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Abstract During development neural progenitor cells migrate with extraordinary precision to inhabit tissues and
organs far from their initial position. Little is known about the cellular basis for directional guidance by tyrosine kinase
receptors (RTKs). RET is a RTK with important functions in guiding the migration of neuronal cells, and RET dysregulation
leads to clinical disease such as agangliosis of the colon. We show here that RET migration in neuroepitheliomal and non-
neuronal cells is elicited by the activation of specific signaling pathways initiated by the competitive recruitment of the
FRS2 adaptor molecule to tyrosine 1062 (Y1062) in RET. FRS2 selectively recruited RET to focal complexes and led to
activation of SRC family kinases and focal adhesion kinase (FAK). Activation of SRC depended on its direct interaction with
RET at a different intracellular tyrosine (Y981) and activation of molecular signaling from these two separate sites in
concert regulated migration. Our data suggest that an important function for FRS2 is to concentrate RET in membrane foci,
leading to an engagement of specific signaling complexes localized in these membrane domains. J. Cell. Biochem. 104:
879–894, 2008. � 2008 Wiley-Liss, Inc.
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In multicellular organisms morphogenesis
and completion of the body structure require
precise positioning of specific types of cells, often
at distances far from where the cells first
emerged. To this end, cellular migration is a
fundamental process both during development
but also in regeneration and repair of organs,
and in disease as exemplified by metastasis and
invasion from tumors. To guide movement,
extracellular gradients of molecules promote

asymmetrically confined signaling inside the
cell in order for it to migrate directionally
towards a target [Ridley et al., 2003]. How the
external environment is processed by the cell and
translated into focal signals and precise direc-
tionality of movement is incompletely under-
stood, in particular for tyrosine kinase receptors
[RTKs; Ridley et al., 2003; Ayala et al., 2007].

The receptor tyrosine kinase rearranged
during transformation (RET) has numerous
functions during development and in disease
[Arighi et al., 2005]. It has been postulated
that the diversity in RET mediated functional
responses at the cellular level is created at least
in part by its competitive interaction with PTB
adaptor molecules that activate selective sig-
naling pathways [Lundgren et al., 2006]. Cells
expressing RET, similar to many other RTKs
that induce chemoattraction, use graded con-
centrations of ligand molecules as guidance
cues for directional migration [Paratcha et al.,
2006]. RET is instrumental in migration and
organogenesis of the developing kidney where
signaling between RET expressing cells in the
tip of the ureteric bud and RET ligands Glial
cell line-derived neurotrophic factor (GDNF)

� 2008 Wiley-Liss, Inc.

This article contains supplementary material, which may
be viewed at the Journal of Cellular Biochemistry website
at http://www.interscience.wiley.com/jpages/0730-2312/
suppmat/index.html.

Grant sponsor: Swedish Cancer Society; Grant sponsor:
Swedish Medical Research Council; Grant sponsor: Swed-
ish foundation for Strategic Research (CEDB/DBRM
Grant); Grant sponsor: Karolinska Institute MD-PhD
program.

*Correspondence to: Patrik Ernfors, Unit of Molecular
Neurobiology, Department of Medical Biochemistry and
Biophysics, Karolinska Institute, 171 77 Stockholm, Swe-
den. E-mail: patrik.ernfors@ki.se

Received 3 September 2007; Accepted 26 November 2007

DOI 10.1002/jcb.21671



and the co-ligand GDNF family receptor alpha
1 (GFRa1) released from the surrounding
metanephric mesenchyme functions to cor-
rectly organize the tubular structures of the
developing kidney [reviewed in Shakya et al.,
2005]. RET is likewise necessary for establish-
ment of the enteric nervous system as neurons
originating from the neural crest migrate great
distances to populate the intestinal nervous
plexa [Newgreen and Young, 2002]. Down-
regulation of RET signaling during deve-
lopment may clinically manifest as CAKUT
syndromes of the kidney [Jain et al., 2006] or as
agangliosis of the colon (Hirschsprung disease)
[Newgreen and Young, 2002] whereas over-
activation of the receptor leads to oncogenic
syndromes, including Multiple Endocrine Neo-
plasia type 2a and 2b (MEN2a/2b) [Murakumo
et al., 2006]. Recently, regional loss of RET was
shown to cause progressive loss of substantia
nigra pars compacta neurons in adult mice
[Kramer et al., 2007] offering hope to Parkinson
disease patients for which GDNF is currently
under clinical trials as a drug to mitigate
symptoms [Barker, 2006].

In order for any cell to utilize external cues for
directional migration a polarization of the cell
must occur by rearrangement of the cytoskele-
ton. During migration, actin containing protru-
sions at the leading edge are formed [Ponti et al.,
2004] that adhere to the substratum via focal
adhesions (FAs) which link the substratum to
intracellular motility regulatory molecules and
the cytoskeleton [Wozniak et al., 2004]. The
turnover of FAs and cytoskeletal rearrange-
ment is correlated with the attachment and
detachment to the substratum that is necessary
for movement of the cell body [Gupton and
Waterman-Storer, 2006; Ayala et al., 2007].

The SRC family of cytoplasmic tyrosine
kinases (hereafter referred to as SRC) and focal
adhesion kinase (FAK) are both implicated in
growth factor driven migration [Chang et al.,
1995; Sieg et al., 2000]. SRC interacts with
membrane bound receptors, integrins and with
the actin cytoskeleton as well as with FAK,
providing a framework for the signaling events
leading to reorganization of actin filaments and
FA turnover [reviewed in Thomas and Brugge,
1997]. The activity of SRC and FAK in FA
turnover requires that SRC and FAK are
localized to focal areas where these two proteins
assemble together into signaling complexes
along with clusters of integrins, to create actin

containing cell protrusions [Cox et al., 2006 and
references therein]. SRC and FAK are cytosolic
proteins but when active in cytoskeletal remod-
eling they are distributed close to the cytofacial
(subplasma membrane) side of the cell mem-
brane. Notably, FAK associates via its N-
terminal end with the EGF receptor and the
platelet derived growth factor (PDGF) receptor
and bridges the receptors to integrins [Sieg
et al., 2000]. SRC family proteins, by means of
amino terminal fatty acid acylations, are
located in lipid rafts [Sefton et al., 1982; Koegl
et al., 1994; Liang et al., 2001] which are
integral membrane microdomains (<200 nm)
highly enriched in sterols and sphingolipids and
constitute platforms for concerted signaling
complexes [Jacobson et al., 2007]. The notion
of such microdomains is recent and little is
known about how inhabitant molecules are
brought into or out from rafts. RET can be
recruited to, and signal from within rafts, but
the mechanism of this RET translocation is
unclear [Tansey et al., 2000; Paratcha et al.,
2001; Pierchala et al., 2006, 2007].

We have recently shown that RET receptor
signaling can be rewired with regards to the
binding of PTB domains of adaptor proteins
(PTB adaptors) to the intracellular tyrosine
1062 (Y1062) in RET [Lundgren et al., 2006].
This tyrosine is the major executor of RET
mediated effects and mice carrying a muta-
tion that replaces Y1062 with a phenylalanine
(Y1062F) closely resemble the phenotype of
mice with null ret alleles [Jijiwa et al., 2004;
Wong et al., 2005]. By specifically mutating the
PTB adaptor binding domain it is possible to
create functional RET receptors in which either
the Src homology 2 domain containing (SHC)
or the Fibroblast growth factor receptor subs-
trate 2 (FRS2) PTB adaptors exclusively inter-
act with tyrosine 1062 (hereafter referred
to as RETSHCþ and RETFRSþ, respectively)
[Lundgren et al., 2006]. These adaptor selective
mutants of RET may be used to study adaptor
specific functions as compared to wild type RET
(RETWT) to which adaptors compete for binding
to Y1062 or to RETY1062F mutants that are
incapable of binding the adaptors. PTB adap-
tors are a family of scaffolding molecules that
typically bind to short consensus sequences
(NXXY) on receptors [Pawson and Scott, 1997;
Smith et al., 2006] and contain motifs that bind
and activate further downstream elements that
propagate intracellular signaling. Several PTB
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adaptor molecules can potentially interact with
a particular RTK, but if the receptor only has a
single motif, as in the case of RET, only one PTB
adaptor can bind at a time. The adaptors may
therefore provide a regulatory step in determin-
ing which pathways are stimulated by a
receptor, which depend on the context in which
the receptor is activated [Madhani, 2001; Jain
et al., 2006; Lundgren et al., 2006].

In this study we present results that FRS2
binding to RET is necessary for directional
migration and suggest that this is due to a
relocation of the RET receptor to focal clusters
at the cell membrane and activation of specific
signaling pathways. Thus, our results suggest a
novel function for PTB adaptor proteins to
spatially distribute the receptor in the cytoplas-
mic membrane. Thereby a distinct cooperative
signaling complex downstream two different
tyrosines of the receptor are generated which
elicit RET induced directional migration.

MATERIALS AND METHODS

DNA Constructs and Mutagenesis

Generation of RET vectors has been described
[Lundgren et al., 2006]. New mutant constructs
were generated by site directed mutagenesis
according to Quikchange (Stratagene) proto-
cols. RETFRSþ constructs were made through
PCR cloning of the FGFR1 juxtamembrane
segment (amino acids 410–426) into the RET
PJ7O construct. RET-eGFP fusion constructs
were made by PCR cloning of Ret in-frame with
eGFP using Nhe1 and Age1 restriction sites in
the eGFP-N1 vectors from the Enhanced FP
range of Clontech. SRC constructs were from
the Src cDNA allelic kit from Upstate.

Cell Culture and Transfection

SK-N-MC and MDCK cells were maintained
in DMEM supplemented with 10% FBS, 2%
HBS and 1 mM glutamine. Cos7 and MEF cells
[Klinghoffer et al., 1999] were maintained in
identical medium but without HBS. Starvations
were done in DMEM containing 0.5% total
serum. All ligand stimulations were performed
using 50 ng/ml recombinant human GDNF and
100 ng/ml recombinant human GFRa1/FC
chimera (RnD Systems). Transfections in Cos7
and SK-N-MC for biochemical studies were
performed using polyethylenimine at 0.8 mg/ml
in PBS (PEI, 25-kDa, Sigma–Aldrich) as
described previously (Lundgren et al., 2006).

MEF cells and cells used for morphological
experiments cells were transfected using
Lipofectamine LTX (Invitrogen) according
to the manufacturer’s instructions. Growth
medium was replaced approx. 7 h after trans-
fection. Transfection efficiency was continu-
ously monitored by eGFP fluorescence.

Antibodies and Reagents

Antibodies against RET9, FAK (H-1), Grb2,
Frs2 and phosphotyrosine (PY99) were obta-
ined from Santa Cruz Biotechnology. SRC,
phopspho-SRC Tyr 416, phospho-FAK Tyr-
576/577, p44/42 MAPK, phospho-p44/42 MAP
Kinase, and Actin antibodies were from Cell
Signaling. SHC was from Amersham/GE. Pax-
illin was from Upstate. All phallotoxins were
from the Alexa range of Molecular Probes. Cy2-,
Cy3- and Cy5-conjugated secondary antibodies
were obtained from Jackson laboratories. Cho-
lesterol oxidase (CO; SIGMA) was used as des-
cribed in [Liu et al., 2000]. Specifically, cultured
cells were incubated with CO at 1.8 U/ml for 1 h
prior to and during 30 min of ligand stimulation.

Immunoprecipitation, Pulldown Assays, and
Protein Immunoblots

Cells were lysed in RIPA buffer and captured
with antibodies on protein A/G sepharose beads
(GE Healthcare) for immunoprecipitation or
directly lysed in Laemmli buffer for phospho-
protein blots. Precipitated proteins were eluted
by boiling in Laemmli buffer. Proteins were
fractionated on polyacrylamide gels and immo-
bilized on PVDF membranes. Equal RET
expression levels were determined by RET
Western blot on cell lysates. Western blot
detection was carried out by the ECL method
(GE Healthcare) according to standard dark-
room procedures. Quantifications were done
using ImageJ software.

In Vitro Kinase Assay

Assays were performed using the Universal
Tyrosine Kinase Assay Kit (TAKARA, Japan.)
according to the manufacturer’s instructions.
Briefly, Cos7 cells were transfected with RET
mutants. Twenty-four hour later the cells were
ligand stimulated as indicated and harvested in
extraction buffer. Endogenous SRC was pre-
cipitated with antibodies bound to agarose
beads. After washings precipitated material
in a volume of 50 ml was added onto immobi-
lized substrate in wells of a 96 well plate.
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Ten microlitres of 40 mM ATP solution was
added and the kinase reaction was allowed to
proceed for 30 min. The wells were thoroughly
washed and blocked before incubation with
HRP conjugated anti-pY antibodies (PY20,
TAKARA, Japan.) for 30 min. Substrate were
then added for 12 min before stopping the
reaction with 1N H2SO4. The absorbance was
measured in duplicates in a microplate reader
at 450 nm. Controls for linearity of absorbance
were the manufacturers supplied PTK control
diluted in 10 serials.

Vertical Cell Migration Assays

Cell migration response to GDNF and/or
GFRalpha1 was assessed using transwell cell
culture inserts (Falcon) or ChemoTX micro-
plates (Neuro Probes) with 12 mm pores. Trans-
fected cells were seeded (1–5� 105 cells) in the
chambers and allowed to migrate towards
ligands as indicated in figures. For transwell
cell culture inserts, quantification was per-
formed under the microscope by counting cells
in three visual fields after removal of stationary
cells on the upper side of membranes using a
cotton-tip or for ChemoTX microplate experi-
ments after de-attaching the cells on the lower
side of the membrane into multiwell plates by
application of 2 M EDTA to the membrane
and subsequent centrifugation. Crystal violet
(0.04% (v/w) in 8% ethanol) was applied to cells.
Cells were solubilized in 1.5% sodium dodecyl
sulfate and absorbance measured at 595 nm in a
multiplate reader, as previously described [Cer-
ezo-Guisado et al., 2007]. Experiments with
inhibitors were performed as described above
using PP2 at 8 or 20 mM, SU6656 at 3 mM and
U0126 at 12 mM. Inhibitors were added to
starvation media 1 h prior to application of
RET ligands.

Wound Healing Assay

Cos7 or MEF cells transfected with RET
mutants were seeded on glass slides and in
plastic culture dishes respectively and grown to
confluence. A tear in the cell layer was made
using a 20 ml glass capillary slided along a
fastened caliper to ascertain equal width of the
tear. Cells were starved for 12 h and then
stimulated as indicated with RET ligands. Cells
were washed and fixed in paraformaldehyde
(PFA) or quantified directly without fixation.
Quantification of cells migrating into the wound

area was done by counting the number of cells
within equal areas for each construct using light
microscopy.

siRNA Experiments

Pre-designed anti-FAK siRNA (sc-29310) was
purchased from Santa Cruz, resuspended to a
stock solution of 10 mM and transfected using
Lipofectamine 2000 at a concentration of 60 nM.
siRNA against SHC was performed as described
previously [Lundgren et al., 2006]. siRNAs
against FRS2 were from the pre-designed range
of Ambion. Two Sequences 50-GCAGCACAC-
CAAAAGAAGAtt-3 and 50-CCAAGUAGUAU-
UGAGGACAtt-30 and their corresponding
antisense strands were combined and used at
a total concentration of 40 nM. Control siRNA
[Kim et al., 2005]; 50-AAGCUGACCCUGAA-
GUUCAUCUGCACC-30. Cells were transfected
using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturers instruction. The
efficacy of the siRNA was examined by Western
blotting. Assays were undertaken 48–54 h after
siRNA transfection.

Immunocytochemistry

Cells grown on glass coverslips were trans-
fected and the following day after 8 h of
starvation stimulated with GDNF and GFRa1.
Cells were briefly rinsed with PBS, fixed in 3.8%
PFA, permeabilized in 0.2% Triton X-100 in
PBS and blocked with 5% goat serum. Fixed and
permeabilized cells were then treated with
antibodies at 48C overnight. When applicable,
cells were stained with phallotoxins for 30 min
at 48C prior to application of antibodies. After
washings in PBS, cells were incubated with
fluorescent-conjugated secondary antibodies
for 1 h at room temperature washed and moun-
ted in Glycerol–Gelatin (SIGMA).

Imaging/Live Imaging

Cells expressing RET mutants were grown on
culture plates with a Poly-D-Lysine coated glass
center (MATEK Corp.), starved in media con-
taining 0.2% serum for 10–12 h. During imag-
ing the cells were kept in KREBS buffer at room
temperature (RT) or 378C (intensity quantifica-
tions were made at 378C whereas high resolu-
tion imaging was done at 258C due to focus
shifting when heating was applied, no differ-
ence in cell behavior between conditions was
noted during these short periods of imaging).
For live imaging pictures were automatically
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taken every 20–30 s for 20 min. Quantification of
local fluorescent intensity was done using imageJ
analysis software. Cluster index quantification
was done by measuring eGFP intensity in 12�
12 pixels quadrants. When the intensity in
one 12� 12 pixel quadrant was measured as
2.5 greater than each equal sized areas immedi-
ately nearby in four directions, the cluster index
was assigned one point. Clusters larger than 12�
12 pixels were still assigned only one point per
cluster. Thus, focal staining intensity compared
to the immediate surroundings were measured.
The number of clusters were counted for 25 cells
per condition (n¼ 4) and averaged for each
condition. All pictures and movies were taken
on Zeiss Axiovert 200 M microscopes with
LSM 510 LIVE fastscan assembly and LSM510
software (ZEISS). Movies were exported as
Apple QuickTime files.

RESULTS

RET Mediated Cell Motility and Directional
Migration Are Dependent Upon FRS2 Adaptor

Interaction With Tyrosine 1062

RET is known to mediate directional migra-
tion in epithelial cells [Tang et al., 1998] and
neural crest cells [Young et al., 2004], as well as
autonomic neuroblasts [Enomoto et al., 2001].
RET also produces directional axon outgrowth
of neurons towards RET ligands [Tang et al.,
1998; Ledda et al., 2002]. To investigate if such
cell motility is dependent on the recruitment of
specific PTB adaptors to the phosphorylated
Y1062 motif in Ret we created mutant RET
receptors and expressed these in Cos7 cells.
RETSHCþ has two amino acid substitutions
in the PTB domain binding site (W1056A,
E1058D) just N-terminal to Y1062 which leads
to a preferential SHC-PTB interaction, whereas
RETFRSþ is equipped with the juxtadomain
segment of the FGF receptor in place of the
PTB domain of RET, thereby allowing inter-
action only with the FRS2-PTB adaptor. The
SHC and FRS2 adaptor proteins are able to
outcompete each other for binding to RETSHCþ

and RETFRSþ respectively [Lundgren et al.,
2006] (Fig. 1A). All mutants display intact levels
of tyrosine phosphorylation compared to RETWT

(Fig. 1B). We compared cells expressing these
mutants to RETWT and to a RETY1062F receptor,
the latter which cannot recruit any PTB
adaptors to Y1062 but is otherwise functionally

intact. In a wound healing experiment Cos7
cells were grown to confluence on glass slides
and a mechanical tear was made by scratching a
caliper across the glass, creating an artificial
wound. The RET ligands GDNF (50 ng/ml) and
GFRa1 (100 ng/ml) were added to the cultures
and the number of cells migrating from the
edges into the wound area were quantified
(Fig. 1C,D). The number of cells migrating into
a 1.2 mm long wound field, were quantified after
6 h of RET ligand application. Reduced migra-
tion was seen in RETSHCþ and RETY1062F

mutants, as only 64% and 60% of the cells,
respectively, had moved into the wound area
compared to the number of migrating RETWT

expressing cells (i.e., 100%). The FRS2 signal-
ing RET mutant, RETFRSþ on the other hand
showed increased number of cells migrating
into the wound area compared to RETWT (148%
of WT). The enhancement compared to RETWT,
we reason, is a result of RETFRSþ mutants not
allowing SHC to compete for binding at all
whereas some SHC is likely to interact with
tyrosine 1062 in RETWT in these cells. Cells
transfected with an empty vector as a negative
control were similar to RETSHCþ and RETY1062F

cells (Fig. 1C,D).
The role of RET in directional cellular migra-

tion was next studied in a chemotaxis assay. We
expressed either RETWT, RETSHCþ, RETFRSþ,
or RETY1062F in human peripheral neuroblas-
toma SK-N-MC cells, which do not express
endogenous RET and because of their neuro-
ectodermal origin are relevant for studies of
many Ret functions [Fukuda et al., 2002]. To
investigate if the motility produced by FRS2
interactions with RET was directional. Chemo-
taxis was quantified by seeding cells on top of a
synthetic porous membrane (upper compart-
ment), soluble ligand was applied in the lower
compartment. Both RETWT and RETFRSþ cells
migrated towards RET ligand while RETSHCþ

or RETY1062F cells did not display increased
migration compared to mock transfected
cells (Fig. 1E). In order to confirm that this
represents directional migration, ligands were
supplied only to the upper compartments
(Fig. S2E), or to both the upper and lower
compartment (Fig. S2F) producing a uniform
concentration of ligands surrounding the cells.
These conditions did not lead to any significant
increase of cells migrating through the mem-
brane into the lower compartment. To confirm a
direct dependence of FRS2 for RET induced
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migratory signaling we silenced endogenous
FRS2 gene expression using siRNA. Two
independent siRNAs against FRS2 were
tested with similar effect (Fig. S2G) both
sequences were then used in combination for
future assays. Reduction of FRS2 protein
levels by 67% at 48 h (Fig. 1G) led to reduced
migration in RETWT and RETFRSþ cells with
less than 40% of cells migrating towards ligand
as compared to control siRNA transfected
cells. siRNA against FRS2 resulted in a non-
statistically significant small reduction of
migration also in RETSHCþ and RETY1062F as
compared to RetWT cells perhaps due to effects
of FRS2 on general cell motility [Hadari et al.,
2001]. siRNA against SHC (62% reduction of
SHC protein at 48 h; Fig. 1G) had little effect
on migration (Fig. 1F). These data suggest that
recruitment of FRS2, but not SHC, to tyrosine
1062 can direct RET signaling to elicit direc-
tional cell motility.

FRS2 Signaling via SRC Family Kinases

The non-receptor tyrosine kinase SRC family
of proteins is required for cell migration medi-
ated by a number of RTKs [for review see
Bromann et al., 2004] including the PDGF [Sieg
et al., 2000] and epidermal growth factor (EGF)
receptors [Brunton et al., 1997], and inhibition
of SRC results in loss of migration. We inves-
tigated the activation of SRC in RET mediated
migratory signaling via its recruitment of
adaptors. We performed an in vitro kinase assay
to test whether the SRC kinase activity was
affected by the adaptor selective RET mutants.
Endogenous SRC was precipitated from ligand
stimulated Cos7 cells expressing RET mutants.
The precipitate was allowed to phosphorylate
an immobilized substrate. At 5 min RETWT

displayed a slightly higher level of phosphory-
lated substrate, as measured by spectropho-
tometry, compared to RETFRSþ, RETSHCþ and

Fig. 1. FRS2-dependent cellular migration by RET. A: Cos7
cells expressing RET mutants were immunoprecipitated for
endogenous SHC or FRS2 adaptors and immunoblotted for RET
showing selective adaptor binding in mutants. B: All RET mutants
display similar phosphorylation levels after ligand application.
C: Photomicrographs of Cos7 cells expressing RET mutants as
indicated grown to confluence on glass slides. A vertical tear was
made in the cell layer using a medical caliper and cell migration
was examined in the tear. RET ligand was applied to starvation
medium. D: Quantification of (C). Migration into the wound area
along a 1.2 mm stretch was after 6 h quantified as an average of
three random fields (n¼3). One-way ANOVA, **P<0.01,
*P<0.05 compared to WT. E: SK-N-MC cells expressing RET
mutants or empty vector were seeded on top of a ChemoTX

12 mm porous membrane with ligand in the lower compartment.
Cells migrating through the membrane pores to the lower
compartment after 8h were detached and stained with crystal
violet. Absorbance was measured in a spectrophotometer and
RETWT values were set to 100%. Ret ligand was supplied above/
below the membrane as indicated (n¼ 4, for vector condition
n¼2). One-way ANOVA, ***P<0.001. F: Quantification of SK-
N-MC cells, expressing RET mutants or empty vector and siRNA
as indicated, in transwell chemotaxis migration assays towards
ligands (n¼ 3). Two-way ANOVA compared to the correspond-
ing WT condition, ***P<0.001. **P< 0.01. G: Immunoblot
towards SHC or FRS2 in siRNA transfected SK-N-MC cells as
indicated.
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RETY1062F. After 30 min of ligand stimuli the
SRC kinase activity was approximately 1.5 and
2 times higher in RETWT and RETFRSþ, respec-
tively, compared to RETSHCþ and RETY1062F

showing that SRC kinase activity is more
profound in the RET versions that recruit
FRS2 and mediate migration (Fig. 2A).

SRC Is Required for RET-Induced
Directed Migration

SRC activity can be inhibited by the pharma-
cological kinase inhibitor PP2 [Hanke et al.,
1996]. PP2 treatment of cells prevented directed
migration of RETWT and RETFRSþ expressing
cells towards RET ligand in the chemotaxis
assay (Fig. 2B,C). RETSHCþ and RETY1062F did
not show any significant change in migration
following treatment with PP2 from the already
low levels without inhibitor (Fig. 2B,C). Similar
results were obtained also in kidney MDCK
cells (data not shown). We have previously
shown that mitogen activated protein kinases
(MAPK) are robustly activated by RETFRSþ

[Lundgren et al., 2006]. Blocking this signaling
pathway with the pharmacological inhibitor
U0126 reduced the number of migrating cells
to half that without inhibitor in RETWT and
RETFRSþ expressing cells (Fig. 2C). The reduc-
tion in migration was slightly more pronounced
when interrupting the SRC family kinases with
PP2 than the MAPK pathway (Fig. 2C). Thus,
while both pathways seem required for full
effect of RET mediated chemotaxis, SRC exerts
a more pronounced effect. Although developed
as a specific SRC inhibitor PP2 has recently
been shown to inhibit other kinases at various
concentrations, among them the constitutively
active MEN2a form of RET [Carlomagno et al.,
2003]. To corroborate the biochemical data from
pharmacological inhibition of SRC in RET
mediated migration we performed additional
experiments using another SRC inhibitor,
SU6656, recently shown to inhibit SRC with
great specificity at a reported IC50 between 20
and 280 nM [Blake et al., 2000]. When SRC was
blocked with SU6656 in the chemotaxis assay
cell migration towards RET ligands was also
markedly reduced (Fig. 2D). Total tyrosine
phosphorylation was examined in lysates of
cells after starvation for 12 h and subsequent
RET ligand stimulation for 30 min. Cells were
treated with no inhibitor, PP2 or SU6656 before
RET ligand stimulation. The pattern of tyro-
sine phosphorylation was similar between the

two inhibitors, but PP2 displayed a more
extensive inhibition of tyrosine phoshorylation
of several non-identified phosphotyrosine pro-
teins as seen on membranes immunoblotted
against total phospho-tyrosine (Fig. 2E). Phos-
phorylation of SRC and p42,44 ERK MAPK was
examined following PP2 and SU6556 treat-
ment. Both PP2 and SU6556 efficiently blocked
phosphorylation of SRC while PP2 prevented
phosphorylation of p42, 44 ERK MAPK to
a greater extent than SU6556, presumably
reflecting non-specific effects of the PP2 com-
pound (Fig. 2F,G).

We next took a genetic approach to confirm
a SRC-dependent cell migration by RET.
For this purpose mouse embryo fibroblasts
(MEFs) derived from SRC-YES-FYN null mice
(MEFSYF�) were used [Klinghoffer et al., 1999].
MEFSYF�cells were co-transfected with RET
mutants and SRC or an empty vector and the
requirement for SRC in RET-induced motility
was examined in the wound healing assay. Cells
were starved and after subsequent application
of RET ligand the number of cells migrating into
the wound was quantified. After 9 h of ligand
stimuli RETWT and RETFRSþ expressing cells
co-transfected with SRC had already migrated
into the area while little migration was seen
in RETSHCþ and RETY1062F expressing cells
(Fig. 2H,I). MEFSYF� cells transfected with
SRC but not RET showed a small increase
in migration compared to RETSHCþ and
RETY1062F, perhaps due to low levels of endog-
enous RET expression (Fig. 2H,I). In MEFSYF�

lacking SRC neither condition showed any
significant migration at 9 h of RET ligand
stimuli (Fig. 2H,I). RETWT and RETFRSþ induced
migration in MEFSYF� cells in the presence of
SRC was ligand-dependent (Fig. 2H,I). Taken
together, these results show that SRC is required
for RET mediated migration.

SRC Recruitment to Tyrosine-981
Is Required for RET Induced Migration

RET binds to SRC primarily via its intra-
cellular tyrosine-981 (Y981) [Encinas et al.,
2004]. We constructed RET receptors with
amino acid Y981 exchanged for a phenylalanine
(RETY981F). Immunoblotting for activated SRC
confirmed that RET mediated SRC activation
was reduced in the RETY981F mutant (Fig. 3A).
We also found that RETY981F was poor at gene-
rating directed migration in the chemotaxis
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Fig. 2. A SRC and MAPK-dependent RET-induced migration.
A: In-vitro kinase assay for SRC. Cos7 cells expressing RET
mutants were stimulated as indicated. SRC was precipitated from
cells and the kinase activity was measured by the absorbance
of tetramethylebenzidine substrate reaction with horse radish
peroxidase (HRP) conjugated phospho-tyrosine antibodies
directed against phosphorylated substrate (n¼2). (Insert) Immu-
noblot for RET expression and endogenous actin from cell lysates
used for the in-vitro kinase assay to control for equal loading in
the assay. B: SK-N-MC cells were co-transfected with RET
mutants and EGFP. After 24 h cells were seeded in transwell
chambers. RET ligands were supplied underneath the membrane
to assay for directed migration with or without the SRC inhibitor
PP2, as indicated. After 10 h, images of EGFP fluorescence were
captured from the underside of the membrane. C: Quantification
of experiments in (B) and in the presence of inhibitors for MAPK
(U0126) (n¼4). D: Same experiments as in (B) in the presence of

SRC inhibitors PP2 or SU6656 (n¼3). In (C) and (D) One-
way ANOVA compared to WT without inhibitor *P< 0.05,
**P< 0.01,***P<0.001. E–G: Representative immunoblots of
ligand stimulated (30 min) SK-N-MC cells after 10 h of starvation
for detection of phospho-tyrosine (n¼ 3) (E), phospho-SRC and
total SRC (F), phospho-p42,44 MAPK and total p42,44 MAPK (G)
in the presence of the two SRC inhibitors. H: Quantification of
MEFSYF� cells lacking SRC family kinases transfected with the
different RET mutants with or without transfection of SRC
expression plasmids and subjected to the wound healing assay.
After 9 h the number of cells migrating into the wound area along
a 1 mm horizontal length was quantified as the average per field
out of five fields (n¼3). RET ligands were supplied as indicated.
Two-way ANOVA compared to the corresponding WT condi-
tion, ***P<0.001, **P< 0.01, *P<0.05. I: Photomicrographic
images of cells in experiment in (H).
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assay, as compared to RETWT (Fig. 3B). Immu-
noblotting towards P-ERK MAPK did not show
any overtly reduced levels of phosphorylation of
p42, p44 ERK MAPK in RETY981F cells as
compared to RETWT cells (Fig. 3C). These data
show that both Y981 and Y1062 are needed and
suggest that the two tyrosines cooperate for full
directional migration by RET.

Dependence on FAK for RET-Mediated Migration

In cells where SRC functions to activate
cytoskeletal rearrangements it is dependent
upon the FAK protein [Sieg et al., 2000]. Active
SRC binds to phosphorylated FAK and kinase
active SRC has previously been shown to
further phosphorylate FAK [Lietha et al.,
2007] which have been suggested to promote
FA turnover and migration [Webb et al., 2004].
By immunoblotting we found that RET induces
phosphorylation of FAK in SK-N-MC cells

(Fig. 3C). We next investigated whether RET
induced FAK activation depended on SRC.
Immunoblotting towards FAK revealed a small
statistically non-significant reduction of P-FAK
in RETY981F cells compared to RETWT cells
(Fig. 3D). Blocking SRC signaling pharmaco-
logically in RET activated cells, however,
resulted in a marked reduction of P-FAK and
P-p42, p44 MAPK levels (Fig. 3D) and the effect
was greater in RET receptors containing the
Y981F mutation. Hence, the residual activity in
the RETY981F, as compared to cells in which SRC
is pharmacologically inhibited, appears to be
due to the ability of RET to recruit SRC also via
sites other than tyrosine 981 although with
lower efficiency [Encinas et al., 2004].

The finding that MAPK is required for a full
migrational response, and that phosphorylation
of FAK depends on SRC, led us to further
investigate how FAK activation relates to

Fig. 3. RET recruitment of SRC by FRS2 occurs via RET Y981
and result in FAK activation and cell migration. A: Representative
immunoblot for phospho-SRC (P-SRC) after indicated duration of
ligand stimulation (n¼4). B: SK-N-MC cells expressing RET
mutants were analyzed in ChemoTX assays after 8 h with RET
ligands supplied below the membrane. RETWT values were set to
100% (n¼3). One-way ANOVA compared to WT with ligand
***P<0.001. C,D: Representative immunoblots (n¼ 3, respec-

tively) towards phosphorylated FAK in the autoactivation loop
(P-FAK) and phospho-MAPK (P-p42,44 MAPK) with (or without)
inhibitors, as indicated. E: Transwell chemotaxis assay for
migration of SK-N-MC cells as in (B) with siRNA against FAK.
RETWT values without siRNA were set to 100%. Insert shows
efficiency of siRNA mediated FAK protein knockdown by
immunoblot against FAK 50 h after transfection. (n¼3) One-
way ANOVA *P< 0.05.
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MAPK signaling. We performed immunoblots
against P-p42, p44 MAPK while pharmacolog-
ically inhibiting SRC activity, so that SRC
mediated phosphorylation of FAK is reduced.
We found that P-p42, p44 MAPK levels induced
by RET was reduced to levels corresponding to
the reduction of FAK activation. However, the
level of P-FAK was not affected by blocking
MAPK activity with U0126 (Fig. 3D). This
suggests an activation of P-p42, p44 MAPK
downstream of SRC and possibly also FAK, as
FAK can activate MAPK by recruitment of
growth factor receptor bound protein 2 (Grb2)
[Schlaepfer et al., 1999]. To investigate if FAK
is functionally important for RET mediated
migration we silenced gene expression of FAK
by RNA inhibition. In these experiments, siRNA
was transfected into SK-N-MC cells which
resulted in a reduction of protein expression
by>80% after 48 h (Fig. 3E insert). Activation of
RETWT and RETFRSþ led to markedly reduced
migration in cells containing a lower level of
FAK protein, as compared to cells expressing
normal FAK levels (Fig. 3E).

Localization of FAK to Sites of Cell Protrusions
and Focal Adhesions in RETWT and RETFRSþ Cells

FAK was phosphorylated also by RETSHCþ

expressing cells (Fig. 3C) but unlike RETFRSþ

cells this activation did not lead to migration
(Fig. 1) and these cells displayed a morphology
with less actin bundling and lamellipodial like
structures (Fig. 4). This suggested that FAK
activation is not sufficient for migration per se
and opens the possibility that the intracellular
distribution of FAK determines its contribution
to cell migration. FAK is known to localize
specifically to sites of receptor and integrin
clustering in migrating cells where it affects
FA turnover [Sieg et al., 2000]. We therefore
examined the intracellular distribution of FAK
in FRS2 binding and non-FRS2 binding RET
mutants. In cells expressing stimulated RETWT

and RETFRSþ FAK showed clustering of the
protein at actin FAs and at cell extensions, as
expected for the FAK protein in migrating cells
(Fig. 4 A–D, I–L, respectively). However, in
RETSHCþ and RETY1062F cells, which display
fewer actin bundles and cell outgrowths, clus-
ters were fewer and uniformly spread within
the cell rather than localized to cell edges (Fig. 4
E–H, M–P, respectively). Further, when immu-
noprecipitating for total-FAK in cell lysates and
probing membranes for P-FAK both RETY981F,

which has a reduced SRC activation, and
RETY1062F displayed a reduced level of phos-
phorylation of the activation loop residues in
FAK 30 min after ligand stimulation (Fig. 4Q).
Immunoprecipitation experiments were per-
formed in which the cells were subjected to
CO. CO disrupts the membrane architecture by
oxidizing membrane integral sterol compounds
and for the PDGF receptor has been shown to
uncouple the receptor from its substrates [Liu
et al., 2000]. CO treatment led to a significant
reduction in FAK phosphorylation (Fig. 4Q).
Thus, it appears that important interactions
takes place in cholesterol rich regions of the
membrane, and oxidiation of cholesterol pre-
vents molecular interactions that are necessary
for RET to activate FAK. Subfractionation of 1%
Triton X-100 lysed cells were performed as a
method to investigate ligand activated (30 min)
RETSHCþ versus RETFRSþ partitioning into
detergent resistant membrane (DRM) fractions
and supernatant (SUP) fraction respectively.
Both RET mutants were found in DRM as well
as SUP fractions in agreement with previous
results using this fractionation method [Pier-
chala et al., 2006] (Fig. 4R). Immunoblotting
against SHC or FRS2 revealed that the former
was present with no significant preponderance
for either fraction whereas FRS2 was heavily
enriched with 74% and 78% in the DRM for
RETSHCþ and RETFRSþ, respectively (P< 0.01
Student’s t-test; Fig. 4R). This suggest that Ret
may interact with FRS2 predominantly in
membrane ordered regions, while this is not
necessarily the case with SHC.

A FRS2 Mediated Concentration of RET to
Discrete Membrane Foci

We hypothesized that the focal activation of
FAK seen in the case of RET receptors that
recruit FRS2 might also correspond to a reloca-
tion of the RET receptor itself. The FRS2
adaptor protein has a N-terminal myristoyla-
tion moiety and exclusively localizes to lipid
rafts/organized lipid structures in the cytofacial
membrane [Ridyard and Robbins, 2003]. We
constructed expression constructs with green
fluorescent protein (GFP) fused to the intra-
cellular carboxy (C)-terminus of RET. This
RET-GFP fusion protein allowed us to directly
examine subcellular localization of RET when
engaging different PTB adaptors. Cells exp-
ressing the GFP-RET constructs were ligand
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activated for 30 min, counterstained with
fluorescently conjugated phalloidin and exam-
ined using a confocal microscope. The distribu-
tion of RET was distinctly different between
migratory competent cells expressing RETWT or
RETFRSþ and the non-migratory RETSHCþ and
RETY1062F. In RETWT or RETFRSþ, RET recep-
tors were clustered in foci of membrane protru-
sions (Fig. 5A–C, I–K). In RETSHCþ and

RETY1062F the receptor was distributed uni-
formly throughout the cell soma and only occa-
sional receptor clusters were seen (Fig. 5E–G,
M–O). The distribution of clusters was quanti-
fied by measuring clustered RET-GFP fusion
proteins on digital images at a predetermined
threshold setting (Fig. 5D,H,L,P; supplemen-
tary movie 1 (SM1) and Fig. S2 A–D shows a
3D reconstruction of a cell expressing GFP-

Fig. 4. A FRS2-dependent activation of FAK result in its
distribution to FAs. A–P: Immunocytochemistry of neuronal
SK-N-MC cells expressing RET mutants as indicated. Cells were
starved for 12 h and RET ligands applied for 30 min before
fixation. Actin was visualized by fluorescent conjugated phalloi-
din (red) and FAK by immunohistochemistry (green), colocaliza-
tion (yellow). A0–P0 shows enlargements of the corresponding
areas in A–P indicated by white boxes. Note abundant

appearance of FAs in RETWT and RETFRS2þ but not RET SHCþ or
RET Y1062F expressing cells. Q: Immunoprecipitation for total-
FAK and immunoblotting against phosphorylated FAK, total FAK
and RET, as indicated. COþ indicates a condition in which
RETWT expressing cells were treated with cholesterol oxidase
prior to ligand stimulation. R: DRM and SUP fractionations of SK-
N-MC transfected with RET mutants as indicated. Western blot
against RET or FRS2 or SHC. Scale bar¼ 25 mm.
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RETFRSþ). We next investigated localization of
RET in cells by live imaging. Cells grown on
glass slides were imaged after ligand addition
and the distribution of fluorescent RET was
captured in serial pictures. Representative
movie SM 2 displays RET protein clustered at
cell edges as the cell body changes shape in GFP-

RETFRSþ expressing cells, while GFP-RETSHCþ

(SM3) lacked this clustering effect.

DISCUSSION

Correct positioning of cells in the nervous
system is achieved mainly by oriented migra-

Fig. 5. A subcellular re-distribution of RET to lamellipodia and
regions containing focal adhesions by FRS2 recruitment. A–C,
E–G, I–K, M–O: Fluorescence images of representative neuro-
nal SK-NM-C cells expressing RET-GFP fusion protein containing
the different RET mutations, as indicated. Green fluorescence
therefore indicates the cellular localization of RET receptors.
Cells were starved for 12 h and RET ligand applied for 30 min
before fixation. Cells were stained for actin using fluorescent

conjugated phalloidin (red). Arrows point at some of the sites of
RET clusters, often localized to regions of membrane ruffling and/
or cell protrusions in RETWT and RETFRS2þ expressing cells.
D,H,L,P: Quantification of RET clustering in cells expressing the
different RET variants. Average cluster index was determined
from 25 cells per condition per independent experiment (n¼4).
Scale bar¼ 25 mm. One-way ANOVA, *P<0.05 compared to
WT.
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tion of neuronal progenitors from their site of
generation to their adult location. Attractant
molecules interacting with receptors expressed
on cells, as exemplified by RET and RET
ligands, are important for these processes.
However, much remains to be known on the
actual molecular signaling leading to cytoske-
letal rearrangment and cellular movement
after receptor engagement. We have obtained
evidence that PTB adaptors function to regulate
RET stimulated migration and propose that one
necessary role of PTB adaptor activity is to
produce a concentration of RET receptors into
clusters on the cell membrane. Activation of the
EGF receptor leads to accumulation of the
receptors in lipid rafts, followed by SRC family
kinase activation. EGFR activation also leads to
a clustering of activated EGFR on the mem-
brane that depends on the activity of SRC family
kinases [Kasai et al., 2005]. We find that the
FRS2 PTB adaptor promotes receptor cluster-
ing of RET to a higher degree than SHC and at
locations where the cell clearly exhibits cytos-
keletal actin rearrangments, morphologically
consistent with sites of FAs. Functionally, we
find that cells expressing RET that can bind
FRS2 migrate towards RET ligands whereas
mutants binding SHC or where the PTB adaptor
binding tyrosine 1062 is nullified does not.
Further, siRNA against FRS2 inhibited migra-
tion in both RETWT and RETFRSþ cells. Our
results therefore suggest that PTB adaptors pro-
vide a means for the relocation of RET receptors
into membrane clusters function, which expands
their activity as signaling scaffolds.

Recruitment of FRS2 that is exclusively
localized to lipid rafts leads to a specific signal-
ing response to FGF2 signaling [Ridyard and
Robbins, 2003]. Also RET seems to signal
differently depending on its membrane com-
partment. In the absence of ligand, RET is
localized outside of lipid rafts in non-ordered
membrane regions [Tansey et al., 2000; Para-
tcha et al., 2001]. Following ligand activation,
RET can translocate into lipid rafts which leads
to a specific downstream signaling, including
the association of FRS2 and the activation of
SRC family kinases [Tansey et al., 2000;
Encinas et al., 2001; Paratcha et al., 2001].
The localization of RET to lipid rafts potentiates
RET signaling and lead to cell survival and
cellular differentiation [Tansey et al., 2000;
Pierchala et al., 2006]. However the roles of
different adaptors, coupled to distinct down-

stream signaling pathways, in relation to RET
clustering and its different biological functions
have not been addressed. We have shown that
FRS2 recruitment to RET upon ligand activa-
tion does not promote cell survival [Lundgren
et al., 2006] and in the present study find that
cellular redistribution of RET into membrane
foci leads to sustained activation of SRC family
kinases, that specifically participate in organiz-
ing a signaling complex required for RET-
mediated cell migration. The present study does
not provide direct evidence for lipid raft associ-
ation of RET that is specific for the different
PTB-adaptors. However, our biochemical
results from disruption of cholesterol in the
membrane, the predominant presence of Frs2 in
DRM and previous studies reporting different
downstream signaling of Ret in different mem-
brane compartments [Saarma, 2001; Pierchala
et al., 2006] warrants further investigation on
the importance of lipid rafts in RET functions
downstream of SHC and FRS2.

In order to associate cytoskeletal proteins
with both the extracellular growth substratum
and receptors responding to external ligands,
these molecules must interact at precise sub-
cellular positions. This creates a dimension of
complexity since the local cytoplasmic context
must be different between the leading edge
where lamellipodia form and other parts of the
cell. Activated FAK is localized specifically to
membrane sites containing FAs. FAK partic-
ipates in signaling elicited by several RTKs
[Sieg et al., 2000; Shono et al., 2001]. By
associating with RTKs and with integrin recep-
tors, FAK has been suggested to recruit other
molecules to the site of this interaction upon
receptor activation, forming a signaling com-
plex that transmits signals from the extracel-
lular matrix to the cell cytoskeleton [Sieg et al.,
2000; Dunty et al., 2004; Mitra et al., 2005].
Thus, FAK functions to bridge integrins with
the RTK and regulate turnover of FAs while
SRC proteins catalyze activation of FAK [Sala-
zar and Rozengurt, 1999; Sieg et al., 2000]. Our
biochemical results show that RET acts via SRC
and FAK activation for migration and further-
more suggests that RET and FAK associate in a
protein complex since FAK co-precipitates with
RET. SRC interaction with RET is mainly
mediated by interactions with RET Y981 [Enci-
nas et al., 2004] and FAK in turn, interacts with
SRC by its autophosphorylation site tyrosine-
397. SRC can then further phosphorylate FAK
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in a second step on the autoactivation loop on
tyrosines-576/577, which leads to full activa-
tion. Autophosphorylation of FAK is temporally
related to integrin receptor clustering in the cell
membrane but can also be activated by the
EGFR [Sieg et al., 2000] and as we report in this
study, by RET. Furthermore, the different
subcellular localization of FAK in RETWT and
RETFRSþ as compared to cells expressing
RETSHCþ and RETY1062F that are non-migra-
tory, suggest that a change in turnover of FA
complexes contributes to the RET mediated
migration. Consistently, FAK�/� cells display a
rounded morphology with increased FAs and
FAK may, thus, promote the actual turnover of
FAs [Ilic et al., 1995].

Our results show that ligand stimulation of
RET leads to FAK activation but that this is not
exclusive to the association of FRS2 to RET, as it
also occurs in RET receptors recruiting SHC.
However, the localization of the activated FAK
is distinctly different since FAK is found
diffusely localized in the cells expressing
RETSHCþ, consistent with the morphology of
these cells that display less actin bundling and
rather resembles a dysregulated Ras-related
homolog A (RhoA) phenotype that previously
has been shown to have reduced motile capacity
[Ehrenreiter et al., 2005]. Consequently, FAK
activation by itself is insufficient for migration,
indicating that the difference in subcellular
distribution of active FAK is one distinguishing
functional feature, an idea previously expressed
but not investigated experimentally [Sieg et al.,
2000]. It should be noted, however, that differ-
ential phosphorylation of the numerous tyro-
sines and serines on FAK by RET recruitment of
FRS2 versus SHC cannot be excluded to be
participating in the migrational activity, as
FAK phospho-activation is incompletely under-
stood [Cox et al., 2006].

RTKs usually possess several tyrosine-based
signaling motifs, and in RET, Y981 recruits
SRC while Y1062 recruits PTB adaptor proteins
[Jain et al., 2006]. We show here that the
recruitment of two different RET binding
proteins to two distinct intracellular residues
collaborate to execute a biological function (Fig.
S1). Based on our results, SRC interaction and
FRS2 interaction with intracellular Y981 and
Y1062, respectively, is needed. It is possible that
other proteins than SRC also interact with Y981
and are affected by the mutation of this residue.
The sequence surrounding Y981 (pYRLM) is

closest to the motif recognized by phosphati-
dylinositol 30-kinase (PI3K). This molecule,
however, does not interact directly with RET
[Encinas et al., 2004]. Pharmacological inhib-
ition of PI3K/AKT, which is not activated by
FRS2 [Kurokawa et al., 2001], as well as
p42,44 MAPK ERK and protein kinase A
(PKA) have been shown to reduce RET elicited
motility to varying extents [Natarajan et al.,
2002; Asai et al., 2006]. In vivo it is therefore
likely that several pathways and residues on
RET may contribute to migration, likely with
some degree of redundancy in the event of
abrogation of single residues. Nevertheless,
our results show that FRS2 signaling from
Y1062 is required and plays a critical role for
directed migration by RET in several cell
types. The results presented here are consis-
tent with a model that FRS2 recruitment to
Y1062 leads to a membrane relocation of the
receptor causing its clustering in membrane
foci. Upon such relocation, Y981 of RET
interacts with SRC family kinases leading to
activation of FAK locally at FAs, which is
required for migration. Activation of MAPKs,
which we in addition to the FAK pathway
find to be necessary for migration, arise by a
SRC-dependent as well as a SRC-independent
signaling, the latter presumably via a direct
activation by FRS2 by the well described
recruitment of Grb2 and Son of sevenless
guanine nucleotide exchange factor (SOS)
[Melillo et al., 2001].

In conclusion we have found that PTB
adaptors differentially affect RET receptor
subcellular location and subsequent signaling,
and that this provides a means for segregating
different functional outcomes of RET activation.
We propose that FRS2 recruitment to RET lead
to the activation of two distinct signaling path-
ways, one via FRS2 and another via SRC family
kinases, both of which are necessary for neuro-
nal cell migration.
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