Following the observation that ephrin-B1 inhibits ERK ac-
tivation, we have analyzed the regulation of upstream elements
of the MAPK pathways. In contrast to the Ras activation seen
after stimulation of most RTKSs, ephrin-B1 causes a decrease in
the levels of active, GTP-bound Ras that mimics the time
course of EphB2 activation, as well as the decrease in MEK1
and ERKI1/2 phosphorylation (Fig. 1A and B). These data
indicate that stimulation of EphB2 in NG108 cells leads to a
decrease in the levels of GTP-Ras and thus to the attenuation
of MAPK signaling. This inhibition of the MAPK cascade
requires phosphorylation at the conserved juxtamembrane ty-
rosine residues of EphB2, since their replacement by phenyl-
alanine (either singly or together) resulted in progressive loss
of MAPK inhibitory signaling (Fig. 3B and C). We have pre-
viously shown that these juxtamembrane tyrosines in their un-
phosphorylated state repress kinase activity and that the dou-
ble phenylalanine mutant is locked in an autoinhibited state
and therefore unable to induce neurite retraction (6). In agree-
ment with these results, we also demonstrate that a kinase-
inactive mutant of EphB2 is unable to attenuate ERK phos-
phorylation after ephrin stimulation (Fig. 3D). These results
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indicate that EphB2 autophosphorylation and consequent ki-
nase activation are required to downregulate Ras.

A direct mechanism by which activated EphB2 could down
regulate Ras is through p120-RasGAP. Indeed, p120-RasGAP
can bind directly through its SH2 domains to the autophos-
phorylated EphB2 juxtamembrane region and also to
p62dok-1, the principal substrate for EphB2 in NG-EphB2
cells (38) (Fig. 6D). Previous work has shown that p62dok-1 is
involved in negative signaling from cell surface receptors to
inhibit the MAPK pathway (43, 50, 73). We have found that
overexpression of a truncated form of p120-RasGAP lacking
the GTPase domain inhibited the decrease in ERK1/2 phos-
phorylation induced by ephrin-B1 in NG-EphB2 cells (Fig.
6B).

A role for Ras in remodeling neuronal growth cones has
been previously proposed (3, 9, 63). When microinjected into
PC12 cells or primary embryonic neurons, Ras stimulates mor-
phological differentiation, including neurite outgrowth (3).
Our data suggest that decreased levels of activated Ras are
necessary for neurite retraction in ephrin-Bl-stimulated NG-
EphB2 cells, since forced expression of the activated variant
RasV,, significantly blocked cytoskeletal changes in response
to ligand stimulation (Fig. 7). How down regulation of Ras
activity contributes to neurite retraction in these cells remains
to be established. Several Ras effectors and Rho family mem-
bers have been implicated in growth cone development and
guidance. Inhibition of phosphatidylinositol (PI) 3-kinase sig-
naling by wortmanin or a dominant negative form of p85 can
block nerve growth factor-induced neurite outgrowth (42, 45),
and activated PI 3-kinase leads to the formation of neurite-like
structures in PC12 cells (46, 48). Furthermore, in N1E-115
neuroblastoma cells, PI-3 kinase appears to be an integral
mediator of Ras-induced neurite outgrowth, in a Cdc42- and
Racl-dependent manner, while RhoA competes with Ras to
inhibit neurite extension (49, 63). Interestingly, recent work
suggests mutual cross talk between the Ras and Rho signaling
pathways in transformed cells, with Ras acting to specifically
inhibit the effects of Rho-GTP on the actin cytoskeleton by
blocking activation of the Rho kinase ROCK (62). Since Rho
can also potentially be activated during Eph receptor signaling
through guanine nucleotide exchange factors such as Ephexin
(66), down regulation of Ras may be important for Rho to
exert an effect on the actin cytoskeleton during neurite retrac-
tion.

In addition to mediating the signaling functions of ephrins,
Eph receptors are increasingly implicated as modulators of
other cell surface receptors. For example, EphB2 physically
associates with the N-methyl-p-aspartate receptor in synapses
(20) and with the Ryk receptor (32). It is therefore possible
that one role of EphB2 inhibitory signaling is to attenuate the
ability of other receptors to activate the Ras-MAPK pathway.
As a case in point, a number of recent reports have implicated
Eph RTKs in modulating integrin signaling. Activation of
EphA2 in PC-3 cells inhibits integrin-mediated adhesion and
causes the dephosphorylation of focal adhesion kinase in a
ligand-dependent manner (55). Zou et al. suggest that in NIH
3T3 cells, EphB2 inhibits cell adhesion through phosphoryla-
tion of R-Ras (another member of the Ras family of small
GTPases), which suppresses the ability of R-Ras to support
integrin activity (77). Here, we show that phosphorylation of
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FIG. 7. EphB2 down regulation of Ras signaling is required for neurite retraction in NG108 cells. Stable cell lines expressing EphB2 were
transfected with either a YFP-actin (yellow fluorescence protein conjugated actin) construct alone (A to F) or YFP-actin and HAp21RasV12 (A’
to F’) and stimulated with 2 pg of clustered ephrin-B1 per ml. Live imaging of cells was performed using an inverted Olympus IX-70 fluorescence
microscope for 25 min (A to F) or 40 min (A’ to F’), with frames taken at 30-s intervals. Time points in the stimulation are indicated in

minutes:seconds.

ERK1/2 induced by integrin engagement in NG-EphB2 cells is
suppressed in the presence of clustered ephrin-B1, potentially
through p120-RasGAP-induced downregulation of GTP-Ras.
These data argue that ephrin-Eph receptor signaling may mod-
ify the cellular response to other receptors.

While the role of Eph receptors in axon guidance and
growth cone migration is well established, it is not completely
understood. The neuronal growth cone is a specialized struc-
ture responsible for pathfinding in the developing nervous sys-
tem (2, 5). It guides the extending neurite toward its target by

constantly protruding and retracting filopodia and lamellipo-
dia. We have demonstrated that activation of EphB2 in the
neuronal cell line NG108 leads to retraction of filopodial ex-
tensions and collapse of neurite structures. Moreover, we show
here that activation of EphB2 leads to attenuation of Ras-
MAPK signaling and that the decrease in levels of activated
Ras is required for the observed changes in the actin cytoskel-
eton. Our results raise an interesting issue concerning the
specificity of RTK signaling. Although RTKSs as a general rule
signal through the Grb2 SH2/SH3 adaptor to activate the Ras-
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FIG. 8. Integrin-induced stimulation of ERK1/2 phosphorylation is
down regulated in response to EphB2 signaling. NG-EphB2 cells were
serum starved overnight and subsequently detached and held in sus-
pension for approximately 1 h in the absence of serum. The cells were
subsequently plated onto fibronectin-coated six-well plates for the
specified times. After incubation of the cells in the absence (lanes 1 to
6) or presence (lanes 7 to 12) of 2 pg of Fc-ephrin-B1l per ml as
indicated, the cells were lysed directly in 2X SDS-PAGE sample
buffer, separated by electrophoresis, and immunoblotted (WB) with
anti-phospho-ERK1/2 antibodies (upper panel) or anti-ERKI1 antibod-
ies (lower panel).

MAPK pathway, Eph receptors can preferentially signal
through p120-RasGAP to inhibit Ras signaling in some cell
types. Since both Grb2 and p120-RasGAP are controlled
through recruitment of their SH2 domains to pTyr-containing
motifs, it appears that distinct RTKs can transmit opposing
signals to the Ras pathway through their ability to engage
distinct targets.
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