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Background: Ubiquitination and degradation promote signal termination of the Ret receptor.
Results: Cbl-3/c and CD2AP are both required for the ubiquitination of Ret51 on Lys1060 and Lys1107.
Conclusion: The Ret51 isoform-specific ubiquitination on Lys1060 and Lys1107 may underlie its rapid degradation.
Significance: Regulation of CD2AP�Cbl-3/c activity may underlie the diversity of functional outcomes of Ret signal
transduction.

Ret is the receptor tyrosine kinase for the glial cell line-de-
rived neurotrophic factor (GDNF) family of neuronal growth
factors. Upon activation by GDNF, Ret is rapidly polyubiquiti-
nated and degraded. This degradation process is isoform-selec-
tive, with the longer Ret51 isoform exhibiting different degra-
dation kinetics than the shorter isoform, Ret9. In sympathetic
neurons, Ret degradation is induced, at least in part, by a com-
plex consisting of the adaptor protein CD2AP and the E3-ligase
Cbl-3/c. Knockdown of Cbl-3/c using siRNA reduced the
GDNF-induced ubiquitination and degradation of Ret51 in neu-
rons and podocytes, suggesting that Cbl-3/c was a predominant
E3 ligase for Ret. Coexpression of CD2AP with Cbl-3/c aug-
mented the ubiquitination of Ret51 as compared with the expres-
sion of Cbl-3/c alone. Ret51 ubiquitination by the CD2AP�

Cbl-3/c complex required a functional ring finger and TKB
domain in Cbl-3/c. The SH3 domains of CD2AP were suffi-
cient to drive the Cbl-3/c-dependent ubiquitination of Ret51,
whereas the carboxyl-terminal coiled-coil domain of CD2AP
was dispensable. Interestingly, activated Ret induced the degra-
dation of CD2AP, but not Cbl-3/c, suggesting a potential inhib-
itory feedback mechanism. There were only two major ubiquiti-
nation sites in Ret51, Lys1060 and Lys1107, and the combined
mutation of these lysines almost completely eliminated both the
ubiquitination and degradation of Ret51. Ret9 was not ubiquiti-
nated by the CD2AP�Cbl-3/c complex, suggesting that Ret9
was down-regulated by a fundamentally different mechanism.
Taken together, these results suggest that only the SH3 domains

of CD2AP were necessary to enhance the E3 ligase activity of
Cbl-3/c toward Ret51.

Ret is a receptor tyrosine kinase that is critical for the devel-
opment of the nervous system and kidneys (1, 2). Ret is acti-
vated by a family of four growth factors known as the glial
cell line-derived neurotrophic factor (GDNF)3 family ligands
(GFLs). Each GFL binds to a preferred glycerophosphatidyl-
inositol-anchored coreceptor, which are collectively known as
the GFR�s. The GFR��GFL complex binds and activates Ret
(3). Ret autophosphorylation on multiple tyrosine residues ini-
tiates the association of adaptor proteins and enzymes that trig-
ger second messenger cascades (4). Receptor tyrosine kinase
activity in general is tightly regulated, and the two predominant
mechanisms of down-regulation of receptor tyrosine kinase
signaling are dephosphoryation of the receptor by tyrosine
phosphatases and ubiquitination and subsequent degradation
of the receptor. Often both of these processes occur simultane-
ously to the same receptor, and mutations in either of these
down-regulation mechanisms can lead to several types of can-
cers. In the case of Ret, degradation appears to be the predom-
inant mechanism of down-regulation for the longer and more
potently transforming isoform of Ret, Ret51 (5–7). The shorter
isoform of Ret, Ret9, has 9 carboxyl-terminal amino acids that
are different from the 51 carboxyl-terminal amino acids of
Ret51. Interestingly, Ret9 is not as rapidly degraded as Ret51 is
in sympathetic neurons, which is one of the most well studied
cell types for Ret signal transduction. The mechanism of Ret9
down-regulation is poorly understood (5–7).

The rapid degradation of Ret51 is initiated by ubiquitination,
which triggers its degradation predominantly by proteasomes
(5, 6). The Cbl family of E3 ligases appears to be critical for the
ubiquitination of Ret51, with both c-Cbl and Cbl-3/c capable of
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binding and ubiquitinating Ret51, thereby promoting its degra-
dation (6, 8). In primary sympathetic neurons, Ret51 degrada-
tion occurs primarily via Cbl-3/c, although Cbl-b also can asso-
ciate with Ret51 (5, 8). Cbl-3/c differs significantly from the
other two mammalian Cbls in that it lacks a large portion of the
carboxyl-terminal region present in c-Cbl and Cbl-b. This
region contains an ubiquitin-associated domain that is involved
in ubiquitin binding, several regulatory phosphorylation sites,
and the majority of a proline-rich domain involved in the bind-
ing of adapter proteins (9 –12). Nevertheless, Cbl-3/c has an
active catalytic ring finger domain and can ubiquitinate pro-
teins, thus targeting them for internalization and degradation
(10, 11). In sympathetic neurons, Cbl-3/c associates with the
adaptor protein CD2AP, which appears to promote Ret51 deg-
radation via Cbl-3/c (8). CD2AP, along with its paralog CIN85,
regulate the association of Cbl proteins with receptors, thereby
linking these receptor complexes to the internalization machinery
(13–17). Interestingly, in glomerular podocytes, CD2AP defi-
ciency induces the up-regulation of CIN85, leading to an excessive
inhibition of receptor tyrosine kinase signaling (18). In the case of
Ret51, it is not known how CD2AP augments the degradative
function of Cbl-3/c or whether CD2AP has any effect on the E3
ligase activity of Cbl-3/c.

The turnover of activated Ret complexes is of paramount
importance to the development and maintenance of peripheral
neurons. In sensory neurons of the dorsal root ganglia, Ret51 is
not degraded nearly as rapidly as in sympathetic neurons (19).
In dorsal root ganglia sensory neurons, GFLs can promote sur-
vival over long axonal distances from axon terminals to cell
bodies, which requires the internalization and retrograde trans-
port of activated Ret complexes (19). Early postnatal sympa-
thetic neurons, in contrast, cannot be supported over long
axonal distances by GFLs because activated Ret complexes are
degraded rapidly prior to any significant amount of Ret51 being
retrogradely transported (19). Thus, mechanisms of Ret turn-
over, at a subcellular level, dictate what type of functional out-
come that GFL will have. Mechanisms of Ret turnover are also
likely to be a point of regulation for coincidence detection, and
recent evidence suggests that reverse signaling by ephrin recep-
tors promotes motor neuron axon guidance via the augmenta-
tion of local Ret signaling events (20).

In this study, we sought to illuminate further the mechanism
by which the CD2AP�Cbl-3/c complex promotes the degrada-
tion of Ret. The ubiquitination activity of the CD2AP�Cbl-3/c
complex was analyzed in detail, and it was discovered that
CD2AP enhances Cbl-3/c-dependent ubiquitination of Ret51
via the SH3 domains of CD2AP, possibly by associating with
Cbl-3/c and relieving intramolecular autoinhibition of Cbl-3
(21). Ret9 was not ubiquitinated by the CD2AP�Cbl-3/c com-
plex, suggesting a mechanism to explain the more rapid degra-
dation of Ret51, as compared with Ret9, in several populations
of neurons. Interestingly, there are only two major ubiquitina-
tion sites in Ret51, Lys1060 and Lys1107, which upon mutation
led to the markedly increased stability of Ret51. These data
suggest that CD2AP and Cbl-3/c coordinately act to promote
Ret51 ubiquitination and degradation upon its activation and
are likely to be a regulatory point by which other signaling path-
ways modulate Ret activity for the purposes of promoting axon

growth and guidance. The recent discovery that CD2AP is a
susceptibility locus for Alzheimer disease underscores the
potential relevance of this ubiquitination mechanism in neuro-
degeneration (39, 40).

EXPERIMENTAL PROCEDURES

Mammalian Cell Cultures—NIH3T3 cells were maintained
in DMEM supplemented with FBS (10% by volume) and a pen-
icillin/streptomycin/glutamine mixture. These cells were
maintained at 37 °C with 5% CO2. NIH3T3 cells were grown on
4-well chambered coverglass slides (Lab-Tek, ThermoFisher
Scientific, Inc.) for live cell imaging or in 6-well tissue culture
plates (Falcon) for biochemical studies. The cells were allowed
to proliferate until an approximate density of 70% confluence
was obtained prior to transfection. Primary sympathetic neu-
rons were produced and maintained as described previously
(22). Cultures of differentiated murine podocytes were also
produced and maintained in vitro as described previously (23,
24).

Transfections and Plasmids—Transfections of NIH3T3 cells
were performed using Lipofectamine 2000 according to the
manufacturer’s instructions (Invitrogen). For experiments that
monitored ubiquitination, 48 h after transfection the cells were
treated with both concanamycin (200 nM) and epoxomicin (5
�M) for 6 –12 h to inhibit lysosomal and proteasomal degrada-
tion, respectively. Even in the presence of these inhibitors, we
still occasionally observed a loss of Ret51 protein in conditions
of high ubiquitination, such as in Fig. 1G. For inhibition of Ret
kinase activity, two structurally distinct inhibitors (RPI-1 and
vatalanib; Santa Cruz) were added to the culture medium at
final concentrations of 60 and 30 �M, respectively, at the same
time that protease inhibitors were added (6 –12 h). For bio-
chemical experiments on Ret51 turnover, the NIH3T3 cells
were treated with cycloheximide (1 �M) to inhibit protein
translation, thereby revealing the half-life of Ret51. The plas-
mids encoding CD2AP, CD2AP 1–328, and CD2AP 561– 681
were generously provided by Mireille Cormont (13). The plasmids
encoding FLAG-tagged Cbl-3, Cbl-3 C351A, Cbl-3 G276E, and
Cbl-3 TKB were a kind gift from Tadashi Yamamoto (25). Plas-
mids encoding point mutations in Cbl-3 (R390Q, W378A, and
Y341F) were produced by site-directed mutagenesis using the
QuikChange II kit (Agilent Technologies).

In transfection experiments, the relative molecular mass of
Cbl-3/c varied somewhat depending on whether it contained a
FLAG tag. Lysine mutations in Ret51 (K1060R, K1107R, and
dual mutant K1060R/K1107R) were also produced using site-
directed mutagenesis. For the production of Ret51-kikume
fusion proteins, human Ret51 was amplified by PCR and
inserted into the BamHI and NotI restriction sites of a mam-
malian expression vector encoding humanized kikume, thereby
placing kikume in frame on the carboxyl terminus of Ret51
(CoralHue Kikume, pKikGR1, MBL International Corp.). Both
strands of the inserted cDNA were sequenced to confirm the
absence of any mutations introduced during the cloning
process.

Gene silencing in sympathetic neurons and podocytes was
accomplished using siRNA, as we have done previously (8, 23).
Briefly, siRNA against Cbl-3/c, or a scrambled control, were
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transfected into the cells using i-Fect according to the manu-
facturer’s instructions (Neuromics). Biochemical experiments
were performed 48 –72 h after the transfection. Immunoblot-
ting of Cbl-3/c confirmed that the siRNA transfection reduced
the levels of Cbl-3/c by more than 60%. Cotransfection of a
fluorescently labeled nontargeting siRNA confirmed that the
transfection resulted in greater than 90% of the cells taking
up the siRNA (siGLO RISC-free siRNA; Dharmacon RNA
Technologies).

Immunoprecipitations—After the described transfections,
cells were washed twice with ice-cold PBS (pH 7.4) and
extracted with immunoprecipitation buffer (10 mM Tris-buff-
ered saline, pH 7.4, 1% Nonidet P-40, 10% glycerol, 500 �M

sodium vanadate, and protease inhibitors) by gentle agitation
for 25 min at 4 °C. The cells were transferred into microcentri-
fuge tubes using cell scrapers. The lysates were cleared of nuclei
and collagen debris by centrifuging at 13,000 � g for 5 min, and
the supernatants were then transferred to new microcentrifuge
tubes. To these extracts anti-Ret51 (C20, Santa Cruz Biotech-
nology), anti-multiubiquitin (FK2, Enzo Life Sciences), anti-
Myc tag (Upstate Cell Signaling Solutions), or anti-FLAG
(Sigma) was added along with 25 �l of protein A-agarose and 50
�l of protein G-agarose (Roche Applied Sciences). After incu-
bation for 3 h at 4 °C, the immunoprecipitates were washed
three times with immunoprecipitation buffer. The complexes
were prepared for SDS-PAGE by adding 25 �l of 2� sample
buffer (125 mM Tris, pH 6.8, 20% glycerol, 10% �-mercaptoeth-
anol, 4% SDS, and 0.016% bromphenol blue) and heating the
immunoprecipitates for 6 min in a boiling water bath.

Immunoblotting—Protein samples were loaded and sepa-
rated on 4 –12% gradient gels, or on 8 and 10% gels. After SDS-
PAGE the proteins were transferred to PVDF membranes (Mil-
lipore). The blots were then blocked for 1 h with either 5% milk
or 3% BSA (both in Tris-buffered saline containing 0.1% Tween
20 (TBST)). The blots were next incubated in the primary anti-
body in 3% BSA/TBST for 2 h at room temperature or overnight
at 4 °C. The blots were washed three times and incubated in the
appropriate secondary antibody for 1 h at room temperature.
Lastly, the blots were washed and developed using an enhanced
chemiluminescent substrate (Pierce-ThermoFisher). The
antibodies for immunoblotting were as follows: anti-HA
(1:1000 dilution; HA.11 Clone 16B12, Covance), anti-actin
(1:1000 dilution; I-19, Santa Cruz Biotechnology), anti-CD2AP
(1:500 dilution; H-290, Santa Cruz), anti-Cbl-C (1:500 dilution;
Orbigen), anti-ubiquitin (1:200 dilution, U5379, Sigma), anti-
multiubiquitin (1:2000 dilution, Clone FK2, Enzo Life Sci-
ences), anti-Myc tag (1:500 dilution, Clone 9E10, Millipore),
and anti-DYKDDDDK (FLAG, 1:1000 dilution, Clone 9A3, Cell
Signaling). The migration characteristics of Ret may vary
depending upon the percentage of gel it is run on and the extent
of ubiquitination. In addition, Ret can appear as a doublet if it is
not fully processed to the mature, glycosylated form, as occurs
in some cell types (see Fig. 1). The immunoblots were stripped
and reprobed by incubating them in glycine (100 mM, pH 2.75)
twice for 15 min and neutralizing them with four washes of
TBST. The immunoprecipitation immunoblots were reprobed
with anti-Ret51 (rabbit, 1:1000 dilution), or anti-ectodomain
Ret (1:250 dilution), both of which have been reported previ-

ously (7). Immunoblots were quantified using ImageJ software
(National Institutes of Health) and graphed as the means �
range or S.E.

Live Cell Imaging—Transfected cells were imaged using a
TCS SP5 II confocal microscope in resonance scan mode (Leica
Microsystems, Inc.). Fluorescent cells were exposed to UV light
(380 nm) for 12 s to permanently photoconvert the kikume
fusion proteins from the green to the red photoisomer. The rate
of degradation of the Ret51-kikume fusion proteins within indi-
vidual cells was quantified by measuring the integrated inten-
sity of the red fluorescence over the course of 40 min at intervals
of 15 s. Images of the green and red photoisomers were
observed using 488- and 546-nm lasers, respectively, and were
viewed using the Leica Application Suite software. A resonance
scanner was used to reduce the effects of photobleaching
because of the rapid scan time (8000 Hz). The cells were main-
tained in a ZILCS environmental chamber (5% CO2 at 37 °C)
during the entire period of data acquisition (Tokai Hit). Inte-
grated intensity values from the Ret51-kikume degradation
data from multiple trials were analyzed using SigmaPlot
software.

Immunofluorescent Labeling—Transfected NIH3T3 cells
were fixed with 1% paraformaldehyde for 30 min at room tem-
perature, permeabilized with 0.2% Triton X-100, and blocked
for 1 h using the mouse on mouse blocking kit according to the
manufacturer’s instructions (Vector Labs). The cells were then
incubated with anti-FLAG (1:200 dilution) or anti-Myc (1:200
dilution) overnight at 4 °C. The cells were washed, incubated
with a fluorescent secondary antibody (anti-mouse CF633,
Biotium), washed again, and mounted with a fluorescence
mounting medium (Vectashield, Vector Labs). The cells were
imaged with a SP5 II confocal microscope in resonance scan-
ning mode (Leica Microsystems).

RESULTS

CD2AP Promotes the Cbl-3/c-dependent Ubiquitination of
Ret51—Previous experiments examining Ret degradation have
focused on neurons. To determine whether non-neuronal cell
types utilize Cbl-3/c for the ubiquitination and degradation of
Ret, differentiated podocytes from the glomeruli of kidneys
were subjected to siRNA silencing of Cbl-3/c. Podocytes under
normal, uninjured conditions express Ret at low levels, along
with the coreceptor for GDNF, GFR�1 (23). Podocytes trans-
fected with siRNA were stimulated with GDNF, or medium
alone, for 24 h to induce Ret activation and degradation. The
cells were then detergent-extracted, and Ret51 was immuno-
precipitated. Similar to sympathetic neurons (8), knockdown of
Cbl-3/c inhibited the degradation of Ret triggered by GDNF
stimulation (Fig. 1A). These data suggest that Cbl-3/c, most
likely as part of a protein complex, regulates Ret51 turnover in
multiple cell types and not just in sympathetic neurons (8).
Silencing of CD2AP in podocytes did not alter Ret51 degrada-
tion (data not shown), which is consistent with the observation
that CD2AP deficiency in podocytes leads to a compensatory
up-regulation of its paralog, CIN85 (18).

Cbl-3/c differs significantly from the two other mammalian
Cbl family members, c-Cbl and Cbl-b, allowing for the possibil-
ity that Cbl-3/c may function in Ret51 degradation as an adap-
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tor protein, rather than a bona fide E3-ligase. To determine
whether Cbl-3/c endogenously promotes the ubiquitination of
Ret51, siRNA silencing was performed on primary sympathetic
neurons derived from the superior cervical ganglion. Sympa-
thetic neurons were stimulated with GDNF, or medium alone,
to activate Ret51 and initiate its ubiquitination, as has been
shown previously (5). After 15 min of stimulation, Ret51 was

immunoprecipitated, and its extent of ubiquitination was
determined by immunoblotting the immunoprecipitates with
polyubiquitin antibodies. Knockdown of Cbl-3/c blocked
GDNF-initiated ubiquitination of Ret51 but did not appear to
alter the basal level of Ret51 ubiquitination in the absence of
GDNF (Fig. 1B). Quantification of the immunoblots confirmed
that the increase in the ubiquinated Ret51:total Ret51 ratio
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upon GDNF stimulation was inhibited when Cbl-3 expression
was reduced by siRNA (Fig. 1C). To confirm these results, this
experiment was also performed by immunoprecipitating ubiq-
uitinated proteins using polyubiquitin antibodies followed by
Ret51 immunoblotting. Similar to what was observed in Fig. 1B,
silencing of Cbl-3 reduced the amount of ubiquitinated Ret51
that was induced by GDNF stimulation (Fig. 1D). Because the
siRNA transfection did not completely silence Cbl-3/c (Fig. 1B),
it is possible that the basal level of Ret ubiquitination was due to
the remaining Cbl-3/c that was not silenced. It is also possible
that other E3 ligases such as c-Cbl and Cbl-b, both of which
are expressed in superior cervical ganglion neurons, were also
able to ubiquitinate Ret51. Taken together, Cbl-3/c was respon-
sible for a significant proportion of GDNF-initiated Ret51 ubiq-
uitination in sympathetic neurons.

As a means of performing mechanistic analyses of the Ret51
ubiquitination complex, NIH3T3 cells were used as a “blank
slate” for the expression of individual pathway constituents.
NIH3T3 cells were chosen, rather than HEK293 cells, HELA
cells, or CHO cells, because NIH3T3 cells did not express Ret9
or CD2AP and only expressed low levels of Ret51 and Cbl-3/c
(data not shown). Primary sympathetic neurons and differenti-
ated podocytes could not be used for these experiments because
they cannot be transfected at levels sufficient for biochemical
studies. When Ret51 was transiently transfected into cell lines,
it became highly autophosphorylated, even in the absence of
GFLs, which obviated the need to cotransfect GFR�s and per-
form ligand stimulations (7). It was difficult, in fact, to tran-
siently transfect Ret51 or Ret9 without inducing a high basal
level of autophosphorylation. Upon expression of Ret51 alone,
a detectible level of ubiquitination occurred (Fig. 1E). In all of
the experiments examining Ret51 ubiquitination in transfected
NIH3T3 cells, the cells were treated with proteasome and lyso-
some inhibitors to block Ret51 degradation, which made the
levels of Ret51 more consistent between conditions, thereby
allowing for a more accurate assessment of the extent of Ret51
ubiquitination. Cotransfection of Ret51 with either CD2AP or
with Cbl-3/c had no consistent effect on Ret ubiquitination
(Fig. 1E). CIN85 was expressed in these NIH3T3 cells (data not

shown), which may partially explain why overexpression of
CD2AP alone had no apparent effect. Interestingly, cotransfec-
tion of both CD2AP and Cbl-3/c with Ret51 resulted in an
increase in Ret51 ubiquitination (Fig. 1E), which was confirmed
further by quantification of the immunoblots (Fig. 1F). To con-
firm that Ret51 ubiquitination observed in NIH3T3 cells was
dependent upon Ret51 activation, cells transfected with Ret51
alone or Ret51 along with CD2AP and Cbl-3/c were exposed to
the Ret kinase inhibitors RPI-1 (Fig. 1G) and vatalanib (data not
shown) for 6 –12 h. Ret51 kinase inhibition dramatically
reduced ubiquitination in both conditions, although some basal
level of ubiquitination persisted (Fig. 1, G and H). These data
confirmed that, in transfected NIH3T3 cells, Ret51 ubiquitina-
tion is largely dependent upon its activation and autophosphor-
ylation. Taken together, these data suggested that both CD2AP
and Cbl-3/c together regulated Ret51 ubiquitination in both
neuronal and non-neuronal cells.

CD2AP Promotes the Degradation of Ret51 in a Cbl-3/c-de-
pendent Manner in Living Cells—To confirm that the ubiquiti-
nation of Ret51 observed in multiple cell types correlated with
the degradation of Ret51 in NIH3T3 cells, Ret51 turnover was
monitored using fluorescent pulse-chase labeling of Ret51. To
this end, a cDNA encoding a Ret51-kikume fusion protein was
transfected into NIH3T3 cells. Because kikume can be perma-
nently photoconverted from green to red upon exposure to
350 – 400-nm light, the half-life of Ret51-kikume fusion pro-
teins could be monitored in living cells by imaging the loss of
red fluorescence as a function of time after exposure of the cells
to UV light (Fig. 2A). Kikume was fused to the carboxyl termi-
nus of human Ret51 such that intracellular trafficking and deg-
radation kinetics could be monitored (“Experimental Proce-
dures”). Ret51-kikume, as well as wild type Ret51, when
transfected into NIH3T3 cells, was properly routed to the
plasma membrane (data not shown). Using this method, it was
determined that transfected Ret51-kikume had an average half-
life of 5.6 min (Fig. 2B). Cotransfection of Ret51-kikume with
CD2AP did not significantly accelerate the degradation of
Ret51-kikume (Fig. 2B). Coexpression of both CD2AP with
Cbl-3/c with Ret51-kikume reduced significantly the half-life of

FIGURE 1. Cbl-3 and CD2AP together promote the ubiquitination of Ret51. A, differentiated mouse podocytes were transfected with siRNA to either
Cbl-3/c, or a scrambled, nonsilencing control siRNA (indicated above blots). After 48 h the cells were then stimulated with GDNF, or medium alone, for 24 h.
Ret51 was immunoprecipitated from detergent extracts of cells subjected to these treatments, and the level of Ret degradation was determined by immuno-
blotting these immunoprecipitates with Ret51 antibodies (top panel). Cbl-3 immunoblotting (middle panel) of the supernatants displayed a reduction in Cbl-3
protein upon transfection with Cbl-3 siRNA. Actin immunoblotting of the supernatants confirmed that similar amounts of protein extracts were analyzed
(bottom panel). B, primary sympathetic neurons were subjected to siRNA silencing of Cbl-3/c, as was done in A, and were stimulated with either GDNF or
medium alone for 10 min, prior to any significant reduction in Ret51 levels. The level of Ret51 ubiquitination was determined by immunoblotting Ret51
immunoprecipitates derived from these neurons with antibodies to multiubiquitin (top panel). The amount of Ret51 in each condition was determined by
reprobing the Ret51 immunoprecipitates with Ret 51 antibodies (upper middle panel). Cbl-3 immunoblotting of the supernatants from the immunoprecipita-
tions confirmed that the transfection of siRNA targeted to Cbl-3/c reduced Cbl-3/c levels (lower middle panel), and actin immunoblotting of the supernatants
again confirmed the analysis of equal amounts of protein (bottom panel). C, duplicate experiments were quantified and graphed as the means � range. D,
sympathetic neurons were subjected to Cbl-3 silencing, as in A, and ubiquitinated proteins were immunoprecipitated using polyubiquitin antibodies and
probed with Ret51 antibodies. Actin confirmed the analysis of equal amounts of protein. E, NIH3T3 cells were transfected with CD2AP, Cbl-3/c, or CD2AP �
Cbl-3/c along with Ret51 and HA-tagged ubiquitin. After 48 h, the cells were treated with proteasome and lysosome inhibitors and then detergent-extracted
after an additional 6 –12 h. The level of Ret51 ubiquitination in each condition was ascertained by immunoblotting Ret51 immunoprecipitates derived from
these transfected cells with HA epitope tag antibodies (top panel). The level of Ret51, along with the levels of Cbl-3/c and CD2AP, were determined by
immunoblotting, as was done in the middle panels of B. Actin immunoblotting of the supernatants served as a confirmation that similar amounts of protein
were analyzed (bottom panel). F, quantifications of this experiment are shown as the means � S.E. (three experiments were quantified). The asterisk indicates
a statistically significant difference between the two conditions (p � 0.05), and N.S. indicates no significant difference. G, NIH3T3 cells were transfected with
CD2AP and Cbl-3/c, or neither, along with Ret51 and HA-tagged ubiquitin. After 48 h, the cells were treated with proteasome and lysosome inhibitors along
with the Ret kinase inhibitor RPI-1 (60 �M) and then detergent-extracted after an additional 6 –12 h. H, Ret ubiquitination was monitored as in E, and the results
were quantified. The data are presented as the means � range. The experiments in this figure were repeated two or three times with similar results. IP,
immunoprecipitation; W, Western blot.
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Ret51-kikume (t1⁄2 � 3.0 min; Fig. 2, A and B), consistent with
the increased ubiquitination of Ret51 upon expression of both
CD2AP and Cbl-3/c (Fig. 1, C and D). Interestingly, expression
of Cbl-3/c alone reduced the degradation of Ret51-kikume (Fig.
2B). This was similar to what was observed previously upon the
coexpression of Ret51 with Cbl-3/c in HEK293 cells (8). This
suggests that Cbl-3/c alone is unable to promote Ret51 degra-
dation in the absence of CD2AP and may actually inhibit deg-
radation upon overexpression by sequestering away necessary
components of the degradation process from Ret51, or by bind-
ing to Ret51 in an inactive state and reducing the association of
other proteins necessary for the degradation process. The coex-
pression of CD2AP (Myc-tagged) and Cbl-3/c (FLAG-tagged)
in the cells that expressed Ret51-kikume was confirmed by
immunolabeling these cells with Myc and FLAG antibodies,
respectively (Fig. 2C). To confirm that the loss of fluorescence
over time was not due solely to photobleaching, this experiment
was repeated with fewer time points. Rather than imaging the
cells frequently, the selected cells were only imaged twice, once
immediately after photoconversion and once more after 30
min. As before, Ret51-kikume fluorescence declined after 30
min (Fig. 2, D and E). In the presence of CD2AP and Cbl-3,
however, Ret51-kikume fluorescence was lost significantly
faster (Fig. 2, D and E), confirming that CD2AP and Cbl-3 pro-
mote Ret51 degradation rapidly in living cells.

Ret9 Is Not Ubiquitinated by the CD2AP�Cbl-3/c Complex—
Although Ret9 is not degraded as rapidly as Ret51, it is still
degraded in sympathetic neurons upon its activation (5, 6). To
determine whether the CD2AP�Cbl-3/c complex could ubiq-
uitinate Ret9, cell transfection studies were carried out. Coex-
pression of CD2AP and Cbl-3/c with Ret9 did not induce the
ubiquitination of Ret9, even though Ret51 ubiquitination was
dramatically increased by CD2AP�Cbl-3/c (Fig. 3). In fact, there
was little, if any, ubiquitination of Ret9 that could be detected in
NIH3T3 cells (Fig. 3). These data suggested that Ret9 may not
be degraded as rapidly as Ret51 because it was not a substrate
for ubiquitination by the CD2AP�Cbl-3/c complex.

Ubiquitination of Ret51 on Lys1060 and Lys1107 Is Necessary
for Degradation—Receptor tyrosine kinases are typically
monoubiquitinated on multiple lysine residues, which targets
them for internalization and intracellular trafficking to the lys-
osome for degradation (26 –28). Ret51, in contrast, is polyubiq-
uitinated and degraded predominantly by proteasomes (5). To
determine which lysine residues in Ret were ubiquitinated, site-
directed mutagenesis was performed on Ret51. Two lysines
were initially targeted for mutation to arginine: Lys1060 and

Lys1107. Lys1107 was chosen because it is in the unique carboxyl
terminus of Ret51 and may be responsible, at least in part, for
the more rapid degradation of Ret51 as compared with Ret9.
Lys1060 was similarly chosen because it is only 4 amino acids
away from the carboxyl-terminal splice site and may be recog-
nized differently between Ret9 and Ret51. Ret51, K1060R-
Ret51, K1107R-Ret51, and a K1060R/K1107R-Ret51 double
mutant were transfected into NIH3T3 cells along with CD2AP
and Cbl-3/c. As before, Ret51 was heavily ubiquitinated under
these conditions (Fig. 4A). There was only a modest decrease in
the ubiquitination of K1060R-Ret51 and K1107R-Ret51 (Fig.
4A). In stark contrast, there was a great reduction in the ubiq-
uitination of the K1060R/1107R-Ret51 double mutant in the
presence of CD2AP and Cbl-3/c (Fig. 4A). In fact, K1060R/
K1107R-Ret51 migrated at a smaller molecular mass as com-
pared with the other forms of Ret, consistent with the lack of
ubiquitin incorporation (Fig. 4A). Quantification of these
experiments indicated a 70% decrease in the relative ubiquiti-
nation of K1060R/1107R-Ret51 as compared with wild type
Ret51 (Fig. 4B). These results indicate that both Lys1060 and

FIGURE 2. CD2AP and Cbl-3/c alter Ret51 degradation in living cells. NIH3T3 cells were transfected with a Ret51-kikume fusion protein, and the presence of
this protein was monitored by live cell, resonance scanning confocal microscopy. At t � 0, the kikume protein was photoconverted from green to red by
exposure to 380-nm light, and z-stack images were taken every 15 s. In A, a typical time course of the loss of Ret51-kikume fluorescence from the cell is shown
in cells transfected with Ret51-kikume alone and Ret51-kikume along with CD2AP and Cbl-3/c. This imaging method was applied to cells expressing Ret51-
kikume alone, Ret51-kikume along with CD2AP, Cbl-3/c, or both CD2AP and Cbl-3/c. B, relative fluorescence intensity was measured from 12–15 cells from
three to five independent transfections and graphed as the means � S.E. (data points were only shown for each minute). Cells expressing CD2AP and Cbl-3/c
(red triangles) displayed a significant increase in the rate of Ret51 degradation. Asterisks below the trace indicate a statistically significant difference (p � 0.05)
as compared with Ret alone (black circles). Cells expressing Cbl-3/c (blue triangles) had a significantly slower rate of Ret51-kikume degradation, and expression
of CD2AP was not significantly different from Ret51-kikume alone (green and black circles, respectively). C, to confirm the coexpresssion of all three proteins in
these experiments, NIH3T3 cells were transfected with Ret51-kikume or Ret51-kikume along with CD2AP (Myc-tagged) and Cbl-3 (FLAG-tagged) and then fixed
and immunolabeled with antibodies to Myc or FLAG (red). Because anti-Myc and anti-FLAG were both mouse monoclonal antibodies, triple labeling could not
be performed. D, the cells were transfected with either Ret51-kikume alone or Ret51-kikume with CD2AP and Cbl-3. At t � 0, the cells were photoconverted but
only imaged twice, once immediately following photoconversion and once after 30 min. E, the data from multiple cells of each condition were quantified. The
relative fluorescence of Ret51-kikume was significantly lower (p � 0.05) in the presence of CD2AP and Cbl-3.

FIGURE 3. CD2AP and Cbl-3 are not regulators of Ret9 ubiquitination.
NIH3T3 cells were transfected with either Ret51 or Ret9, along CD2AP and
Cbl-3/c (indicated as �) or with neither (indicated as �). All conditions were
also transfected with HA-ubiquitin. The extent of Ret9 and Ret51 ubiquitina-
tion was ascertained as in Fig. 1E (top panel). Immunoblotting with antibodies
to the shared extracellular domain of Ret was performed on the immunopre-
cipitates to confirm that similar amounts of Ret51 and Ret9 were expressed
(middle panel). Proteasome and lysosome inhibitors were applied to the cells
6 –12 h before detergent extraction to stabilize the amount of Ret in each
condition, as was done in Fig. 1E. Actin Westerns of the supernatants indi-
cated that there were equal amounts of protein in each sample (bottom
panel). The expression of CD2AP and Cbl-3/c were confirmed by Myc and
FLAG immunoblotting, respectively, of the supernatants. This experiment
was repeated four times with similar results. IP, immunoprecipitation; W,
Western blot.
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Lys1107 are ubiquitinated in Ret51 and that these two lysines
account for the majority of Ret51 ubiquitination by CD2AP and
Cbl-3/c.

To determine whether Lys1060 and Lys1107 together were
required for the degradation of Ret51 triggered by CD2AP and
Cbl-3/c, the degradation of the K1060R/1107R-Ret51 mutant
was compared with Ret51. NIH3T3 cells were transfected with
either Ret51, or K1060R/K1107R-Ret51, in the presence of
CD2AP and Cbl-3/c. After 48 h, the cells were treated with
cycloheximide to stop any further protein synthesis and were
not treated with the proteasome and lysosome inhibitors that
were used in the ubiquitination experiments. The degradation
of Ret51 was then monitored by Ret51 immunoprecipitation
followed by Ret immunoblotting. As seen before, Ret51 was
degraded rapidly, with most Ret51 being lost after 10 h of cyclo-
heximide exposure (Fig. 4C). It was noted that K1060R/1107R-
Ret51 was not initially expressed as highly as was Ret51 was in
NIH3T3 cells, even though equivalent amounts of plasmid were
used in each transfection (Fig. 4C). Nevertheless, K1060R/
1107R-Ret51 was not significantly degraded over this same
10-h period of cycloheximide exposure (Fig. 4C), indicating
that ubiquitination on these two lysines was responsible for
targeting Ret51 for degradation. There was still some degrada-
tion of K1060R/1107R-Ret51 that occurred over longer time
periods (data not shown), suggesting that either additional
lysines can be ubiquitinated in Ret51 or that other mechanisms
exist for Ret51 degradation.

The Ring Finger and TKB Domains of Cbl-3/c Are Required
for Ret51 Ubiquitination—To determine which portions of
Cbl-3/c were required for Ret51 ubiquitination, a series of point
mutants of Cbl-3/c were expressed in NIH3T3 cells along with
CD2AP and Ret51. Interestingly, a point mutation in the TKB
domain that significantly impairs its ability to bind to tyrosine-
phosphorylated proteins (G276E-Cbl-3/c) almost completely
eliminated the ubiquitination of Ret51, as compared with wild
type Cbl-3/c (Fig. 5, A and B). Three different ring finger muta-
tions in Cbl-3/c were examined that reduce E3 ligase activity,
C351A-Cbl-3/c, R390Q-Cbl-3/c, and W378A-Cbl-3/c. Two of
these mutants, C351A-Cbl-3/c and R390Q-Cbl-3/c, were sig-
nificantly impaired in their ability to ubiquitinate Ret51 (Fig. 5,
A and B). W378A-Cbl-3/c was not significantly impaired,
which may be related to the previous observation that although
this mutation does significantly reduce E3-ligase activity in
c-Cbl, it is considered a structurally less disruptive mutation
than other ring finger mutations (29, 30). Consistent with these
ring finger point mutants, a truncated version of Cbl-3/c that
removes the ring finger entirely, leaving only the TKB domain,
had no ubiquitination activity toward Ret51 (Fig. 5, A and B). As
expected, these results suggested that Cbl-3 directly ubiquiti-
nated Ret51 and that it did not act as an adaptor to recruit
another E3 ligase to ubiquitinate Ret51. Lastly, a highly con-
served tyrosine in Cbl-3/c, Tyr341, was mutated and examined
for its requirement for Cbl-3/c to ubiquitinate Ret51. Surpris-
ingly, the Y341F-Cbl-3/c mutant was fully capable of ubiquiti-
nating Ret51 (Fig. 5, A and B), even though this mutation
reduces E3-ligase activity in Cbl-3/c in cell free systems (21).
These results were confirmed by quantification of the immu-
noblots (Fig. 5B). In NIH3T3 cells, we observed a basal level of

FIGURE 4. The major ubiquitination sites in Ret51 are lysines 1060 and 1107.
A, NIH3T3 cells were transfected with CD2AP, Cbl-3, HA-ubiquitin, and either
Ret51, Ret51-K1060R, Ret51-K1107R, or Ret51-K1060R/K1107R (indicated as
KKRR). The amount of Ret51 ubiquitination was then ascertained as in Fig. 1E,
including the use of proteasome and lysosome inhibitors to stop Ret51 degrada-
tion. Ret51 reprobing of the immunoprecipitates (middle panel), along with actin
immunoblotting of the supernatants (bottom panel), were used to confirm that a
similar amount of Ret51 and total protein were analyzed in each condition. B, the
results in A were quantified as in Fig. 1F. The asterisk indicates a significant differ-
ence, p � 0.05. C, NIH3T3 cells were transfected with either Ret51-KKRR or Ret51,
along with CD2AP and Cbl-3. After 48 h, the cells were given cycloheximide (1�M)
for 1, 5, or 10 h. The level of Ret51 in each condition was ascertained by immuno-
precipitation of Ret51 followed by immunoblotting with Ret51 antibodies. Actin
Westerns of the supernatants again confirmed the analysis of similar amounts of
protein. Cycloheximide treatment inhibits protein synthesis and any further
Ret51 production, thereby allowing the rate at which Ret51 is degraded to be
determined. These experiments were repeated three times with similar results. IP,
immunoprecipitation; W, Western blot.
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E3 ligase activity toward Ret without transfected Cbl-3/c (Fig. 1,
E and F). This basal level of ubiquitination appeared to be
diminished by the G276E and TKB only Cbl-3/c mutants (Fig. 5,
A and B), raising the interesting possibility that these mutants
may function in a dominant inhibitory manner.

To determine whether any of these Cbl-3/c mutations that
reduced Ret51 ubiquitination were due to the loss of associa-
tion between them and Ret51, coimmunoprecipitation studies
were performed. Interestingly, all of the Cbl-3/c point mutants
associated with Ret51 at levels similar to native Cbl-3/c (Fig.

FIGURE 5. Cbl-3/c-mediated ubiquitination of Ret51 requires both its ring finger and TKB domains. Cbl-3/c mutants were transfected into NIH3T3 cells
along with CD2AP, Ret51, and HA-ubiquitin. These inactivating mutations included three point mutations in the ring finger domain of the E3 ligase (C351A,
R390Q, and W378A) as well as a deletion of the entire ring finger (TKB only), a mutation of the phosphotyrosine-binding domain of the TKB region (G276E) and
a Y341F mutant that eliminates a phosphorylation site that is conserved among Cbl family members. Wild type Cbl-3/c was also included as a positive control
(each variant is indicated above the top panel). A, the extent of Ret51 ubiquitination was evaluated as was done in Fig. 1E and displayed. B, three representative
experiments were quantified and graphed as the means � S.E. Asterisks indicated a statistically significant difference (p � 0.05) between the indicated
condition and wild type Cbl-3 (WT). C, identical transfections and inhibitor treatments were performed as in A. The cell extracts were subjected to FLAG
immunoprecipitation to isolate the transfected Cbl-3 proteins that were all FLAG-tagged. These immunoprecipitations were then immunoblotted with Ret51
antibodies followed by Cbl-3 antibodies. Although the TKB domain of Cbl-3 has a smaller relative molecular mass, it is displayed in the panel along with the
other Cbl-3/c mutants (box). Actin was used as a loading control. D, as a control for the specificity of the immunoprecipitations, cells were transfected with Ret
and CD2AP in the presence or absence of FLAG-Cbl-3/c. FLAG immunoprecipitations and subsequent immunoblot analysis were performed as in C. E, primary
sympathetic neurons were exposed to PP2, PP3, or vehicle alone (DMSO) for 1 h prior to GDNF stimulation for 10 min (indicated above blots). Ret51 was
immunoprecipitated and then analyzed with polyubiquitin immunoblotting, as was done in Fig. 1B. Phospho-Src immunoblotting of the supernatants (third
panel) confirmed inhibition of Src with PP2. The experiments shown in this figure were performed two or three times with similar results. IP, immunoprecipi-
tation; W, Western blot.
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5C). The specificity of the coimmunoprecipitations was con-
firmed by performing FLAG-Cbl-3/c immunoprecipitations in
the absence of transfected Cbl-3/c (Fig. 5D). In this case, Ret51
was not coimmunoprecipitated in the absence of Cbl-3/c.
Taken together, these results suggested that the G276E muta-
tion in the TKB domain, and the ring finger mutations, did not
impair the ability of Cbl-3/c to ubiquitinate Ret51 because of
the loss of physical association with Ret51. Furthermore, these
results indicated that both the ring finger and TKB domains of
Cbl-3/c were critically important for the CD2AP-enhanced
ubiquitination of Ret51.

Because Tyr341 in Cbl-3/c is phosphorylated by Src, we tested
whether inhibition of Src altered the ubiquitination of Ret51.
Primary sympathetic neurons were subjected to Src inhibition
using the selective inhibitor PP2, or the inactive, structurally
related compound PP3 as a negative control, followed by stim-
ulation with GDNF or medium alone. Ret51 was then immuno-
precipitated, and the level of ubiquitination was analyzed by
polyubiquitin immunoblotting. Inhibition of Src with PP2 did
not alter Ret51 ubiquitination, and the level of Ret51 ubiquiti-
nation was similar to that observed in the presence of PP3 or the
vehicle alone (Fig. 5E). Thus, Src activation was not necessary
for GDNF-mediated Ret51 ubiquitination in sympathetic
neurons.

The SH3 Domains of CD2AP Are Sufficient for Mediating
Cbl-3/c-dependent Ubiquitination of Ret51—To identify the
regions of CD2AP that augment the ubiquitination of Ret51 by
Cbl-3/c, we transfected two truncated versions of CD2AP into
the Ret51 ubiquitination assay system: CD2AP encoding amino
acids 1–328 and the carboxyl-terminal 561– 681 amino acids of
CD2AP. The amino-terminal 328 residues of CD2AP encom-
pass the three SH3 domains of CD2AP (SH3-CD2AP), whereas
the carboxyl-terminal 561– 681 residues of CD2AP contain
only the coiled-coil domain of CD2AP (CC-CD2AP). Interest-
ingly, the SH3 domains of CD2AP were sufficient to enhance
Ret51 ubiquitination, but the coiled-coil domain of CD2AP on
its own had very little activity in this assay (Fig. 6A). Quantifi-
cation of the immunoblots determined that the CC-CD2AP
construct was significantly impaired in its ability to trigger
Ret51 ubiquitination, in contrast to SH3-CD2AP that was not
significantly altered (Fig. 6B). The apparently high basal level of
Ret ubiquitination in the “no CD2AP” condition reflected a
high level of total Ret in this particular condition as compared
with the others (Fig. 6A). These observations suggested that
CD2AP associated with the Ret51 complex via the amino-ter-
minal SH3 domains, thereby activating Cbl-3/c that also asso-
ciates with Ret51. To test this possibility, the CD2AP trunca-
tions, or full-length CD2AP, were cotransfected into NIH3T3
cells along with Ret51 and Cbl-3/c. CD2AP was then immuno-
precipitated and analyzed for its association with Ret51 by
immunoblotting these immunoprecipitates with Ret51 anti-
bodies. Consistent with the Ret51 ubiquitination results, SH3-
CD2AP and full-length CD2AP associated with Ret51, but
CC-CD2AP did not (Fig. 6C). These results indicated that the
SH3 domains of CD2AP associated with the Ret51 complex,
which is similar to how CD2AP interacts with many signaling
proteins, such as c-Cbl (14). Taken together, these results dem-
onstrated that the SH3 domains of CD2AP were sufficient for

its association with the Ret51 complex and were sufficient to
enhance the ubiquitination of Ret51 by Cbl-3. In contrast, the
carboxyl-terminal coiled-coil domain of CD2AP was neither
necessary nor sufficient for Ret51 ubiquitination.

To determine whether CD2AP or Cbl-3/c are targeted for
degradation along with Ret51, CD2AP and Cbl-3 were trans-
fected into NIH3T3 cells along with Ret51 or a kinase-dead
mutant of Ret51. After 24 h, the cells were then detergent-
extracted, and the levels of CD2AP and Cbl-3/c were deter-
mined. Interestingly, CD2AP levels were reduced when coex-
pressed with Ret51 but not when coexpressed with kinase-dead
Ret51 (Fig. 6D). Cbl-3 levels were unchanged, and the expres-
sion of Cbl-3 did not alter CD2AP levels (Fig. 6D). These data
suggest that Ret kinase activity promotes the degradation of
CD2AP, but not Cbl-3, along with itself.

DISCUSSION

In the results presented here, we have demonstrated that
Cbl-3/c was required for the ubiquitination and degradation of
Ret51 in both sympathetic neurons and differentiated podo-
cytes. Cbl-3/c alone did not efficiently ubiquitinate Ret51, and it
required the adaptor protein CD2AP for maximal ubiquitina-
tion and degradation. One of the most significant observations
is that there are only two predominant ubiquitination sites in
Ret51, Lys1060 and Lys1107. The ubiquitination of a Ret51
K1060R/K1107R double mutant by Cbl-3/c is markedly
reduced, and this mutant has a much greater half-life. Impor-
tantly, CD2AP is also degraded during Ret degradation, reveal-
ing a potential negative feedback loop that could serve to limit
the extent to which GFL activation of Ret induces its
degradation.

The ring finger domain and the phosphotyrosine binding
capacity of the TKB domain of Cbl-3/c were required for Ret51
ubiquitination, as well as the SH3 domains of CD2AP. The
association of Cbl-3/c to Ret51 is not phosphorylation-depen-
dent (8), and yet the phosphotyrosine binding function of the
TKB domain was required. These data suggest that another
tyrosine-phosphorylated protein must associate with Cbl-3
via the TKB domain, possibly CD2AP itself. The requirement of
the SH3 domains of CD2AP for Ret51 ubiquitination, however,
raises the possibility that CD2AP may associate with the proline
rich region of Cbl-3/c. This is unlikely, however, given that
CD2AP and CIN85 interact with the extreme carboxyl termini
of c-Cbl and Cbl-b, which does not exist in Cbl-3/c (14, 31). In
fact, CIN85 does not interact with Cbl-3/c, although CD2AP
does (8, 32), suggesting that perhaps other proteins may be
involved in this interaction. It is not certain, however, why
CD2AP is necessary for the efficient Cbl-3/c ubiquitination of
Ret51. In cell-free systems, the amino-terminal TKB domain of
Cbl-3/c negatively regulates its E3 ligase activity (21), providing
the possibility that CD2AP may act to relieve this intramolecu-
lar inhibition. Alternatively, CD2AP may enhance the associa-
tion of the loaded E2 to Cbl-3/c or enhance the release of the
unloaded E2 (21).

In Cbl-3/c, Tyr341 phosphorylation enhances its E3 ligase
activity, and mutation of this residue reduces Cbl-mediated
ubiquitination of substrates (33–35). Interestingly, Src phos-
phorylates Tyr341 of Cbl-3/c, thereby fully activating it (21, 25).
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Surprisingly, in the results reported here, the Y341F mutation
of Cbl-3/c did not reduce its ability to ubiquitinate Ret51. In our
NIH3T3 expression, an E2 ligase was not cotransfected with
Ret51, Cbl-3, and CD2AP, which could potentially make the E2
levels limiting. Src-mediated phosphorylation of Cbl-3 on
Tyr341 only occurs under conditions in which E2 levels are
greater than E3 and are not limiting to the reaction (21). It is
therefore possible that in the experiments presented here, the
E2 ligase levels were limiting, thereby reducing the need for Src

phosphorylation of Cbl-3/c. Alternatively, CD2AP may act to
enhance Cbl-3/c-mediated ubiquitination of Ret51 by inducing
Cbl-3/c activation in the absence of Src phosphorylation.
Although Src associates with autophosphorylated Tyr981 of Ret
and is activated upon this association (36), Src activation was
not necessary for the GDNF-induced ubiquitination of Ret51 in
sympathetic neurons (Fig. 5). GFL-mediated Src activation,
however, is necessary for the survival-promoting effects of Ret
activation (36, 37). It is possible that Src-mediated activation

FIGURE 6. The SH3 domains of CD2AP are sufficient for Ret association and Cbl-3-mediated ubiquitination. A, cells were transfected with full-length
CD2AP, with the amino-terminal three SH3 domains of CD2AP (1–328 amino acids, SH3-CD2AP) or the carboxyl-terminal 120 amino acids that encodes the
coiled-coil domain of CD2AP (561– 681, CC-CD2AP). All of the cells were also cotransfected with Cbl-3, Ret51, and HA-ubiquitin. Ret ubiquitination was
ascertained as in Fig. 1E. Supernatants from the first Ret immunoprecipitation were subsequently immunoprecipitated using anti-Myc and probed for Myc to
confirm similar expression of the CD2AP variants. Asterisks on the right side of the Myc-CD2AP blot indicate the position of full-length CD2AP and the two
truncations of CD2AP. B, the experiments in A were quantified and graphed as the means � S.E. (n � 4). The asterisk indicates a significant difference between
the WT CD2AP and CC-CD2AP conditions, p � 0.05. C, NIH3T3 cells were transfected with the same plasmids as in A. The cells were then subjected to Myc
(CD2AP) immunoprecipitation followed by immunoblotting for Ret51. Myc immunoblotting of the immunoprecipitation supernatants confirmed the expres-
sion of the CD2AP variants (middle panels). The relative molecular masses of CD2AP, SH3-CD2AP, and CC-CD2AP are indicated with asterisks as in A (79 –90,
45–55, and 10 –15 kDa, respectively). Actin served as a loading control. D, NIH3T3 cells were transfected with Ret51 (WT) or kinase inactive Ret51 (KD) along with
CD2AP, with or without Cbl-3. After 24 h, detergent extracts were produced from the transfected cells, and these extracts were immunoblotted with antibodies
to CD2AP (Myc), Cbl-3, or actin as a loading control. The cells were not treated with protease inhibitors such that differences in protein degradation could be
observed. The experiments in this figure were performed two or three times with similar results. IP, immunoprecipitation; W, Western blot.
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of Cbl-3 is substrate-dependent or context-dependent, provid-
ing an additional mechanism for the regulation of receptor
degradation.

There were only two predominant ubiquitination lysines in
Ret51, Lys1060 and Lys1107, and mutation of both Lys1060 and
Lys1107 in Ret51 almost completely eliminated its autophos-
phorylation-dependent degradation. The observation that two
lysines account for the majority of Ret51 ubiquitination is con-
sistent with the fact that Ret51 is polyubiquitinated, rather than
being heavily monoubiquitinated on multiple lysines, as is the
case for many receptor tyrosine kinases. In neurons, for exam-
ple, Ret51 activation induces a shift in its relative molecular
mass by as much as 100 kDa, suggesting that Lys1060 and Lys1107

must be polyubiquitinated (5). Surprisingly, the other isoform
of Ret, Ret9, was not ubiquitinated by the CD2AP�Cbl-3/c com-
plex, even though Cbl-3/c and CD2AP can associate with Ret9
in transfected HEK293 cells (8). These data suggest that per-
haps Cbl-3/c and CD2AP do not normally associate with Ret9
under physiologic, nonoverexpressed conditions or that the
association of this complex with Ret9 is not sufficient to trigger
its ubiquitination. Interestingly, the observation that the CD2AP�
Cbl-3/c complex predominantly ubiquitinates Lys1060 and
Lys1107 suggests an explanation for the lack of Ret9 ubiquitina-
tion by the CD2AP�Cbl-3/c complex: Lys1107 does not exist in
Ret9, and the surrounding amino acid context of Lys1060 is dif-
ferent in Ret51 than in Ret9. Identification of the degradation
pathway of Ret9 awaits further analysis but is likely to aid in our
understanding of the molecular basis for the dramatic differ-
ences between the turnover and signaling capacities of these
two Ret isoforms, which often vary among different types of
cells. It was recently reported that Ret9 and Ret51 undergo dif-
ferential intracellular trafficking and that Ret51 can undergo
recycling back to the plasma membrane after its activation with
GDNF (38). This alternative trafficking pathway for Ret51 con-
tributes to a slower rate of Ret51 degradation in primary enteric
neurons and cultured SH-SY5Y cells (38). These data suggest
that the remarkable differences between the mechanisms of Ret
trafficking and degradation in different types of neurons likely
accounts for the cell type-specific functions of the GFLs. One
possible mechanism to explain this diversity is if the degrada-
tion of CD2AP that was induced by activated Ret51 (Fig. 6D) is
dependent upon cell type or subcellular localization. Thus, Ret
activation and ubiquitination that triggers subsequent CD2AP
degradation would likely alter the intracellular trafficking of
ubiquitinated Ret51 or the overall kinetics of Ret51 degrada-
tion. The recent observation that variants of CD2AP are asso-
ciated with late onset Alzheimer disease suggests that
CD2AP-regulated protein turnover may be central to neuro-
nal homeostasis (39, 40), and further characterization of the
molecular mechanisms of CD2AP-mediated protein ubiq-
uitination may underscore the importance of these pathways
in neuronal maintenance and neurodegeneration.
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