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The signaling mechanisms by which neurotrophic receptors
regulate neuronal survival and axonal growth are still incom-
pletely understood. In the receptor tyrosine kinase RET, arecep-
tor for GDNF (glial cell line-derived neurotrophic factor), the
functions of the majority of tyrosine residues that become phos-
phorylated are still unknown. Here we have identified the pro-
tein-tyrosine phosphatase SHP2 as a novel direct interactor of
RET and the first effector known to bind to phosphorylated
Tyr®®” in the juxtamembrane region of the receptor. We show
that SHP2 is recruited to RET upon ligand binding in a cooper-
ative fashion, such that both interaction with Tyr687 and associ-
ation with components of the Tyr'%®? signaling complex are
required for stable recruitment of SHP2 to the receptor. SHP2
recruitment contributes to the ability of RET to activate the
PI3K/AKT pathway and promote survival and neurite out-
growth in primary neurons. Furthermore, we find that activa-
tion of protein kinase A (PKA) by forskolin reduces the recruit-
ment of SHP2 to RET and negatively affects ligand-mediated
neurite outgrowth. In agreement with this, mutation of Ser®®, a
known PKA phosphorylation site in RET, enhances SHP2 bind-
ing to the receptor and eliminates the effect of forskolin on
ligand-induced outgrowth. Together, these findings establish
SHP2 as a novel positive regulator of the neurotrophic activities
of RET and reveal Tyr®® as a critical platform for integration of
RET and PKA signals. We anticipate that several other phospho-
tyrosines of unknown function in neuronal receptor tyrosine
kinases will also support similar regulatory functions.

Neurotrophic factors regulate neuronal survival, morphol-
ogy, and function and are essential for the development and
maintenance of the nervous system. Together with the neuro-
trophins, glial cell line-derived neurotrophic factor (GDNF)*
and related family members are among the most important
neurotrophic factors in mammals. Because of the potent
prosurvival and neuroprotective effects of GDNF on mid-
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brain dopaminergic neurons, much of the initial interest in
GDNF was focused on its possible therapeutic effects in Par-
kinson disease (1, 2). It has more recently been appreciated
that GDNF and related factors affect a host of important
processes in mature neurons and their precursors and also
outside the nervous system. GDNF signals by binding to a
receptor complex formed by the ligand-binding subunit
GFRal and the signaling subunit RET, a member of the
receptor tyrosine kinase (RTK) family (3). GFRa1 also asso-
ciates with the neural cell adhesion molecule, NCAM, to
mediate the effects of GDNF independently of RET (4-6).
Some of the activities of GDNF can also be mediated by
GFRal in the absence of either RET or NCAM, suggesting
alternative mechanisms of transmembrane signaling (7, 8). A
thorough understanding of the molecular mechanisms by
which GDNF functions in different contexts will be essential
to elucidating its contribution to nervous system develop-
ment and exploiting its therapeutic potential.

Upon activation, RET undergoes autophosphorylation of
intracellular tyrosine residues, which then serve as docking
sites for downstream signaling effectors carrying Src homology
2 (SH2) or phosphotyrosine-binding domains. Previous studies
have indicated that at least 14 of the 18 tyrosine residues pres-
ent in the intracellular region of RET can become phosphory-
lated (9-11). Among those, Tyr”® and Tyr** are present in the
kinase activation loop and are known to be required for full
activation (10). (The numbering of RET residues throughout
this article corresponds to the human RET protein.) Of the
remaining residues, however, only four (i.e. Tyr®!, Tyr'°'>,
Tyr'°®?, and Tyr'°°®) have actually been shown to directly bind
a downstream effector in response to GDNF (12—15). The func-
tion of the majority of phosphorylated tyrosine residues in RET,
including Tyr®, remains unknown.

A previous study showed that RET can be phosphorylated on
Ser®”® by PKA and that mutation of Ser®”® affects the ability of
RET to activate the small GTPase Racl and stimulate formation
of cell lamellipodia (16). Interestingly, this deficit could be alle-
viated by simultaneous mutation of the nearby residue Tyr®®’.
On the basis of these findings, it has been suggested that phos-
phorylation of Ser®®® and Tyr®®” may induce opposite effects on
RET signaling (16, 17). However, the specific function of Tyr®®”
has not been established.

The location of Tyr®®” in the juxtamembrane region of the
receptor, a domain known to exhibit regulatory functions in
other RTKSs, suggests that it may be important for RET activa-
tion or some of its downstream effects. In the present study, we
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FIGURE 1. Identification of SHP2 as a direct interactor of phospho-Tyr°®” in RET. A, micropanning of phage
particles expressing the N-terminal SH2 domain of SHP2 against different phosphopeptides derived from RET.
Results are expressed as particle-forming units (pfu)/ml. B, peptide pulldown of COS cell lysates analyzed by
SHP2 immunoblotting (IB). Endogenous (left) as well as overexpressed SHP2 (right) could be recovered by
pulldown with the phospho-Tyr®®” peptide but not with its unphosphorylated form. C, stimulation of in
vitro SHP2 phosphatase activity by phospho-Tyr®®” peptide. Phosphatase activity is expressed in arbitrary
units after normalization. The non-phosphorylated peptide had no effect. The phosphatase inhibitor
Na5VO, reduced SHP2 phosphatase activity to background levels. D, pulldown of RET constructs from COS
cell lysates with a GST fusion protein containing the N-terminal SH2 domain of SHP2. The blot was probed
with anti-RET antibodies. Wild type, but not Y687F mutant, interacted with the N-SH2 domain of SHP2. GST

present study, we reveal an unex-
pected role for the SHP2 phosphatase
as a positive regulator of the neuro-
trophic effects of GDNF and identify
Tyr®®” as a novel site for signal inte-
gration in the RET receptor.

EXPERIMENTAL PROCEDURES

T7 Phage Display—A T7 phage
display c¢cDNA library was pre-
pared from differentiated PC12
cells according to the manufac-
turer’s instructions (Novagen). A
synthetic phosphopeptide (se-
quence RRPAQAFPVS(pY)SSSG-
ARRPS) carrying an N-terminal
biotin followed by a double e-ami-
nocaproic acid spacer was used as
bait for library screening and phage
micropanning as described previ-
ously (20).

Cell Culture and Transfection—
MNI1 is a motoneuron cell line that
endogenously expresses RET and
GFRal and responds to GDNF (21,
22). M23 cells were derived from
MGS87 fibroblasts (in turn, a sub-
clone of NIH3T3 cells) by stable
transfection of GFRal (12). COS,
MN1, and M23 cells were grown in
DMEM, 10% fetal bovine serum
(FBS), and 1 mm glutamine. PC12
cells were grown in DMEM, 10%
horse serum, 5% FBS, and glutamine
on collagen-coated tissue culture
plates. COS cells were transiently

was used as negative control.

investigated the role of Tyr®®” in RET signaling by screening for

proteins capable of interacting with RET through this phosphor-
ylated residue. We identified the protein-tyrosine phosphatase
SHP2 as a direct and specific interactor of phospho-Tyr®®’.
SHP2 contains two SH2 domains followed by a C-terminal
phosphatase domain, and its most N-terminal SH2 domain has
been shown to bind distinct phospho-Tyr residues in activated
RTKs and some of their downstream phosphorylated adaptor
proteins, such as Gab2 (18). SHP2 plays important roles in the
regulation of the Ras/MAPK and PI3K/AKT pathways (18), and
germ line mutations in the gene encoding SHP2 can lead to the
Noonan and LEOPARD syndromes, characterized by cardiac
abnormalities and dysmorphic facial features (18, 19). In an ear-
lier study, we identified SHP2 as a component of a larger protein
complex that is recruited to phospho-Tyr'%? in the tail of the
activated RET receptor through a series of adaptor proteins,
including Gab2, Grb2, and Shc (12). In that complex, Shc was
shown to interact directly with phospho-Tyr'®?, whereas Gab2
associated with Shc via Grb2, and SHP2 was bound to Gab2. In the
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transfected with polyethylenimine
(PEL 2 mg/ml) and PC12 with Lipo-
fectamine 2000 (Invitrogen). For
assays of cell morphology, plasmids encoding either EGFP or
dsRED (Clontech) were co-transfected with RET and control
constructs. M23 cells were stably transfected with different
RET constructs using PEI and grown in the presence of neomy-
cin. All experiments were performed using at least two different
cell clones carrying each construct. Transfection of sympa-
thetic neurons from the superior cervical ganglion (SCG) was
performed using a MicroPorator MP-100 (Digital Bio Technol-
ogy) with two 30-ms pulses of 1100 V in resuspension buffer
according to the manufacturer’s instructions.
Immunoprecipitation, GST Pulldown, and Phosphatase
Activity—Total cell lysates were obtained by extracting cell
monolayers with buffer containing 1% Triton X-100 as
described previously (23). One-tenth of the sample was saved
aside and the rest used for overnight immunoprecipitation at
4. °C. The collection of immunoprecipitates and Western blot-
ting followed standard techniques (23). The antibodies used
were as follows: SHP2 C18 (sc-280), RET9 C-19 (sc-167), and
RET51 C-29 (sc-1290) from Santa Cruz Biotechnology; phos-
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FIGURE 2. SHP2 binding determinants in RET and regulation by PKA activity. A, analysis of co-immunoprecipitation (/P) of SHP2 with constitutively
activated MEN2A constructs of RET9 and RET51 isoforms in COS cells. The blots (/B) show representative examples of a series of experiments. The histogram
summarizes SHP2/RET interaction results for the RET51 isoform from three independent experiments. Results are expressed as the average = S.D. of normal-
ized RET levels in SHP2 immunoprecipitates. *, p < 0.05 (versus WT). B, analysis of RET and SHP2 co-immunoprecipitation with components of the Tyr'%%?
signaling complex, Shc and Gab2. Immunoblotting of total cell lysates (bottom) shows comparable levels of RET51 MEN2A proteins. C, interaction of endog-
enous SHP2 and RET in the motoneuron cell line MN1. Prior to SHP2 immunoprecipitation, cells had been serum-starved and stimulated with GDNF and soluble
GFRa1 for 20 min as indicated. Pretreatment with forskolin for 2 h resulted in a reduction of SHP2/RET co-immunoprecipitation. The histogram summarizes the

results of the average = S.D. of four independent experiments.

photyrosine 4G10 (05-321) from Chemicon; and phospho-ERK
(9101), phospho-Src (2101), phospho-JNK (9251), phospho-
AKT (9271), and total AKT (9272) from Cell Signaling. panRET
monoclonal was provided by Anatoly Sharipo (University of
Latvia, Riga). GST fusion proteins were produced in bacteria,
coupled to glutathione-conjugated agarose beads (GE Health-
care), and used for pulldowns from cell lysates as described
previously (24). All blots were developed using alkaline phos-
phatase-conjugated secondary antibodies and an enhanced
chemifluorescence development reagent (GE Healthcare) and
visualized in a Storm scanner (GE Healthcare). Phosphatase
activity was assayed using a kit from Promega.

PC12 Cell Neurite Outgrowth—Twelve hours after transfec-
tion, PC12 cells were switched to differentiation medium
(DMEM, 0.5% horse serum, 0.25% FBS, and glutamine) in the
presence or absence of 50 ng/ml GDNF (R&D Systems)
together with 150 ng/ml GFRal-Fc (R&D Systems). Cells
were left to differentiate for 3 or 6 days as indicated and
subsequently imaged with an Axiovert 200 microscope
(Zeiss). The number of EGFP-expressing cells carrying neu-
rites at least twice the size of the cell soma was counted and
then normalized to the total number of transfected cells. At
least 300 cells from four different fields/well were counted
for each construct.

ACEVEN
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SCG Primary Culture, Neurite Outgrowth, and Cell Survival—
SCG were dissected from E21.5 rat embryos, dissociated by
trypsin treatment, and transfected by microporation as
described above. For neurite outgrowth assays, SCG neurons
transfected with RET constructs were incubated in Neurobasal
medium supplemented with B27 and glutamine in the presence
of 1 ng/ml nerve growth factor (NGF; Alomone). A positive
control was also set up with 100 ng/ml NGF on mock-trans-
fected cells. After day 1 in vitro (DIV1), the cultures were pho-
tographed and the longest primary neurite was measured using
Openlab software (Improvision). For cell survival assays, trans-
fected SCG neurons were first cultured overnight in Neurobasal
medium supplemented with B27, glutamine, and 10 ng/ml NGF.
The following day, the medium was replaced with fresh medium
containing an NGF-blocking antibody (Sigma). NGF at 10 ng/ml
was used in mock-transfected cells as positive control. Cultures
were photographed daily from DIV1 (always the same fields) on an
Axiovert 200 microscope (Zeiss). Axonal fragmentation followed
by cell soma collapse was assessed to quantify cell death.

RESULTS

Identification of SHP2 as a Direct and Specific Interactor of
Phospho-Tyr®®” in RET—A phosphopeptide derived from
human RET encompassing phospho-Tyr®®” was used as bait to
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FIGURE 3. Mutation of Tyr®®” in RET impairs GDNF-dependent AKT signaling. A, analysis of RET tyrosine
autophosphorylation in response to GDNF stimulation in stably transfected fibroblast cell lines expressing wild
type or Y687F mutant RET51. RETimmunoprecipitates were probed with anti-phosphotyrosine antibodies. The
histogram shows the average results in arbitrary units normalized to total RET levels from three experiments
using two different sets of wild type and mutant RET-expressing cell clones. No significant differences were
observed between Y687F and wild type. B, activation of downstream signaling pathways by wild type and
Y687F mutant RET51 following GDNF stimulation of stably transfected fibroblast cell lines. Total cell lysates
were analyzed with the indicated phospho-specific antibodies. Reprobing against total Akt shows equal load-
ing in all lanes. The blots (/B) show representative examples of several experiments. The histogram shows
average results of Akt phosphorylation in arbitrary units normalized to total Akt levels from four experiments.

* p < 0.05, **, p < 0.005.

screen a T7 phage display cDNA library. The screen retrieved a
phage clone encoding the N-terminal SH2 domain of the pro-
tein-tyrosine phosphatase SHP2. Micropanning experiments
revealed that purified particles from this phage interacted spe-
cifically with the phospho-Tyr®®” peptide but not with other
phosphopeptides derived from other phospho-Tyr residues in
RET (Fig. 1A). We note that the N-terminal SH2 domain of
SHP2 has a loose consensus target sequence with Leu or Val at
the —2 position, which conforms to the sequence surrounding
Tyr®®” in RET. The specific binding of full-length SHP2 to the
phospho-Tyr®®” peptide was tested in pulldown assays using
agarose beads coupled to either phosphorylated or non-phos-
phorylated peptides encompassing Tyr®®”. SHP2 could only be
recovered from COS cell total lysates by beads containing the
phosphopeptide, indicating that the interaction was phos-
phorylation-dependent (Fig. 1B). Binding of phosphopeptides
to the N-terminal SH2 domain of SHP2 is thought to relieve an
intrinsic inhibitory conformation that blocks phosphatase
activity (18). We therefore tested the effects of Tyr®®” peptides
on SHP2 activity. We found that the in vitro phosphatase activ-
ity of SHP2 recovered in immunoprecipitates from transfected
COS cells was strongly enhanced by the addition of the phos-
pho-Tyr®®” peptide but not by the corresponding non-phos-
phorylated peptide and could be blocked by the phosphatase
inhibitor Na;VO, (Fig. 1C). Finally, in a complementary exper-
iment, we tested the ability of the N-terminal SH2 domain of
SHP2 to interact with full-length RET in a GST pulldown assay.
A GST fusion protein containing SHP2 N-terminal SH2
domain, but not GST alone, was able to precipitate wild type
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The association between full-
length SHP2 and RET was investi-
gated in COS cells transfected with
plasmid constructs expressing a
constitutively activated form of RET
found in type 2A multiple endocrine
neoplasia (MEN2A). RET MEN2A
isoforms carry a C634R substitution
in the extracellular domain that
results in stabilization of RET
dimers by an aberrant disulfide
bridge leading to robust activation
in the absence of ligand (26).
Because of its mechanism of activa-
tion, the MEN2A mutation recapit-
ulates all of the major features of
ligand-mediated RET  activity.
Immunoprecipitation of endogenous SHP2 from lysates of
transfected COS cells recovered the constitutively active form
of RET carrying the MEN2A mutation in an otherwise wild type
receptor (Fig. 24, WT). SHP2 interacted with both RET9 and
RET51 isoforms to a comparable degree. (In Fig. 2 and subse-
quent figures, RET9 and RET51 refer to two RET isoforms gen-
erated by the alternative splicing of two short exons located at
the end of the gene about 400 residues downstream of Tyr®®’,
leading to a C-terminal tail of 9 or 51 residues, respectively
(27).) As expected, mutation of Lys”*® in the ATP binding site of
the RET kinase also abolished RET binding to SHP2. Impor-
tantly, the amount of RET proteins recovered by co-immuno-
precipitation with SHP2 was significantly reduced by the Y687F
mutation (Fig. 2A), thereby validating Tyr®®” as a novel site of
SHP2 binding in RET. Given that SHP2 had also been shown to
associate with RET through the Gab2-Grb2-Shc complex,
which is recruited to phospho-Tyr'°? (12, 15), we were expect-
ing that a significant amount of the Y687F RET mutant would
remain bound to SHP2. However, mutation of Tyr®®” reduced
SHP2 binding to almost background levels. It remained possi-
ble that the interaction of SHP2 with Tyr®®” was much stronger
than its association with the Tyr'°®? signaling complex. How-
ever, mutation of Tyr'°®* also resulted in an almost complete
elimination of RET/SHP2 co-immunoprecipitation, despite the
fact that Tyr®®” was intact in this mutant (Fig. 2A). As expected,
simultaneous mutation of Tyr®®” and Tyr'°°* completely elim-
inated SHP2 binding to RET (Fig. 2A4). The behavior of the
individual Tyr mutants suggested that SHP2 may not be
recruited to the two sites independently but perhaps as part of a
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FIGURE 4. Mutation of Tyr®®” affects the ability of RET to induce neuronal differentiation of PC12 cells. A, neuronal differentiation of PC12 cells expressing
constitutively activated MEN2A RET51 constructs. Cells displaying neuritic extensions longer than 2 cell diameters were counted at 3 and 6 days post-
transfection. The results were normalized to the total number of transfected (i.e. GFP-expressing) PC12 cells in each field and are expressed as the average =
S.D. of triplicate determinations. *, p < 0.05 versus WT. Similar results were obtained in three additional experiments. B, ligand-mediated neuronal differenti-
ation of PC12 cells expressing wild type and mutant RET51 constructs. Differentiation of cells transiently transfected with the indicated constructs was induced
by stimulation with GDNF and soluble GFRa1 in serum-free medium. The micrographs show fields of GFP-expressing cells transfected with different RET
constructs under control conditions and following ligand stimulation. C,immunoblot (/B) of lysates from transfected PC12 cells indicating similar amounts of
RET for each construct and condition. D, percentage of differentiated PC12 cells for each condition and mutant construct after 3 days of treatment. Results are

expressed as average = S.D. of triplicate determinations. *, p < 0.05 versus WT + GDNF. Similar results were obtained in three additional experiments.

single signaling complex. To test this idea, we investigated the
impact of the Y687F mutation on the assembly of the Tyr'%®?
signaling complex by looking at the levels of RET and SHP2
recovered in Shc and Gab2 immunoprecipitates. RET51
MEN2A proteins carrying wild type, Y687F, or kinase-dead
K758M intracellular domains were compared in these experi-
ments. As expected, wild type (but not kinase-dead) MEN2A
RET could be recovered in Shc and Gab2 immunoprecipitates
(Fig. 2B). Mutation of Tyr®®” did not affect the association of
either adaptor with the receptor (Fig. 2B), indicating that it does
not interfere with the recruitment of receptor-proximal com-
ponents of the Tyr'°®? signaling complex. This also confirms
that the Y687F mutation does not affect phosphorylation of
Tyr'°®2, As expected, activated RET enhanced the association
of SHP2 with either Shc or Gab2 above basal levels. In contrast,
the Y687F mutant was unable to stimulate the interaction of
SHP2 with either protein (Fig. 2B), suggesting that SHP2 bind-
ing to Tyr®® is required for its stable association with the
Tyr'%°? signaling complex.

Activation of PKA Interferes with SHP2 Binding to RET via
Tyr®3”—As explained above, a previous study described an epi-
static interaction between mutations in Tyr®®” and Ser®”® and
proposed that phosphorylation of RET by PKA in Ser®®® may

OCTOBER 8, 2010+VOLUME 285+NUMBER 41

affect the function of Tyr®®” (16). Interestingly, we found that
mutation of Ser®”® into Ala enhanced the interaction of RET
with SHP2 (Fig. 24). This effect could be abolished by concom-
itant mutation of Tyr®®’, in agreement with a functional inter-
action between the two phosphorylation sites. We explored this
relationship further in cells expressing endogenous RET and
SHP2 proteins. MN1 is a motoneuron cell line derived from
immortalized motoneuron precursors, which expresses RET
and responds to GDNF (22). We found that treatment of MN1
cells with GDNF together with soluble GFRa1, which further
enhances GDNF responses in these cells (28), strongly stimu-
lated SHP2 binding to RET (Fig. 2C), showing that endogenous
SHP2 and RET can interact in a ligand-dependent manner in
intact cells. Importantly, this interaction was reduced by pre-
treatment with the adenylate cyclase activator forskolin, which
resulted in rapid stimulation of PKA activity (Fig. 2C).
Together, these data suggest that phosphorylation of RET by
PKA in Ser®” interferes with the recruitment of SHP2 to Tyr®®’
in the activated receptor.

Mutation of Tyr®®” in RET Impairs GDNF-dependent AKT
Signaling—To investigate the signaling roles of Tyr®®’, we gen-
erated clonal fibroblast cell lines stably expressing GFRal
together with either wild type RET51 or the Y687F mutant. The
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Y687F mutant was expressed at levels comparable with the wild
type and displayed a similar maximal level of tyrosine phosphor-
ylation upon GDNF treatment (Fig. 34). Analysis of down-
stream targets of RET signaling revealed an impairment of the
Y687F mutant to activate the AKT signaling pathway (Fig. 3B).
At 5 min of stimulation, activation of AKT by the Y687F mutant
was significantly lower than that observed with wild type RET, a
deficit that continued through later time points of receptor
activation. Other pathways, such as those involving activation
of ERK, JNK, and Src kinases, were not affected by mutation of
Tyr®®’ (Fig. 3B).

Mutation of Tyr®®” or SHP2 Inhibition Affects the Ability of
RET to Induce Neuronal Differentiation of PC12 Cells—Activa-
tion of RET by the MEN2A mutation in the membrane-proxi-
mal region of its extracellular domain can drive neuronal dif-
ferentiation of PC12 cells (29). We exploited this property to
compare the ability of MEN2A wild type and Y687F mutant
RET constructs to elicit neurite outgrowth in PC12 cells at 3 or
6 days after transfection and serum withdrawal. In the MEN2A
background, the Y678F mutant was less efficient than wild type
RET at inducing neuronal differentiation of PC12 cells at either
time point (Fig. 4A4). As expected from previous work (30),
mutation of Tyr'°®? completely abolished the ability of RET to
induce neurite outgrowth (Fig. 44). We then compared the
ability of GDNF to induce neuronal differentiation of PC12
cells expressing different RET variants independently of the
MEN2A mutation. PC12 cells normally express low levels of
RET, so stimulation with GDNF and soluble GFRal induced
some level of neurite outgrowth even in naive or mock-trans-
fected cells (Fig. 4, B-D). Overexpression of wild type RET also
elicited some level of differentiation by itself but conferred a
strong ligand-dependent neurite induction effect. Under these
conditions, a RET construct carrying the Y687F mutation was
significantly less efficient than wild type in mediating ligand-
dependent neurite extension in PC12 cells, confirming the def-
icit in neuronal differentiation of this mutant (Fig. 4, B-D).
Mutation of Ser®® had only a modest effect on RET activity in
this assay, and the double mutant Y687F/S696A was not differ-
ent from Y687F on its own.

The detrimental effect of Y687F on neuronal differentiation
could be due to an impairment in the ability of the mutant RET
receptor to recruit and activate SHP2 or to defects in the acti-
vation of another, yet unidentified Tyr®®” effector. We reasoned
that if the former was the case, inhibition of SHP2 should result
in a deficit at least comparable with that caused by the Y687F
mutation. Inhibition of SHP2 activity was achieved by intro-
ducing SHP2 constructs expressing either the N-terminal SH2
domain of SHP2 or the catalytically inactive C459S point
mutant, both of which can act as dominant negatives of SHP2
function (31). We found that transfection of either of these two
SHP2 mutants reduced the ability of wild type RET to mediate
GDNF-dependent differentiation of PC12 cells to a degree that
was comparable to the effect caused by the Y687F mutation
(Fig. 5A). In agreement with a role of the PI3K/AKT pathway in
the neuronal differentiation of PC12 cells by the activities of
RET and SHP2, the PI3K inhibitor Ly294002 also reduced
GDNF-mediated neurite outgrowth (Fig. 54). Together, these
results suggest that recruitment of SHP2 to Tyr®®” and activa-
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FIGURE 5. SHP2 inhibition and PKA activation reduce neuronal differen-
tiation of PC12 cells in response to GDNF-mediated RET activation.
A, neuronal differentiation of PC12 cells expressing WT or mutant RET51 con-
structs co-transfected with dominant negative SHP2 constructs N-SH2 or
C459S or treated with the PI3K inhibitor Ly294002. Under the conditions of
this experiment, Ly294002 did not have any effect on cell survival. Results are
expressed as the average = S.D. of triplicate determinations. *, p < 0.05 versus
WT + GDNF. Similar results were obtained in two additional experiments.
B, neuronal differentiation of PC12 cells expressing the indicated wild type or
mutant RET51 constructs following treatment with GDNF/GFRal1, forskolin,
or their combination. Results are expressed as the average = S.D. of triplicate
determinations. *, p < 0.05 versus WT + GDNF. Similar results were obtained
in two additional experiments.

tion of the PI3BK/AKT pathway are important for the ability of
GDNF to induce neuronal differentiation of PC12 cells via RET.

Activation of PKA Diminishes the Ability of GDNF to Induce
PC12 Cell Differentiation via RET—In view of the ability of
PKA to affect the recruitment of SHP2 to RET and the impor-
tance of SHP2 and Tyr®®” for RET-mediated neuronal differen-
tiation, we investigated the effects of PKA activation by forsko-
lin on the ability of GDNF to stimulate neurite outgrowth in
PC12 cells expressing wild type and mutant RET molecules. In
naive cells, forskolin had a small positive effect on neurite
extension (Fig. 5B), in agreement with previous observations
(32). As seen previously, RET overexpression promoted some
neuronal differentiation even without ligand stimulation both
in the absence or presence of forskolin. As expected, GDNF
stimulated neurite outgrowth in both naive and RET-overex-
pressing cells. In this case, however, forskolin treatment signif-
icantly reduced GDNF-mediated differentiation of PC12 cells
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FIGURE 6. Signaling through Tyr®®” is required for RET-mediated neurite outgrowth in sympathetic
neurons. A, representative micrographs of dsRed-expressing SCG neurons 30 h after microporation with the
indicated constructs maintained in the presence of 1 ng/ml NGF. Examples from wells maintained in only 100
and 1 ng/ml NGF are also shown. B, camera lucida drawings depicting the longest neurites of transfected SCG
neurons in 10 different fields superimposed onto each other. C, neurite outgrowth in SCG neurons transfected
with wild type or Y687F mutant MEN2A RET constructs. Neurite outgrowth was measured as the length of the
longest neurite in each transfected neuron and normalized to the average values obtained with 100 ng/ml
NGF. Results are expressed as the average *+ S.D. of three independent experiments each performed in tripli-
cate. ¥, p < 0.05 versus WT (corresponding solid bars).

Normalised neurite outgrowth

Signaling through Tyr®®*” Is Re-
quired for RET-mediated Neurite
Outgrowth and Survival of Sympa-
thetic Neurons—We tested the
physiological significance of Tyr®®’
signaling in primary cells by intro-
ducing wild type and mutant RET
constructs into sympathetic neu-
rons isolated from the superior cer-
vical ganglion of rat embryos. As
these neurons express high levels
of endogenous GDNF receptors,
we used MEN2A-activated RET
constructs in these experiments,
thereby omitting the need for ligand
addition. After transfection, neu-
rons were plated in low NGF to
allow cell survival prior to RET
expression. By itself, this amount of
NGF failed to induce any significant
neurite outgrowth (Fig. 6). In con-
trast, cells that received RET
MEN?2A constructs developed neu-
rites of a length comparable with
those elicited by a high concentra-
tion of NGF. In this assay, RET51
was consistently less potent than
RETY, in agreement with previous
studies (27, 33). Importantly, muta-
tion of Tyr®®” reduced the neurite
outgrowth evoked by either RET
isoform by ~50% (Fig. 6).

As the PI3K/AKT pathway has
also been implicated in neuronal
survival (34), we investigated the
importance of Tyr®® signaling in
RET-mediated survival of sympa-
thetic neurons. As noted previously,
a low amount of NGF was used
immediately after transfection to
allow cell recovery. On the follow-
ing day (DIV1), NGF was depleted
by the addition of NGF-blocking
antibodies, whereas control cul-
tures were left in the presence of
NGF. Massive cell death was
observed in mock-transfected neu-
rons. In contrast, cells that received
the RET MEN2A construct were
rescued to levels comparable with
those displayed by cultures that
remained in NGF (Fig. 7). Signifi-
cantly, reduced survival was ob-
served in neurons that received the

expressing the wild type RET receptor, phenocopying the effect  Y687F mutant construct, particularly at DIV3 (Fig. 7).
of the Y687F mutation (Fig. 5B). Interestingly, GDNF-mediated = Together, these data demonstrate the importance of Tyr®®” sig-
differentiation of PC12 cells expressing the Y687F or S696A  naling for the neurotrophic activity of RET in sympathetic

mutant was unaffected by forskolin treatment. neurons.
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FIGURE 7. Signaling through Tyr®®” contributes to RET-mediated survival
of sympathetic neurons. A, photomicrographs of SCG neurons co-trans-
fected with dsRed and the indicated RET constructs. SCGs were grown in NGF
overnight and then switched to medium containing NGF-blocking antibod-
ies. Arrows denote dead cells. B, survival of SCG neurons transfected with wild
type or Y687F mutant RET constructs or GFP as negative control. Survival is
indicated as a percentage of cell number relative to DIV1 (which was arbi-
trarily set to 100%). Results are expressed as the average = S.D. of three
independent experiments each performed in quadruplicate. *, p < 0.05 ver-
sus WT at DIV3.

DISCUSSION

Although the signaling pathways activated by neurotrophic
receptors have been studied extensively, the processes that
fine-tune receptor output and integrate receptor signaling with
the activity of other pathways remain to be elucidated. Our
finding that Tyr®®” coordinates the recruitment of SHP2 to RET
and contributes to RET neurotrophic activity reveals the first
known function of this autophosphorylation site and a novel
role for SHP2 in RET signaling. Although the related protein-
tyrosine phosphatase SHP1 functions primarily as a negative
regulator of RTK signaling (35), SHP2 has been shown to con-
tribute positively to the activation of downstream pathways in
several contexts (18).

Although the juxtamembrane region of the RET intracellular
domain was not revealed in a recent crystallographic study of
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the RET kinase (10), juxtamembrane domains are known to
serve important regulatory functions in other RTKs. Recruit-
ment of SHP2 to Tyr®®” could establish a new signaling plat-
form working in parallel with the signaling complex that assem-
bles at Tyr'°®?, the main output site of RET activity (12).
Alternatively, it could work in concert with Tyr'°®> by regulat-
ing complex assembly or function. Intriguingly, although
Tyr®® is a direct binding site for SHP2, mutation of Tyr'**>
reduced the recruitment of the phosphatase to nearly back-
ground levels. Conversely, although SHP2 can be recruited to
the Tyr'°®? signaling complex, mutation of Tyr®® also reduced
the association of SHP2 with RET almost completely. This
mutation, however, did not affect the recruitment of either Shc
or Gab2 to the receptor, indicating that phosphorylation of
Tyr'%®? is not perturbed by the Tyr®®” mutation. Together,
these observations suggest that SHP2 may not be recruited
independently to Tyr®®” and Tyr'®*>. In agreement with this
idea, we found that the association of SHP2 with Shc and Gab2,
two components of the Tyr'°®” signaling complex, was dimin-
ished after mutation of Tyr®®”. SHP2 contains two SH2
domains in its N-terminal region and has been found to form
homodimers through its C-terminal domain (36), so it is possi-
ble that SHP2 may be able to interact with at least two phospho-
Tyr targets simultaneously. In this regard, it was observed pre-
viously that the two SH2 domains of the p85 subunit of PI3K
can each bind a separate site on receptors such as P-Tyr”*! and
P-Tyr”*° in PDGFR (platelet-derived growth factor receptor)
(37). Moreover, it has also been shown that Gabl requires
P-Tyr'*** and P-Tyr'?*® for c-Met binding (38), PTP1B (phos-
photyrosine phosphatase 1B) requires P-Tyr'*** and P-Tyr'?**
for c-Met binding (39), and RasGap requires P-Tyr®®* and
P-Tyr®'° for EphB2 binding (40). In all of these cases, however,
the two phosphorylated sites are in close proximity. Although
Tyr®®” and Tyr'*®” are further apart in RET, it should be con-
sidered that the Shc-Gab2 complex bound to Tyr'°®* could help
to bridge the distance between the two residues for efficient
SHP2 binding. On the basis our results, we propose that stable
recruitment of SHP2 to activated RET requires its association
with both Tyr®®” and the Tyr'°®? signaling complex in a coop-
erative fashion. In this way, SHP2 may contribute to the stabi-
lization of a network of SH2, SH3, and phosphotyrosine-bind-
ing domain interactions that integrates the output of these two
tyrosine residues and results in the efficient activation of PI3K.
The molecular details of the mechanisms by which SHP2
contributes to RET-mediated PI3K signaling remain to be
elucidated.

As cells are normally exposed to many different signals
simultaneously, a full understanding of cell behavior under
physiological conditions will require elucidation of the ways in
which different signaling pathways interact with each other.
cAMP is a crucial second messenger downstream of G protein-
coupled receptors, and PKA is one of its major intracellular
effectors. Although G protein-coupled receptors are ubiquitous
in neurons, the effects of PKA on neurotrophic receptor signal-
ing are poorly understood. Our findings indicate that activation
of PKA reduces the interaction of SHP2 with RET and dimin-
ishes GDNF-mediated neurite outgrowth. The fact that the
effect of forskolin on RET function was abolished by mutation
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of Ser® is in agreement with this being a PKA phosphorylation

site in the receptor, as proposed previously (16). Because of its
proximity to Tyr®®, phosphorylation of Ser®® could interfere
with the phosphorylation of Tyr®®” or with the binding of SHP2
to this residue either sterically or electrostatically.

Mutation of Tyr®®” had a pronounced effect on the neurotro-
phic activities of RET in sympathetic neurons, particularly on
its ability to induce neurite outgrowth. SHP2 can thus function
as a positive regulator of the activities of neurotrophic recep-
tors, an observation that is in agreement with the effects of
dominant negative mutants of SHP2 in PC12 cell differentia-
tion. Mutations in PTPN11, the human gene encoding SHP2,
have been found in patients suffering from Noonan and Leop-
ard syndromes, characterized by facial and cardiac abnormali-
ties and often associated with mental retardation (18, 19). In
mice, the disruption of SHP2 function in neural crest cells
results in deficits in glial development that resemble defects in
neuregulin signaling (41). SHP2 is thus prominently placed to
contribute to several aspects of neural development through its
ability to regulate neurotrophic factor signaling.
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