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The glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) are critical for nervous system development and mainte-
nance. GFLs promote survival and growth via activation of the receptor tyrosine kinase (RTK) Ret. In sympathetic neurons, the duration
of Ret signaling is governed by how rapidly Ret is degraded after its activation. In an effort to elucidate mechanisms that control the
half-life of Ret, we have identified two novel Ret interactors, CD2-associated protein (CD2AP) and Cbl-3. CD2AP, an adaptor molecule
involved in the internalization of ubiquitinated RTKs, is associated with Ret under basal, unstimulated conditions in neurons. After Ret
activation by GDNF, CD2AP dissociates. Similarly, the E3-ligase Cbl-3 interacts with unphosphorylated Ret and dissociates from Ret after
Ret activation. In contrast to their dissociation from autophosphorylated Ret, an interaction between CD2AP and Cbl-3 is induced by
GDNF stimulation of sympathetic neurons, suggesting that CD2AP and Cbl-3 dissociate from Ret as a complex. In neurons, the overex-
pression of CD2AP enhances the degradation of Ret and inhibits GDNF-dependent survival, and gene silencing of CD2AP blocks Ret
degradation and promotes GDNF-mediated survival. Surprisingly, Cbl-3 overexpression dramatically stabilizes activated Ret and en-
hances neuronal survival, even though Cbl-family E3 ligases normally function to trigger RTK downregulation. In combination with
CD2AP, however, Cbl-3 promotes Ret degradation rapidly and almost completely blocks survival promotion by GDNF, suggesting that
Cbl-3 acts as a switch that is triggered by CD2AP and oscillates between inhibition and promotion of Ret degradation. Consistent with the
hypothesis, Cbl-3 silencing in neurons only inhibited Ret degradation and enhanced neuronal survival in combination with CD2AP
silencing. CD2AP and Cbl-3, therefore, constitute a checkpoint that controls the extent of Ret downregulation and, thereby, the sensitivity
of neurons to GFLs.
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Introduction
The glial cell line-derived neurotrophic factor (GDNF) family
ligands (GFLs) constitute a family of four homologous neurotro-
phic factors that are vital to the development and maintenance of
the nervous system and kidneys (Henderson et al., 1994; Arenas
et al., 1995; Buj-Bello et al., 1995; Li et al., 1995; Mount et al.,
1995; Oppenheim et al., 1995; Trupp et al., 1995; Moore et al.,
1996; Pichel et al., 1996; Sánchez et al., 1996; Enomoto et
al., 2000). The GFLs consist of GDNF, NRTN (neurturin), PSPN
(persephin), and ARTN (artemin), all of which signal via a com-
mon receptor tyrosine kinase, Ret (Lin et al., 1993; Durbec et al.,
1996; Kotzbauer et al., 1996; Treanor et al., 1996; Baloh et al.,
1998b; Milbrandt et al., 1998; Rosenblad et al., 2000). The GFLs
do not bind directly to Ret to activate it. Glycerophos-

phatidylinositol-anchored coreceptors, termed the GFR� core-
ceptors, act as the high-affinity binding proteins of the GFLs. This
GFL–GFR� complex then associates with Ret and activates it
(Baloh et al., 1997, 1998a; Buj-Bello et al., 1997; Klein et al., 1997;
Cacalano et al., 1998; Enokido et al., 1998; Lindahl et al., 2000).

Activation-dependent downregulation of receptor tyrosine
kinases (RTKs) is critically important for the termination of
growth factor signals. Receptor downregulation, which controls
the length of time that downstream signaling cascades are active,
can dictate how the target cell responds. After its activation, Ret is
rapidly ubiquitinated and degraded (Scott et al., 2005; Pierchala
et al., 2006). This degradation pathway is the predominant means
of termination of GFL signaling cascades and limits the effective-
ness of GFLs as survival signals (Scott et al., 2005; Pierchala et al.,
2006). Unlike other RTKs, Ret is degraded mainly by the protea-
some, but the molecules required for this process are unknown
(Pierchala et al., 2006). Inhibition of the ubiquitination and deg-
radation of Ret underlies the ability of the heterologous neuro-
trophic factor nerve growth factor (NGF) to augment Ret signal-
ing (Tsui-Pierchala et al., 2002a; Pierchala et al., 2007). NGF-
mediated Ret upregulation contributes considerably to the
growth and metabolism-enhancing function of NGF on adult
neurons (Tsui-Pierchala et al., 2002a). In addition to cross-talk
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signaling between NGF and Ret, other mechanisms of cross talk
have been uncovered among other neurotrophic factor receptor
pathways and between G-protein-coupled receptors (Lee and
Chao, 2001; Lee et al., 2002; Popsueva et al., 2003). This implies
that the elucidation of molecules responsible for communication
between receptor signaling pathways will have widespread signif-
icance. We have identified two molecules, Cbl-3 and CD2-
associated protein (CD2AP), that are critical regulators of Ret
downregulation. Cbl-3 and CD2AP together function as a check-
point that controls the half-life of activated Ret and, therefore, the
potency of GFL action.

Materials and Methods
Sympathetic neuronal cultures. Primary sympathetic neurons from the
superior cervical ganglion (SCG) were generated and maintained in the
presence of NGF as described previously (Tsui-Pierchala et al., 2002a).
These neurons were maintained in vitro for 17–19 d. Before their expo-
sure to GDNF, NGF was removed from the dissociated neurons. The
neurons were then washed once and were next maintained with or with-
out NGF for 48 h before GDNF stimulation.

Cell lines and transfections. HEK293 cells were maintained in growth
medium consisting of DMEM (Sigma) containing 10% fetal bovine se-
rum (Invitrogen), glutamine, penicillin, and streptomycin. For transient
transfections, the HEK293 cells were plated at a density of 2000 cells/cm 2

and transfected 2 d later. HEK293 cells were transfected using calcium
phosphate precipitation, and an expression plasmid encoding green flu-
orescent protein (GFP) was included in all transfections. Adequate trans-
fection efficiency (50 – 80%) was confirmed by visualizing the expression
of GFP using a fluorescence microscope (Axiovert 200M; Zeiss). An
equal amount of total plasmid DNA was used for each transfection, and
the amount of each cDNA was also equal between each condition. We
accomplished this by increasing or decreasing the amount of plasmid
encoding GFP, depending on the number of molecules that were trans-
fected in the various conditions. Immortalized mouse podocytes were
maintained in vitro as described previously (Tsui et al., 2006). Flag-Cbl-3,
Flag-Cbl-3 C351A, Flag-Cbl-3 G276E, and Flag-Cbl-3 TKB were kindly
provided by Tadashi Yamamoto (University of Tokyo, Japan) (Kim et al.,
2004).

Cbl-3 and CD2AP protein purification. An expression plasmid encod-
ing full-length CD2AP was a kind gift from Mireille Cormont (INSERM,
Nice, France) (Cormont et al., 2003). The coding region of CD2AP was
subcloned into the pENTR vector system (Invitrogen) and subsequently
cloned into the pDEST15 vector, thereby placing a glutathione
S-transferase (GST) purification tag on the C terminus. These proteins
were produced in BL21 cells and purified using glutathione agarose ac-
cording to the manufacturer’s instructions (Thermo Fisher Scientific).
Expression plasmids encoding the short and long isoforms of human
Cbl-3 were kind gifts from Stanley Lipkowitz (National Cancer Institute,
Bethesda, MD) (Keane et al., 1999). The coding regions of these mole-
cules were subcloned into the pDEST17 vector using the pENTR system
(Invitrogen), which inserts a 6-histidine (6xHis) purification tag on the C
terminus. These proteins were produced in BL21 cells and purified by
immobilized metal ion affinity chromatography (IMAC) using Ni 2�-
nitrilotriacetic acid resin (Sigma).

In vitro binding experiments. To test whether Ret, CD2AP, and Cbl-3
directly interacted with each other, purified proteins were used. The
recombinant GST-CD2AP and 6xHis-Cbl-3 described above served as
the source of purified CD2AP and Cbl-3. Unphosphorylated, kinase-
dead Ret51 and autophosphorylated Ret51 were produced by overex-
pressing these proteins in HEK293 cells. After 24 h, the cells were lysed at
4°C with a moderately denaturing buffer [10 mM Tris, 100 mM NaCl, 1%
SDS, 500 �M sodium orthovanadate (NaV), and protease inhibitors].
The extracts were then diluted to a modified RIPA buffer (10 mM Tris,
100 mM NaCl, 0.1% SDS, 1% Triton X-100, 500 �M NaV, and protease
inhibitors), and Ret51 was affinity purified by Ret51 immunoprecipita-
tion. This method allowed for the isolation of Ret without associated
adaptor proteins, as determined by phosphotyrosine immunoblotting of
this purified Ret51 (data not shown). These purified proteins were mixed

together at a concentration of 1–10 �g/ml in PBS containing 500 �M

NaV, 1% Nonidet P-40, and protease inhibitors. These mixtures were
incubated at 4°C for 2 h before Ret immunoprecipitation or IMAC, as
described in the figure legends.

Immunoprecipitations. Ret51, Ret9, Cbl-3, CD2AP, Myc and Flag
epitope tag immunoprecipitations were performed using conditions
identical to our previous study (Tsui-Pierchala et al., 2002a). After the
treatments described in the figure legends, the neurons or cell lines were
washed twice with ice-cold PBS and were then detergent extracted using
an immunoprecipitation (IP) buffer (10 mM Tris, pH 7.4, 10% glycerol,
1% Nonidet P-40, protease inhibitors, and 500 �M NaV). To these
cleared extracts, anti-Ret51, anti-Ret9, anti-Cbl-3, or anti-CD2AP was
added (10 �l; Santa Cruz Biotechnology) along with protein A agarose
and protein G agarose (Invitrogen). After 3 h of gentle agitation at 4°C,
the immunoprecipitates were then washed three times with IP buffer,
and the complexes were prepared for SDS-PAGE by adding 2� sample
buffer (125 mM Tris, pH 6.8, 20% glycerol, 10% �-mercaptoethanol, 4%
SDS, and 0.016% bromophenol blue) and heating the immunoprecipi-
tates for 5 min in a boiling water bath. For the immunoprecipitations
using Myc and Flag epitope tag antibodies (Cell Signaling Technology
and Sigma, respectively), the same IP procedure was followed except that
only 5 �l of each antibody was used. For transfected HEK293 cells, one
confluent well of a six-well culture dish was sufficient for a single condi-
tion in an experiment. For immortalized mouse podocytes, a confluent
10 cm 2 culture dish was used for each experimental condition.

For the determination of whether Ret and CD2AP interact in podo-
cytes in vivo, glomeruli were purified from adult rat kidneys using a
sieving method (Shankland et al., 1996). Purified glomeruli were ex-
tracted using the NP-40 containing IP buffer described above, and the
insoluble debris were removed by centrifugation. These supernatants
were then subjected to Ret9 and Ret51 immunoprecipitation (10 �l of
each antibody) or to CD2AP immunoprecipitation.

In some cases, whole-cell extracts were analyzed by immunoblotting.
The cells were washed twice with cold PBS before extraction. Next, 2�
sample buffer was applied to the cells, and this mixture was scraped into
a Microfuge tube using a cell scraper. The extracts were then boiled for 5
min.

Immunoblotting. Immunoblotting experiments were conducted as re-
ported previously (Tsui-Pierchala et al., 2002a). The antibodies for im-
munoblotting were as follows: anti-phosphotyrosine was used at a 1:3000
dilution (4G10; Millipore), anti-Ret51 and anti-Ret (extracellular do-
main; anti-ectoRet) are rabbit polyclonal antibodies described previ-
ously (Tsui-Pierchala et al., 2002b), and anti-actin was used at a 1:1000
dilution (Santa Cruz Biotechnology). Anti-Cbl-3 was used at a 1:1000
dilution (Orbigen), anti-CD2AP at a 1:200 dilution (Santa Cruz Biotech-
nology), anti-Myc at a 1:2000 dilution (Cell Signaling Technology), and
anti-FLAG at a 1:2000 dilution (Sigma). The blots were blocked using 2%
BSA (phosphotyrosine, Ret51, ectoRet, Cbl-3, and CD2AP antibodies) or
3% nonfat milk (Myc, FLAG, and actin antibodies) in Tris-buffered sa-
line containing 0.1% Tween 20. The blots were developed using Super-
Signal chemiluminescent substrates (Thermo Fisher Scientific). In some
cases the immunoblots were quantified using ImageJ software (NIH).

Immunofluorescence. Kidneys from rats were fixed overnight in buff-
ered formalin. To determine whether Ret immunostaining colocalizes
with CD2AP, we performed double indirect immunofluorescence stain-
ing using a goat anti-Ret antibody (1:100; R&D Systems) and a rabbit
polyclonal CD2AP antibody (1:100; Santa Cruz Biotechnology.) This
anti-Ret antibody recognizes the extracellular domain of Ret and, there-
fore, detects both Ret9 and Ret51. The specificity of this antibody has
been confirmed previously (Golden et al., 2003). Anti-goat Alexa Fluor
488 and anti-rabbit Alexa Fluor 594 (Invitrogen) were used to visualize
Ret and CD2AP, respectively. All antibodies were diluted in PBS with 2%
BSA. Immunofluorescence stainings were imaged with an Axiovert
200M microscope and an apotome unit (Zeiss), and photos were gener-
ated using Axiovision version 4.6.

Sympathetic neuron survival assays. To assess the effect of CD2AP and
Cbl-3 on GDNF-dependent survival, cultured sympathetic neurons [4 d
in vitro (DIV)] were transfected with the gene of interest along with GFP
using LipofectAMINE LTX with the PLUS reagent (Invitrogen). After
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48 h, all of the neurons on the culture dish were imaged using a micro-
scope with a scanning stage (Zeiss). The medium was then removed from
the neurons, and they were washed twice with medium lacking NGF. The
transfected neurons were then given medium containing GDNF (50 ng/
ml) and anti-NGF. Two days later, the entire culture dish was again
imaged by phase-contrast and GFP fluorescence microscopy. For each
condition, the images were compared before and after GDNF applica-
tion, and the number of surviving cells was counted based on the number
of GFP� cells that remained. Neurons were considered alive if their cell
bodies were smooth and phase bright (Tsui-Pierchala et al., 2000).

CD2AP and Cbl-3 silencing. CD2AP and Cbl-3 expression was knocked
down in sympathetic neurons using small interfering RNA (siRNA), sim-
ilar to our previous study (Tsui et al., 2006). Control, CD2AP, and Cbl-3
siRNAs (Applied Biosystems/Ambion) were transfected into 4 DIV sym-
pathetic neurons using the i-Fect reagent according to the manufactur-
er’s instructions (Neuromics). Transfection efficiency was determined by
the cotransfection of a fluorescently labeled nontargeting, control siRNA
(siGLO RISC-free siRNA; Dharmacon RNA Technologies). Immuno-
blotting of the targeted proteins determined that the maximal knock-
down of protein expression was observed 72 h after siRNA transfection.
Greater than 90% of SCG neurons were transfected, as ascertained by the
level of intracellular fluorescence of the siGLO siRNA (see Fig. 9).

Results
Ret and CD2AP are highly colocalized in podocytes
Recent experiments indicate that Ret is highly expressed in podo-
cytes, a cell type in the main filtering unit of the kidney known as
the glomerulus (Tsui et al., 2006). Podocytes, which are also
known as glomerular visceral epithelial cells, are critical in the
formation and maintenance of the filtration barrier between
blood and urine. Podocytes are postmitotic, morphologically
complex cells that have short and long processes, ending in what
are called foot processes, which have some similarities to the
neuritic extensions of neurons. Part of the filtration barrier be-
tween blood and urine created by podocytes is composed of in-
terdigitating foot processes that are linked together by a special-
ized structure called the slit diaphragm. In podocytes, the
expression of Ret, as well as GDNF, is upregulated after their
injury in vitro, as well as in animal models of glomerular diseases
in vivo (Tsui et al., 2006). GDNF and Ret act as a protective
response to podocyte injury, and they support the survival of
podocytes in both injured and uninjured states (Tsui et al., 2006).

CD2AP is an intracellular adaptor molecule that is expressed

preferentially in podocytes (Shih et al.,
1999; Lehtonen et al., 2008). CD2AP is a
constituent of the slit diaphragm (Schwarz
et al., 2001; Shih et al., 2001), and inherited
mutations in CD2AP are linked to the sus-
ceptibility of glomerular disease (Kim et
al., 2003). CD2AP knock-out mice have
structural abnormalities in foot processes
and die of renal failure within 6 weeks of
birth (Shih et al., 1999, 2001; Kim et al.,
2003). CD2AP, which is homologous to
CIN85, interacts with Cbl E3-ligases as
well as molecules involved in receptor in-
ternalization and endosomal sorting (Kir-
sch et al., 2001; Petrelli et al., 2002;
Soubeyran et al., 2002; Cormont et al.,
2003; Kobayashi et al., 2004; Welsch et al.,
2005). By linking ubiquitinated proteins to
the internalization machinery, CD2AP
promotes the downregulation and degra-
dation of activated RTKs (Hicke, 2001;
Petrelli et al., 2002; Soubeyran et al., 2002;
Kobayashi et al., 2004). To begin to exam-

ine whether CD2AP is a regulator of Ret, the localization of both
Ret and CD2AP was examined in podocytes in vivo. As expected,
both Ret and CD2AP were expressed selectively in podocytes in
the glomeruli of adult rats (Fig. 1). CD2AP and Ret were localized
to the processes of the podocytes, and a high degree of colocal-
ization between them was observed (Fig. 1). The examination of
glomeruli using the apotome unit of the microscope, which pro-
duces near-confocal images, confirmed that these two molecules
were indeed highly colocalized in podocytes (Fig. 1B). These data
suggest that Ret and CD2AP interact in podocytes in vivo.

CD2AP associates with inactive Ret and dissociates from
activated Ret
The morphologic similarities between podocytes and neurons,
and the importance of CD2AP in the downregulation of RTKs,
prompted us to investigate whether CD2AP is involved in the
downregulation of Ret. To determine whether CD2AP and Ret
associate with each other, immunoprecipitation experiments
were conducted in primary sympathetic neurons. Neurons were
treated with medium alone, as a negative control, or with GDNF.
The cells were then detergent extracted, and Ret was immunopre-
cipitated. CD2AP immunoblotting of these immunoprecipitates
revealed that CD2AP was associated with Ret under basal, un-
stimulated conditions, and that CD2AP dissociated from Ret af-
ter Ret activation by GDNF (Fig. 2A). The association between
Ret and CD2AP under basal conditions, but not during Ret acti-
vation, was also observed in sympathetic neurons if CD2AP was
immunoprecipitated and these immunoprecipitates were sub-
jected to Ret immunoblotting (Fig. 2B). To determine whether
the association between CD2AP and Ret was observed in other
cell types, immortalized mouse podocytes were subjected to im-
munoprecipitation experiments. Similar to sympathetic neu-
rons, Ret and CD2AP were associated under basal conditions, but
dissociated after Ret activation in podocytes (Fig. 2C).

NGF inhibits the downregulation of Ret after GDNF-
dependent activation by inhibiting the internalization and polyu-
biquitination of Ret (Pierchala et al., 2007). To determine
whether NGF inhibits Ret51 degradation by altering the associa-
tion of CD2AP to Ret51, mature sympathetic neurons were stim-
ulated with GDNF or medium alone, either in the presence or

Figure 1. Ret colocalizes with CD2AP within podocytes in glomeruli of the kidney. The glomeruli of normal rat kidneys were
immunofluorescently labeled for Ret (green) or CD2AP (red), and the overlapping staining appeared as yellow in the merged
image. A, Images of a single glomerulus. Only podocytes, along with their processes, labeled with Ret and CD2AP. B, Higher-
magnification images of a podocyte with a long process, indicated with the white arrow. The rightmost image shows a composite
of both the Ret and the CD2AP immunofluorescence staining.
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absence of NGF. NGF had no effect on the
association of CD2AP with Ret or on the
dissociation of CD2AP from activated Ret
(Fig. 2B). NGF, therefore, does not act to
stabilize activated Ret by somehow alter-
ing the association between CD2AP and
Ret51. Together, these data indicate that
CD2AP associates with Ret under basal,
unstimulated conditions, and dissociates
with Ret after its activation in both neu-
rons and podocytes.

To determine whether Ret and CD2AP
are associated with each other in vivo, the
glomeruli of kidneys were examined.
Podocytes, which selectively express both
Ret and CD2AP, are only present in the
glomerulus. Glomeruli were purified from
rodent kidneys, and the extent of Ret and
CD2AP interaction was ascertained by co-
immunoprecipitation studies. The major-
ity of Ret expressed in podocytes, the only
glomerular cell type that expresses Ret
(Tsui et al., 2006), was associated with
CD2AP (Fig. 2D, top). Although CD2AP
was associated with Ret when Ret was im-
munoprecipitated from glomeruli, there
was a significant amount of CD2AP that
was not bound to Ret (Fig. 2D, bottom).
Therefore, Ret and CD2AP are associated
with each other in podocytes in vivo.

GDNF and NGF regulate the association
of Cbl-3 with Ret and CD2AP
To better understand how NGF and
GDNF regulate Ret downregulation, we
sought to identify the E3-ligases that ubi-
quitinate Ret. The Cbl family of E3-ligases,
which consists of c-Cbl, Cbl-b, and Cbl-c/
Cbl-3, catalyze the ubiquitination of acti-
vated RTKs (Dikic and Giordano, 2003;
Swaminathan and Tsygankov, 2006). In sympathetic neurons, we
examined whether Cbl-3 associated with Ret using the biochem-
ical approach just described. Under unstimulated conditions,
Cbl-3 was associated with Ret in sympathetic neurons (Fig.
3A,B). When Ret was activated by GDNF, Cbl-3 dissociated from
Ret (Fig. 3A,B). Cbl E3-ligases typically do not bind to inactive
RTKs. Instead, they associate with activated receptors via the in-
teraction of their tyrosine kinase-binding (TKB) domain with a
phosphotyrosine residue in the target receptor. Because Cbl-3
displays an unconventional pattern of association with Ret, it is
not likely that Cbl-3 binds to Ret via its TKB domain. To deter-
mine whether NGF alters this interaction between Ret and Cbl-3,
mature sympathetic neurons were exposed to NGF, or medium
alone, before Ret activation with GDNF. Interestingly, NGF com-
pletely blocked the dissociation of Cbl-3 from Ret when Ret was
activated with GDNF (Fig. 3A,B). In sympathetic neurons, c-Cbl
is not detected in Ret51 immunoprecipitates (Pierchala et al.,
2006). Although Cbl-b does associate with Ret in neurons
(Pierchala et al., 2006), Cbl-b is not regulated by NGF (data not
shown). Therefore, Cbl-3 appears to be unique among the Cbl
family of E3-ligases in that its interaction with Ret is regulated by
both GDNF and NGF.

The observation that Cbl-3 had a pattern of association with

inactive and active Ret51 that is identical to CD2AP suggests that
CD2AP and Cbl-3 may interact with each other. To test this
hypothesis, sympathetic neurons were stimulated with GDNF or
with medium alone, and Cbl-3 was immunoprecipitated from
their detergent extracts. CD2AP Western analysis of these immu-
noprecipitates demonstrated that CD2AP and Cbl-3 associated
modestly under unstimulated conditions (Fig. 4A). Interestingly,
although both CD2AP and Cbl-3 dissociated from activated Ret
(Figs. 2, 3), the interaction between CD2AP and Cbl-3 increased
after Ret activation by GDNF (Fig. 4A). The enhanced associa-
tion of CD2AP with Cbl-3 after Ret activation was also observed
when CD2AP was immunoprecipitated and these complexes
were subjected to Cbl-3 immunoblotting (Fig. 4B).

To determine whether NGF altered the interaction between
CD2AP and Cbl-3, as it did the dissociation of Cbl-3 from Ret,
mature sympathetic neurons were stimulated with NGF or with
medium alone before Ret activation with GDNF. NGF inhibited
the association of CD2AP with Cbl-3 that was induced by GDNF
(Fig. 4A,B). NGF also inhibited the basal level of interaction
between CD2AP and Cbl-3 that was observed without GDNF
stimulation (Fig. 4A,B). Together, these data suggest that
CD2AP and Cbl-3 associate with Ret51 under basal conditions
and, after Ret activation, both CD2AP and Cbl-3 dissociate with

Figure 2. CD2AP associates with inactive Ret and dissociates from ligand-activated Ret. Cells were given medium alone or
medium containing GDNF (50 ng/ml) for 15 min. The cells were then detergent extracted, and Ret was immunoprecipitated from
the extracts. A, Top, The association of CD2AP with Ret was determined by CD2AP immunoblotting of these Ret immunoprecipi-
tates. Middle, The analysis of equal amounts of immunoprecipitates was confirmed by reprobing the blots with Ret antibodies.
Bottom, Actin immunoblotting of the supernatants (Super.) from the immunoprecipitations confirmed that equal amounts of
extracts were analyzed. B, C, Similar results were obtained if CD2AP was immunoprecipitated and these precipitates were
analyzed by Ret immunoblotting. Mature sympathetic neurons were analyzed in A and B, and immortalized mouse podocytes
were analyzed in C. The effect of GDNF on the dissociation of CD2AP from Ret was also compared between mature sympathetic
neurons maintained in NGF (50 ng/ml) and neurons deprived of NGF (B). D, The extent of Ret and CD2AP association in vivo was
ascertained by Ret and CD2AP coimmunoprecipitation experiments, conducted as in A and B. Glomeruli were purified from adult
rat kidney and detergent extracted, and either Ret9/51 or CD2AP was immunoprecipitated from these extracts. These immuno-
precipitates were then analyzed by CD2AP or Ret immunoblotting, respectively. These experiments were performed two to four
times with similar results. W, Western blot.
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Ret. During their dissociation from activated Ret, CD2AP and
Cbl-3 associate with each other. Importantly, NGF completely
inhibited the GDNF-induced association of CD2AP with Cbl-3,
while at the same time inhibiting the dissociation of Cbl-3 from
activated Ret (Fig. 3A,B). These data suggest that these two pro-
cesses, the dissociation of CD2AP and Cbl-3 from activated Ret
and the interaction of CD2AP with Cbl-3, are linked mechanis-
tically. Furthermore, these two events may represent the point at
which NGF blocks the downregulation of activated Ret.

CD2AP associates with Ret via a direct interaction
CD2AP is known to be associated with autophosphorylated RTKs
indirectly via binding of CD2AP to Cbl-family E3 ligases that are
directly associated with the autophosphorylated receptor (Kirsch
et al., 2001; Kobayashi et al., 2004). Our observation that CD2AP
dissociated from Ret after its activation suggests that CD2AP
associates with inactive Ret by some other means. We first tested
the hypothesis that CD2AP binds directly to Ret. Recombinant
GST-tagged CD2AP was expressed in bacteria and purified under
native conditions using glutathione-agarose. Ret51, or Ret51 har-
boring a K758M mutation that renders it kinase-dead, was puri-
fied from transfected HEK293 cells under denaturing conditions.
This allowed for the isolation of Ret in the absence of associated
adaptor proteins that may bind to Ret when overexpressed in
HEK293 cells, which was confirmed by phosphotyrosine immu-
noblotting of the purified Ret (data not shown). Purified CD2AP
was then mixed and allowed to bind to Ret51, or kinase-dead
Ret51 (KDR51). CD2AP associated with both Ret51 and KDR51
(Fig. 5A). When Ret51 is expressed in HEK293 cells, it becomes
highly autophosphorylated and activated in the absence of ligand

stimulation (data not shown). CD2AP associated with this auto-
phosphorylated Ret to an extent similar to its association to
KDR51 (Fig. 5A). These data indicate that CD2AP binds directly
to Ret independently of the autophosphorylation status of Ret.
This conclusion suggests that the dissociation of CD2AP from
activated Ret in neurons is caused by other, unidentified signaling
molecules.

To determine whether the association of CD2AP with Ret51 is
altered by the phosphorylation status of Ret in non-neuronal
cells, coexpression studies were conducted in HEK293 cells.
Ret51 or KDR51 was coexpressed with CD2AP, and their associ-
ation was then assessed by coimmunoprecipitation experiments.
Interestingly, CD2AP did not interact with autophosphorylated
Ret51, but it readily associated with unphosphorylated Ret51
(KDR51) (Fig. 5B). By comparing the coprecipitated CD2AP:
Ret51 ratios, we found that coexpression of Cbl-3 with CD2AP
did not abolish the interaction of CD2AP with KDR51. However,
their coexpression caused a significant loss of Ret51, presumably
because of degradation (Fig. 5B). Together, these data indicate
that CD2AP associated directly with Ret51, regardless of its auto-
phosphorylation status, and that CD2AP does not require Cbl-3
for this association. In surprising contrast, in intact cells, CD2AP
association with autophosphorylated Ret is inhibited. This sug-

Figure 3. Cbl-3 associates with Ret in a GDNF-dependent and NGF-dependent manner.
Mature sympathetic neurons were maintained in NGF (50 ng/ml) or deprived of NGF for 2 d.
These neurons were then exposed to GDNF (50 ng/ml) or medium alone for 15 min. Detergent
extracts were produced from the neurons, and these extracts were then analyzed by either
Ret51 immunoprecipitation (A) or Cbl-3 immunoprecipitation (B). The association of Cbl-3 to
Ret51 was determined in a manner similar to the experiments in Figure 2. These experiments
were performed two to three times with similar results. Super., Supernatant; W, Western blot. Figure 4. NGF inhibits the interaction between CD2AP and Cbl-3. Mature sympathetic neu-

rons that were maintained in NGF (50 ng/ml) or medium alone were stimulated with GDNF (50
ng/ml) for 15 min. The association of CD2AP with Cbl-3 was analyzed by Cbl-3 (A) and CD2AP (B)
immunoprecipitations followed by immunoblotting for CD2AP and Cbl-3, respectively. These
analyses were performed in a manner similar to the experiments in Figure 2. B, Top, The arrow-
head indicates the position of Cbl-3, which migrates just above the IgG heavy chain. Actin
immunoblotting again served as a control for the examination of similar amounts of extracts.
These experiments were performed three times with similar results. Super., Supernatant; W,
Western blot.
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gests that either CD2AP is displaced from Ret by an adaptor
protein that binds with higher affinity to activated Ret than
CD2AP does, or that another molecule inhibits the association of
CD2AP with activated Ret.

Cbl-3 binds directly to both Ret and CD2AP
To examine whether Cbl-3 associates directly with Ret, purified,
recombinant 6-His-Cbl-3 was mixed with purified Ret51 or
KDR51. The interaction between these purified proteins was then
determined by Ret51 immunoprecipitation and immunoblotting
for Cbl-3, similar to the analysis of CD2AP in Figure 5A. Cbl-3
associated with activated Ret51 and inactive Ret51 to a similar
extent (Fig. 6A). There was no apparent difference between the
short and long isoforms of Cbl-3 in terms of their affinity for Ret.
The purified Cbl-3 proteins did not associate nonspecifically with
the immobilized Ret51 antibody, confirming the specificity of
their interaction (Fig. 6A). These data indicate that Cbl-3 associ-
ates directly to Ret regardless of its phosphorylation status.

The observation that Cbl-3 is capable of binding to both au-
tophosphorylated and unphosphorylated Ret51 (Fig. 6A) sug-
gests that Cbl-3 does not associate with Ret via its TKB domain,
which binds selectively to phosphotyrosine residues. To deter-
mine which protein domain in Cbl-3 binds to Ret, we expressed
point mutants of Cbl-3 along with Ret51 in HEK293 cells, which
do not express Ret endogenously. The transfected Cbl-3 associ-

ated with both kinase-dead Ret and wild-type Ret (Fig. 6B). As
anticipated, a mutant form of Cbl-3, G276E Cbl-3, which has
dramatically impaired binding of the TKB domain to phospho-
tyrosine residues, still associated with Ret (Fig. 6B). In surprising
contrast, a mutation in the ring finger domain of Cbl-3, C351A,
which inactivates the E3 ligase activity of Cbl-3, abolished its
binding to Ret (Fig. 6B). Consistent with both of these results, a
truncated version of Cbl-3 that removes the C-terminal ring fin-
ger and proline-rich domain, Cbl-3 TKB, did not bind to Ret51
(Fig. 6B). These results indicate that the association of Cbl-3 with
Ret requires a functional ring finger domain in Cbl-3, and not the
TKB domain.

To determine whether the interaction between Cbl-3 and
CD2AP is direct, or mediated through an intermediate protein
such as Ret, in vitro binding studies were performed using puri-
fied proteins. Purified CD2AP associated directly to Cbl-3, but
not the purification resin (Fig. 6C), suggesting that the interac-
tion between CD2AP and Cbl-3 represents a direct association
between them. These data described in the last several figures
indicate that CD2AP and Cbl-3 are associated directly with Ret
when Ret is inactive, and that CD2AP and Cbl-3 dissociate from
Ret, most likely as a complex, when Ret is activated. Because
CD2AP and Cbl-3 both are capable of associating with autophos-
phorylated Ret in vitro, the dissociation of the CD2AP and Cbl-3
from Ret likely occurs either as a consequence of their mutual
association or via their displacement by Ret adaptors that have a
higher affinity for phosphorylated Ret.

Because Ret9 and Ret51 are degraded with markedly different
kinetics (Scott et al., 2005; Pierchala et al., 2006), we tested
whether there is a difference in the association between Cbl-3 and
CD2AP with these Ret isoforms. When Ret9 or Ret51 was coex-
pressed with CD2AP in HEK293 cells, CD2AP associated with
both Ret9 and Ret51 (Fig. 6D). Cbl-3 was also capable of associ-
ating with both Ret9 and Ret51 in transfected cells (Fig. 6D).
Although Ret51 is the predominant isoform of Ret expressed in
sympathetic neurons, Ret9 is also expressed at lower levels and
associated with both CD2AP and Cbl-3, similar to Ret51 (Fig.
6E). Whether the difference in the rate of degradation between
Ret9 and Ret51 after ligand stimulation is attributable to the
differential association or regulation of CD2AP or Cbl-3 will re-
quire a more detailed investigation.

CD2AP controls whether Cbl-3 inhibits or promotes
Ret degradation
The association of CD2AP and Cbl-3 with Ret, as well as with
each other, suggests that they trigger the ubiquitination and in-
ternalization of Ret, leading to its degradation. To determine
whether CD2AP and Cbl-3 alter the degradation kinetics of acti-
vated Ret, HEK293 cells were transfected with Ret51, or Ret51
along with CD2AP. These cells were then exposed to cyclohexi-
mide (CHX) for various lengths of time, and the amount of Ret51
was determined at each time point by immunoblotting (Fig. 7).
The application of CHX inhibits protein synthesis, thus allowing
the rate of Ret turnover to be observed. Ret was rapidly turned
over, with the majority of Ret being degraded within 24 h (Fig.
7A,B). This degradation process was initiated by Ret autophos-
phorylation because kinase-dead Ret51, when expressed in
HEK293 cells, was not rapidly degraded (data not shown). Coex-
pression of CD2AP with Ret51 only modestly enhanced the deg-
radation of Ret51 (Fig. 7A–C). Remarkably, coexpression of
Cbl-3 led to an almost complete inhibition of Ret51 degradation,
even as long as 24 h after CHX exposure (Fig. 7A–C). The inhib-
itory effect of Cbl-3 on Ret turnover is in stark contrast to the

Figure 5. CD2AP interacts directly with Ret. A, Purified, activated Ret51 (R51), inactive,
kinase-dead Ret51 (KDR51), or neither protein (No Ret) was mixed with purified CD2AP in vitro.
Top, Ret was immunoprecipitated, and the extent of CD2AP binding was determined by CD2AP
immunoblotting. Bottom, The amount of Ret51 in each sample was determined by reprobing
these blots with anti-Ret51. B, HEK293 cells were transfected with Ret51 or KDR51 in the
presence of myc-tagged CD2AP, flag-tagged Cbl-3, both, or neither (indicated above the pan-
els). Ret51 was then immunoprecipitated, and the precipitates were subjected to Myc-tag
immunoblotting. The amount of Ret51 in each sample was determined by reprobing these blots
with anti-Ret51. The relative amount of protein in each sample was confirmed by actin immu-
noblotting. These experiments were performed two to three times with similar results. Super.,
Supernatant; W, Western blot.
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degradation-stimulating effects of c-Cbl and Cbl-b on RTK turn-
over (Dikic and Giordano, 2003; Swaminathan and Tsygankov,
2006). To determine whether CD2AP acts upstream of Cbl-3,
CD2AP and Cbl-3 were coexpressed with Ret51. Remarkably,
CD2AP not only blocked the inhibitory effect of Cbl-3 on Ret
degradation, but their coexpression induces a more rapid degra-
dation of Ret51 compared with when Ret51 was expressed alone
or when expressed with CD2AP (Fig. 7B,C). These data suggest
that CD2AP modulates the function of Cbl-3, converting it from
an inhibitor of Ret degradation to a promoter of Ret degradation.

To explore whether the inhibition of CD2AP or Cbl-3 impairs
activation-mediated Ret degradation, a dominant-inhibitory
form of both CD2AP and Cbl-3 was used. A truncated form of
CD2AP, CD2AP 1–327, lacks the C-terminal half of the molecule
that mediates endosomal trafficking (Cormont et al., 2003). Con-
sequently, truncated forms of CD2AP block the ligand-induced
degradation of PDGF receptors (Cormont et al., 2003). The ex-
pression of CD2AP 1–327 in HEK293 cells, along with Ret51,
resulted in the inhibition of Ret51 degradation (Fig. 7B,C), sug-
gesting that CD2AP is required for Ret51 downregulation. The
C351A point mutation within the ring finger domain of Cbl-3
abolishes its E3 ligase activity (Kim et al., 2004). This point mu-
tation also eliminated the binding of Cbl-3 to Ret (Fig. 6). To
determine whether the expression of Cbl-3 C351A altered the
kinetics of Ret51 downregulation, HEK293 cells, which do not
endogenously express Cbl-3 (Kim et al., 1999), were transfected
with Cbl-3 C351A along with Ret51. Cbl-3 C351A did not inhibit

Ret51 degradation, compared with the inhibitory effect of Cbl-3
(Fig. 7B,C). In conclusion, CD2AP is required for Ret downregu-
lation, and Cbl-3 likely functions as a rheostat that controls the
rate of Ret turnover, switching back and forth between inhibition
and acceleration of Ret degradation.

Cbl-3 and CD2AP regulate the potency of the survival effects
of GDNF on sympathetic neurons
The observation that CD2AP and Cbl-3 regulate the degradation
of Ret suggests that they control the duration of Ret signaling and,
therefore, the survival potency of GFLs. To test this hypothesis,
we examined the ability of GDNF to support the survival of sym-
pathetic neurons when CD2AP and Cbl-3 levels and function
were altered. Primary sympathetic neurons were transfected with
GFP alone or with GFP and CD2AP, CD2AP 1–328, Cbl-3, Cbl-3
C351A, or both CD2AP and Cbl-3. The neurons were given 24 h
to express the transfected cDNAs, and were then deprived of NGF
and simultaneously given GDNF (50 ng/ml). After 2 d in the
presence of GDNF, the number of surviving, GFP� neurons was
determined. GDNF supported the survival of 50.7% of trans-
fected neurons (Fig. 8), similar to the survival rate previously
reported for rat sympathetic neurons (Pierchala et al., 2006). The
overexpression of CD2AP decreased significantly the number of
neurons that could be supported by GDNF to 40.8% (Fig. 8).
Expression of CD2AP 1–328, in contrast to CD2AP, enhanced
significantly the survival-promoting activity of GDNF to 62.6%
(Fig. 8). The overexpression of Cbl-3 augmented significantly the

Figure 6. Cbl-3 interacts directly with both Ret and CD2AP. A, Purified Ret51, kinase-dead Ret51 (KDR51), or neither was incubated with purified 6-His-tagged Cbl-3S or Cbl-3L in vitro. The extent
of Cbl-3 association with Ret51 was assessed by Ret immunoprecipitations performed identical to those in Figure 5A. B, HEK293 cells were transfected with Ret51 (WT) or kinase-dead Ret51 (KD)
along with Cbl-3 (WT), Cbl-3 G276E (GE), Cbl-3 C351A (CA), or only the TKB domain of Cbl-3 (TKB). The transfected cells were then detergent extracted, and the transfected Cbl-3 proteins were
immunoprecipitated with anti-Flag (all Cbl-3 proteins were Flag-tagged). The immunoprecipitates were analyzed first by Ret immunoblotting (top) and subsequently by Cbl-3 immunoblotting of
the stripped blots (middle). Because the truncated form of Cbl-3 containing only the TKB domain is considerably smaller than the other Cbl-3 proteins, the molecular weight marker pertaining to this
protein is indicated to the right of the blot. Bottom, Actin immunoblotting confirmed the analysis of similar amounts of protein. C, Purified 6-His-Cbl-3L was incubated with purified CD2AP or with
buffer alone. Cbl-3 was then subjected to pull-down (PD) assays using immobilized metal ion chromatography. These precipitates were analyzed first by CD2AP immunoblotting (top), and the blots
were then stripped and reprobed with Cbl-3 antibodies (bottom). D, Ret9 or Ret51 was expressed alone or with CD2AP (left) or Cbl-3 (right). CD2AP was then immunoprecipitated from these extracts
and the association of Ret9 or Ret51 ascertained by immunoblotting with an antibody to the extracellular domain of Ret (Ecto-Ret). Likewise, Cbl-3 was immunoprecipitated using FLAG antibodies,
and the extent of Ret9 and Ret51 binding was determined by immunoblotting with Ecto-Ret antibodies. Bottom, Similar amounts of Ret expression were confirmed by immunoblotting the extracts
with anti-Ecto-Ret. E, The extent of CD2AP and Cbl-3 binding to Ret9 and Ret51 in sympathetic neurons was determined using methods similar to those in D. In this case, either Ret9 or Ret51 were
immunoprecipitated, and these precipitates were evaluated by CD2AP or Cbl-3 immunoblotting. These experiments were performed two to three times with similar results. Super., Supernatant; W,
Western blot.
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GDNF-dependent survival of sympathetic neurons to 69.6%, in
contrast to Cbl-3 C351A, which did not alter the efficacy of
GDNF on neuronal survival (Fig. 8). The overexpression of both
CD2AP and Cbl-3 in neurons caused a marked reduction in the
ability of GDNF to support their survival (29.4%) (Fig. 8), con-
sistent with the enhanced Ret degradation induced by the coex-
pression of CD2AP and Cbl-3 (Fig. 7). The effects of CD2AP and
Cbl-3 on Ret survival signaling coincide with their effects on Ret
turnover in HEK293 cells (Fig. 7). These data indicate that

CD2AP and Cbl-3 are capable of modulating the rate of Ret51
turnover and GFL potency.

To determine whether CD2AP and Cbl-3 are endogenous,
physiologic regulators of Ret downregulation and signal trans-
duction, CD2AP and Cbl-3 were silenced in sympathetic neu-
rons. To achieve this, a nonspecific siRNA or siRNAs to Cbl-3,
CD2AP, or both were transfected into primary sympathetic neu-
rons. We were able to transfect �90% of the neurons with the
siRNAs, as determined by cotransfection of a nonsilencing, fluo-
rescently tagged RNA (Fig. 9A). The effectiveness of the gene
silencing was determined by immunoblotting cellular extracts
produced from sympathetic neurons 72 h after their transfection
with increasing concentrations of siRNAs. The maximal knock-
down of Cbl-3, CD2AP, and both Cbl-3 and CD2AP occurred
when a total concentration of 50 nM RNA was used (Fig. 9B). We
did not achieve a complete knockdown of CD2AP, or Cbl-3 and
CD2AP when silenced together (Fig. 9B), even though three dif-
ferent siRNAs to each gene were transfected simultaneously.
Nevertheless, the knockdown of Cbl-3 and CD2AP affected sig-
nificantly GDNF-activated Ret degradation. Silencing of CD2AP
inhibited the degradation of Ret after its activation (Fig. 9C). The
simultaneous knockdown of Cbl-3 and CD2AP further inhibited
Ret degradation (Fig. 9C). The nearly complete knockdown of
only Cbl-3, in contrast, did not alter the degradation of Ret after
activation with GDNF for 8 h (Fig. 9C). These results suggested
that CD2AP was required for Ret degradation after ligand activa-
tion. On the other hand, a decrease in Cbl-3 expression only
affected the rate of Ret degradation in combination with CD2AP
downregulation (Fig. 9C). These observations suggest that there
may be other E3-ligases in addition to Cbl-3 that can regulate Ret
degradation, or that the incomplete knockdown of Cbl-3 is not
sufficient for inhibition of its activity. It is also likely that Ret
degradation initiated by Cbl-3 is regulated by other components
of the degradation machinery, such as CD2AP.

To test whether a physiologic function of Cbl-3 and CD2AP is

Figure 7. Cbl-3 controls Ret degradation in a CD2AP-dependent manner. A, HEK293 cells
were transiently transfected with Ret51 alone, Ret51 and CD2AP, or Ret51 and Cbl-3. After 24 h,
the cells were exposed to CHX for various lengths of time, and thereafter were harvested for the
analysis of total cellular proteins. Ret turnover was examined by Ret immunoblotting these
whole cell extracts, and actin immunoblotting served as a control for the amount of protein
analyzed in each condition. B, Ret turnover was examined as in A with a 24 h CHX application
only. Ret was again transfected alone or with CD2AP, Cbl-3, both CD2AP and Cbl-3, or mutants
of CD2AP and Cbl-3 (indicated above the blot). These experiments were performed three times
with similar results. C, The results in B were quantified using ImageJ software (NIH). The error
bars represent SEM. Asterisks indicate that there was a significant difference when compared
with Ret51 alone, as follows: *p � 0.05; **p � 0.01; NS, no statistically significant difference.
The amount of Ret degraded when CD2AP was coexpressed was also significantly different from
when Ret was coexpressed with both CD2AP and Cbl-3 ( p � 0.05). W, Western blot.

Figure 8. CD2AP and Cbl-3 regulate neuronal survival mediated by GDNF. Primary sympa-
thetic neurons (4 DIV) were transiently transfected with GFP alone, or with GFP and CD2AP, the
N-terminal 328 residues of CD2AP (CD2AP 1–328), Cbl-3, Cbl-3 C315A, or both CD2AP and Cbl-3.
Twenty-four hours after transfection, the neurons were deprived of NGF and given GDNF (50
ng/ml). After 2 d in GDNF, the number of surviving GFP� neurons was determined as described
in the Materials and Methods. Multiple dishes were analyzed from three independent experi-
ments. Error bars represent SEM. Conditions in which the percentage of surviving neurons were
significantly different from neurons transfected with GFP alone were indicated as follows: *p �
0.05; **p � 0.01; ***p � 0.001; NS, no statistically significant difference between the two
datasets.
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to regulate the responsiveness of sympathetic neurons to GFLs,
survival assays were conducted on SCG neurons subjected to
gene silencing. Silencing of CD2AP increased significantly the
survival of sympathetic neurons promoted by GDNF (Fig. 9D)
(71.3%). Knockdown of Cbl-3, in contrast, did not significantly
alter GDNF-dependent survival, compared with the transfection
of a noncoding control siRNA (Fig. 9D) (63.3% survival com-

pared with 56.2% survival, respectively).
The partial silencing of both CD2AP and
Cbl-3 led to a greater enhancement of
GDNF-dependent survival, compared
with the effects of CD2AP and Cbl-3 si-
lencing alone (Fig. 9D) (89.7% survival). A
second method of ascertaining the survival
effects of GDNF after siRNA transfection
of sympathetic neurons was undertaken:
the number of neurons undergoing apo-
ptosis was assessed by examining their nu-
clear morphology. Sympathetic neurons
undergoing apoptosis display pyknotic
nuclei that can be readily observed using
fluorescent DNA-binding dyes (Hoechst).
Silencing either Cbl-3 or CD2AP en-
hanced significantly GDNF-dependent in-
hibition of apoptosis (Fig. 9D) (16.7 and
14.1% apoptosis, respectively, compared
with 21.6% apoptosis in the control). The
knockdown of CD2AP and Cbl-3 simulta-
neously led to a further inhibition of apo-
ptosis induced by GDNF application (Fig.
9D) (10.8%), suggesting that Cbl-3 and
CD2AP function in the same pathway to
regulate Ret degradation and GFL po-
tency. Together, these data indicate that
CD2AP and Cbl-3 together acted as a reg-
ulatory checkpoint that limits the potency
of GDNF on survival by enhancing the
downregulation mechanisms for activated
Ret in sympathetic neurons.

Discussion
We report here the identification of two
novel Ret adaptor molecules, CD2AP and
Cbl-3. In neurons, CD2AP and Cbl-3
share an unusual characteristic: they are
associated preferentially with Ret in its
basal, inactive state. After Ret activation,
both CD2AP and Cbl-3 dissociated from
Ret as a complex in which they were asso-
ciated directly with each other (Fig. 10). In
vitro binding experiments, using isolated
proteins, revealed that neither CD2AP nor
Cbl-3 show a preferential association with
inactive Ret, compared with autophos-
phorylated Ret. This suggests that the dis-
sociation of CD2AP and Cbl-3 from acti-
vated Ret seen in intact neurons and
podocytes involves other signaling pro-
teins, or is caused by the interaction be-
tween Cbl-3 and CD2AP, perhaps by alter-
ing their binding affinities for Ret. Cbl-3,
when overexpressed in cells, inhibits Ret
degradation and enhances GDNF-
induced survival in neurons. In contrast,

Cbl-3 coexpression with CD2AP induces the rapid degradation
of activated Ret and blocks the survival effects of GDNF. When
the endogenous expression of Cbl-3 and CD2AP are silenced, Ret
degradation is inhibited and GDNF more effectively sustains the
survival of sympathetic neurons.

CD2AP is homologous to CIN85, and like CIN85, CD2AP

Figure 9. CD2AP and Cbl-3 modulate Ret51 degradation and GFL potency in sympathetic neurons. A, Primary sympathetic
neurons were transfected with a control siRNA (50 nM) along with a fluorescently tagged nontargeting RNA (siGLO Red, 5 nM) using
i-Fect (bottom) or with vehicle alone (top). Three days after application of the siRNA, the cells were visualized using a fluorescence
microscope. The overlay of the phase and fluorescence images (rightmost panels) indicates that �90% of the neurons were
transfected with the siRNA, which remains in the cytoplasm. B, Neurons were transfected with increasing concentrations of Cbl-3,
CD2AP, or both CD2AP and Cbl-3 siRNAs (indicated above the blots). After 72 h, the cells were lysed and these extracts were
subjected to Cbl-3 (left) or CD2AP immunoblotting (right). These immunoblots were reprobed with actin antibodies to confirm
that there were similar amounts of protein in each condition (bottom). The maximal knockdown of Cbl-3 and CD2AP occurred by
using 50 nM siRNA in sympathetic neurons. C, Sympathetic neurons were transfected with control, Cbl-3, CD2AP, or both CD2AP
and Cbl-3 siRNAs. Three days later, the neurons were then treated with medium alone or GDNF (50 ng/ml) for 8 h and then
detergent extracted. These extracts were subjected to immunoblot analysis for the levels of Ret51 after its immunoprecipitation,
similar to Figure 7. Right, Two independent experiments were quantified and graphed as the mean � range. D, The extent of
neuronal survival was determined in sympathetic neurons transfected with the siRNAs indicated (below each graph). Neuronal
survival was assessed using two independent methods. First, the number of surviving, phase-bright neurons remaining after 2 d
of GDNF application was counted, and a percentage of surviving neurons was calculated by counting the number of neurons in
images taken before and after the GDNF treatments (left graph). Second, the number of neurons with pyknotic nuclei were
counted and graphed as a percentage of apoptotic cells (right graph). These two sets of experiments were done in triplicate and
graphed as the mean � SEM. Asterisks indicate significant differences between the control siRNA and the condition indicated, as
in Figure 8. Super., Supernatant; W, Western blot.
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associates with c-Cbl (Kirsch et al., 2001;
Cormont et al., 2003). Because CD2AP
also interacts with molecules such as Rab4,
CD2AP functions as a link between the
ubiquitination machinery and the inter-
nalization machinery (Kirsch et al., 2001;
Cormont et al., 2003; Lynch et al., 2003).
CD2AP acts in the early step of internaliza-
tion and endosomal sorting that ulti-
mately results in the delivery of activated
RTKs to the lysosomal degradative path-
way (Cormont et al., 2003). In terms of Ret
signal transduction, CD2AP associates
with Ret directly, rather than indirectly via
its binding to Cbl E3-ligases. However,
once Ret is activated, CD2AP directly as-
sociates with Cbl-3 and augments Ret51
degradation, similar to the function of
CD2AP in the degradation of other RTKs.
Interestingly, expression of CD2AP 1–328,
the truncated form of CD2AP that lacks
the Rab4 binding site (Cormont et al.,
2003), inhibits Ret turnover, suggesting
that Rab4-dependent endocytic trafficking
is critical for the degradation of Ret.

Cbl-3 is the least conserved member of the Cbl family of E3-
ligases, and Cbl-3 lacks the entire C-terminal half present in c-Cbl
and Cbl-b (Keane et al., 1999; Kim et al., 1999). Although Cbl-3
does not contain the ubiquitin binding-domain (UBA) that is
located in this C-terminal region, Cbl-3 has a functional ring
finger domain and can downregulate RTKs such as EGFR (Keane
et al., 1999; Kim et al., 2004). The function of Cbl-3 in Ret down-
regulation, however, is more complex. Cbl-3 overexpression
alone inhibits Ret degradation, indicating that Cbl-3 can act as an
antagonist of E3-ligase function, the first such example for Cbl
family members. In contrast, when CD2AP was coexpressed with
Cbl-3, Cbl-3 promoted Ret degradation, presumably via its E3-
ligase activity. The association of Cbl-3 with Ret required a func-
tional ring finger domain (Fig. 6), whereas the region of Cbl-3
that associates with CD2AP is not known. CD2AP associates with
c-Cbl via the second SH3 domain of CD2AP, which binds to the
C terminus of c-Cbl that is absent in Cbl-3 (Kirsch et al., 2001).
The identification of the portions of Cbl-3 and CD2AP that are
necessary for the formation of this signaling complex will provide
further mechanistic insight into how Cbl proteins can trigger
receptor degradation.

The results described here demonstrate that Cbl-3 and
CD2AP are physiologic Ret adaptors that act as a regulatory
checkpoint governing the extent of Ret degradation after ligand
activation. It is known that the kinetics of RTK downregulation
directly affects the length of time that downstream signaling
pathways are activated and, therefore, the cellular response to the
growth factor. In PC12 cells, for example, the length of time that
the ERK pathway is activated dictates whether these cells prolif-
erate or differentiate into neurons (Qiu and Green, 1992; York et
al., 2000). Thus, different cell types may respond to the same
neurotrophic factor in different ways depending on their level of
Cbl-3/CD2AP activity, which may explain the remarkably pleio-
tropic effects of GDNF in vivo (Enomoto, 2005). The Cbl-3/
CD2AP complex may also be a checkpoint critical for the modu-
lation of GFL signaling by extracellular stimuli. NGF, for
example, augments Ret signaling in sympathetic neurons,
thereby enhancing their metabolism and growth (Tsui-Pierchala

et al., 2002a). Remarkably, Ret signaling accounts for 30% of the
growth effects of NGF on sympathetic neurons (Tsui-Pierchala et
al., 2002a). NGF modulates Ret activity by inhibiting Ret degra-
dation (Pierchala et al., 2007), and it is likely that NGF acts at this
Cbl-3/CD2AP checkpoint. This hypothesis is supported by the
observations that NGF inhibits the association of CD2AP with
Cbl-3 and that NGF also inhibits the dissociation of Cbl-3 from
activated Ret (Fig. 10). Inhibition of RTK degradation after li-
gand activation is a mechanism by which neurons can enhance
their sensitivity to neurotrophic factors. Importantly, if other
stimuli, such as neurotransmitters or calcium influx, can inhibit
RTK downregulation via the Cbl-3/CD2AP checkpoint, this
mechanism may contribute to synaptic plasticity and activity-
dependent developmental events common throughout the ner-
vous system.
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