MOLECULAR AND CELLULAR BIOLOGY, June 2002, p. 3599-3609
0270-7306/02/$04.00+0 DOI: 10.1128/MCB.22.11.3599-3609.2002

Vol. 22, No. 11

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

APS Facilitates c-Cbl Tyrosine Phosphorylation and GLUT4
Translocation in Response to Insulin in 3T3-L1 Adipocytes

Jun Liu, Akiko Kimura, Christian A. Baumann,f and Alan R. Saltiel*

Department of Internal Medicine and Physiology, Life Science Institute, University of Michigan Medical Center,
Ann Arbor, Michigan 48109

Received 23 October 2001/Returned for modification 7 February 2002/Accepted 25 February 2002

APS is a Cbl-binding protein that is tyrosine phosphorylated by the insulin receptor kinase. Insulin-
stimulated phosphorylation of tyrosine 618 in APS is necessary for its association with c-Cbl and the subse-
quent tyrosine phosphorylation of Cbl by the insulin receptor in both 3T3-L1 adipocytes and CHO-IR cells.
When overexpressed in these cells, wild-type APS but not an APS/Y*'*F mutant facilitated the tyrosine
phosphorylation of coexpressed Cbl and its association with Crk upon insulin stimulation. APS-facilitated
phosphorylation occurred on tyrosines 371, 700, and 774 in the Cbl protein. APS also interacted directly with
the c-Cbl-associated protein (CAP) and colocalized with the protein in cells. The association was dependent on
the SH3 domains of CAP and was independent of insulin treatment. Overexpression of the APS/Y®*'®F mutant
in 3T3-L1 adipocytes blocked the insulin-stimulated tyrosine phosphorylation of endogenous Cbl and binding
to Crk. Moreover, the translocation of GLUT4 from intracellular vesicles to the plasma membrane was also
inhibited by overexpression of the APS/Y®'*F mutant. These data suggest that APS serves as an adapter protein
linking the CAP/Cbl pathway to the insulin receptor and, further, that APS-facilitated Cbl tyrosine phosphor-
ylation catalyzed by the insulin receptor is a crucial event in the stimulation of glucose transport by insulin.

c-Cbl is the cellular homolog of the transforming v-Cbl on-
cogene (4, 17). Cbl contains numerous tyrosine residues, which
could serve as docking sites for multiple SH2-containing sig-
naling molecules upon phosphorylation. Cbl consists of an
N-terminal variant SH2 domain, a Ring finger domain, multi-
ple proline-rich stretches, several potential tyrosine phosphor-
ylation sites, and a conserved ubiquitin-associated domain. Cbl
is tyrosine phosphorylated in response to epidermal growth
factor (EGF), platelet-derived growth factor (PDGF), various
antigens, integrins, and cytokines (21, 41). Src family kinases
may catalyze c-Cbl tyrosine phosphorylation in the antigen and
integrin signaling pathways (26, 30, 40), and the EGF and
PDGTF receptors appear to phosphorylate c-Cbl directly upon
ligand binding (5, 9). Tyrosine-phosphorylated Cbl can bind
the SH2 domains of the non-receptor tyrosine kinases Fyn and
Syk, the p85 subunit of phosphatidylinositol (PI) 3-kinase, and
the adapter protein Crk (2, 7, 8, 22, 36). c-Cbl contains an
E2-dependent ubiquitin ligase activity and can function as a
negative regulator of tyrosine kinase signaling (13, 14, 18, 24,
43). However, there is increasing evidence that c-Cbl can also
serve a positive role. For example, the protein enhances pro-
liferation and survival through PI 3-kinase-dependent path-
ways after cytokine simulation (11, 42) and enhances mitogen-
activated protein (MAP) kinase activation in response to
stimulation of the Met receptor (10).

We previously showed that insulin stimulates the tyrosine
phosphorylation of Cbl in 3T3-L1 adipocytes, inducing its as-
sociation with Crk (36). The phosphorylation of Cbl in re-
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sponse to insulin correlates with expression of the Cbl-associ-
ated protein (CAP). CAP contains three SH3 domains in its C
terminus and a region of homology to the gut peptide sorbin
(SoHo domain) in its N terminus. CAP interacts with Cbl via
its C-terminal SH3 domain (15, 35). Upon Cbl phosphoryla-
tion, the CAP/Cbl complex migrates to caveolin-enriched lipid
rafts, due to the interaction of the SoHo domain on CAP with
the lipid raft-associated protein flotillin (3, 15). This leads to
the recruitment of the Crk/C3G complex to this microdomain
of the plasma membrane, where C3G, a guanyl nucleotide
exchange factor, activates the small G protein TC10 (6). Both
translocation of the CAP/Cbl complex and activation of TC10
have been shown to occur independently of the PI 3-kinase
pathway and, more importantly, to be crucial to insulin-stim-
ulated GLUT4 translocation (3, 6).

In 3T3-L1 adipocytes, overexpression of a CAP mutant in
which either the SH3 domains or the SoHo domain have been
deleted inhibited insulin-stimulated recruitment of Cbl to lipid
rafts and subsequently blocked the translocation of GLUT4 in
response to insulin (3, 15). However, it remained unclear
whether CAP directly targeted Cbl to insulin receptor for
phosphorylation or if a separate protein existed to serve this
function. One such candidate is an adapter protein containing
PH and SH2 domains, called APS. APS is a member of the Lnk
family of adapter proteins that is highly expressed in insulin-
responsive tissues such as fat, skeletal muscle, and heart (28).
Recently APS was identified as a substrate for the PDGF and
insulin receptors, both of which catalyze the tyrosine phos-
phorylation of APS at a C-terminal phosphorylation site (28,
45). Ectopic expression of APS in Chinese hamster ovary
(CHO) cells overexpressing insulin receptor led to concomi-
tant ubiquitination of the insulin receptor, possibly through
recruitment of Cbl (1). However, the function of APS in cells
metabolically responsive to insulin has not been evaluated.
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We report here that APS is necessary for the insulin-stimu-
lated tyrosine phosphorylation of Cbl and its subsequent asso-
ciation with Crk in differentiated adipocytes. We also demon-
strate that APS specifically interacts and colocalizes with CAP
in an insulin-independent manner. Moreover, APS-facilitated
Cbl phosphorylation is crucial for the translocation of GLUT4
in response to insulin. Thus, APS is an essential component of
the CAP/Cbl pathway in the control of insulin-stimulated glu-
cose transport.

MATERIALS AND METHODS

Antibodies. The antibodies to hemagglutinin (HA) (F-7), Myc (9E10), c-Cbl
(C-15), phospho-ERK, and p85 subunit of PI 3-kinase were purchased from
Santa Cruz, Inc. The FLAG (M2) monoclonal antibody was obtained from
Stratagene. The antiphosphotyrosine monoclonal antibody (4G10) was from
Upstate Biotechnology, Inc. The Crk monoclonal antibody was purchased from
Transduction Laboratories. Horseradish peroxidase-linked secondary antibodies
were from Pierce Chemical Co. The Alexa Fluor secondary antibodies were from
Molecular Probes.

Plasmids and mutag The Myc-APS construct was kindly provided by
David Ginty (32). c-Cbl full-length ¢cDNA was derived from pSX-HA-Cbl by
PCR. Triple-HA-tagged Cbl was constructed by placing c-Cbl cDNA in frame in
the BamHI site of pKH3 vector. FLAG- and glutathione S-transferase (GST)-
tagged CAP constructs were made as described previously (3, 15, 35). All mu-
tated forms of APS and Cbl were generated by using the Stratagene Quick
Change mutagenesis kit, according to the manufacturer’s protocol. The muta-
tions were confirmed by automated DNA sequencing.

Cell culture and transfection. CHO-IR cells were maintained in a-minimal
essential medium containing 10% fetal bovine serum. COS-1 cells were grown in
Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum.
3T3-L1 fibroblasts were maintained in DMEM supplemented with 10% calf
serum, 100 U of penicillin G sodium per ml, and 100 pg of streptomycin sulfate
per ml. Differentiation to adipocytes was induced as previously described (37).
The cells were then cultured in DMEM containing 10% fetal bovine serum.
Before insulin treatment, CHO-IR cells were serum deprived for 3 h in F-12
Ham’s medium. 3T3-L1 adipocytes were routinely serum starved for 3 h in
low-glucose DMEM. Both CHO-IR cells and 3T3-L1 adipocytes were trans-
fected by electroporation as described previously (3, 27). COS-1 cells in 60-mm-
diameter dishes were transfected by using FuGene 6 reagent (Roche Diagnos-
tics) as described previously (20).

Immunoprecipitation and immunoblotting. Cells in 60-mm-diameter dishes
were washed twice with ice-cold phosphate-buffered saline and were lysed for 30
min at 4°C with buffer containing 50 mM Tris-HCI (pH 8.0), 135 mM NaCl, 1%
Triton X-100, 1.0 mM EDTA, 1.0 mM sodium pyrophosphate, 1.0 mM sodium
orthovanadate, 10 mM NaF, and protease inhibitors (one tablet per 7 ml of
buffer) (Roche Diagnostics). The clarified lysates were incubated with the indi-
cated antibodies for 1 h at 4°C. The immune complexes were precipitated with
protein A/G agarose (Santa Cruz, Inc.) for 1 h at 4°C and were washed exten-
sively with lysis buffer before solubilization in sodium dodecyl sulfate (SDS)
sample buffer. For anti-Cbl immunoprecipitation, Cbl antibody conjugated on
agarose beads was incubated with lysates for 2 h to overnight at 4°C. Bound
proteins were resolved by SDS-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes. Individual proteins were detected with the
specific antibodies and visualized by blotting with horseradish peroxidase-conju-
gated secondary antibodies.

In vitro pull-down assays. GST fusion proteins containing all or individual
SH3 domains of CAP were expressed in Escherichia coli strain BL21 and purified
as described previously (20). COS-1 cells were transfected with Myc-APS con-
struct, and whole-cell lysates were prepared as described above for immunopre-
cipitation. Cell lysates were incubated either with GST alone or with GST-CAP
variants immobilized on glutathione-Sepharose beads (Amersham Pharmacia)
for 1.5 h at 4°C. The beads were washed extensively with lysis buffer, and the
bound proteins were analyzed by SDS-polyacrylamide gel electrophoresis prior
to Coomassie blue staining and immunoblotting.

Fluorescence microscopy. Electroporated 3T3-L1 adipocytes were grown on
glass coverslips in six-well dishes. After insulin treatment, cells were fixed with
10% formalin for 15 min, permeabilized with 0.5% Triton X-100 for 5 min, and
then blocked with 1% bovine serum albumin and 1% ovalbumin for 1 h. Primary
and Alexa Fluor secondary antibodies were used at 2 pug/pl in blocking solution,
and samples were mounted on glass slides with Vectashield (Vector Laborato-
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FIG. 1. Phosphorylation of tyrosine 618 in APS is required for its
association with Cbl in response to insulin. 3T3-L1 adipocytes were
cotransfected with HA-Cbl and a Myc-tagged wild-type APS (APS/
WT) or Y*'®F mutant APS (APS/YF). After treatment with or without
100 nM insulin for 2 min, cells were lysed and immunoprecipitation
(i.p.) was performed using an anti-Myc antibody. Myc-APS and insulin
receptor (IR) were detected in the immunoprecipitates by immuno-
blotting with antiphosphotyrosine, anti-Myc, and anti-insulin receptor
B chain antibodies (upper panels). HA-Cbl was detected by anti-HA
immunoblotting in both immunoprecipitates and cell lysates. Phos-
phorylated ERK was detected in cell lysates by immunoblotting with
an anti-phospho-ERK antibody (lower panels).

ries). Cells were imaged using confocal fluorescence microscopy. Fluorescence
intensities were quantitated by using the Olympus Fluoview software. Images
were then imported into Photoshop (Adobe Systems, Inc.) for processing.

RESULTS

Phosphorylation of APS by insulin is necessary for its as-
sociation with Cbl in differentiated adipocytes. APS is an SH2
and PH domain-containing protein closely related to Lnk and
SH2-B. It was recently reported that APS couples c-Cbl to the
insulin receptor upon insulin binding (1). To evaluate the role
of the tyrosine phosphorylation of APS in its association with
Cbl, we transiently expressed HA-tagged c-Cbl in 3T3-L1 adi-
pocytes together with a Myc-tagged wild-type APS or mutant
form of APS in which tyrosine 618 was mutated to phenylala-
nine (APS/Y®'®F). Lysates were prepared from cells treated
with or without insulin, and immunoprecipitation was per-
formed with anti-Myc antibodies (Fig. 1). Anti-Myc immuno-
blotting of the immunoprecipitates indicated that the same
amount of Myc-APS was precipitated under all conditions.
Insulin stimulated the rapid tyrosine phosphorylation of Myc-
tagged wild-type APS, as demonstrated by antiphosphoty-
rosine immunoblotting. Mutation of Y°'# to F completely abol-
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ished the tyrosine phosphorylation of Myc-APS in response to
insulin (Fig. 1). This result is in agreement with the previously
reported finding that Y°'® is the only site in APS that is ty-
rosine phosphorylated in response to insulin (28). Insulin stim-
ulated the association of its receptor with both forms of Myc-
APS. However, HA-Cbl associated only with wild-type APS
and not with the Y®'®F mutant (Fig. 1). Immunoblotting of cell
lysates showed that an equivalent amount of HA-Cbl was pre-
cipitated in all samples (Fig. 1). Moreover, overexpression of
either form of APS did not affect the activation of the MAP
kinase pathway in response to insulin, as revealed by anti-
phosphorylated-ERK immunoblotting. Therefore, insulin-
stimulated phosphorylation of Y®'® in APS is responsible for
the binding of Cbl.

Association with APS facilitates insulin-stimulated tyrosine
phosphorylation of Cbl and subsequent recruitment of Crk.
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FIG. 2. Association with APS is necessary for the tyrosine phos-
phorylation of Cbl by the insulin receptor. CHO-IR cells (A) or
3T3-L1 adipocytes (B) were cotransfected with HA-Cbl and vector
DNA, Myc-tagged wild-type APS (Myc-APS/WT) or APS/Y®'®F. Sep-
arately, CHO-IR cells were also cotransfected with HA-Cbl and empty
vector or FLAG-CAP (C). After treatment with or without 100 nM
insulin for 2 min, cells were lysed and immunoprecipitation (i.p.) was
performed using an anti-HA antibody. Immunoprecipitates were ana-
lyzed by antiphosphotyrosine, anti-HA, anti-Myc, and anti-Crk immu-
noblotting (upper panels). Cell lysates were immunoblotted with anti-
Myc, anti-FLAG, anti-HA, and anti-phospho-ERK antibodies (lower
panels).

To determine whether the association with APS is essential for
the tyrosine phosphorylation of Cbl in response to insulin, both
CHO-IR cells and 3T3-L1 adipocytes were transfected with
HA-Cbl plus Myc-tagged wild-type APS or APS/Y®'®F. Fol-
lowing treatment of cells with or without insulin, comparable
amounts of HA-Cbl were isolated by anti-HA immunoprecipi-
tation (Fig. 2A and B). When wild-type but not mutant APS
was coexpressed, insulin stimulated the tyrosine phosphoryla-
tion of two proteins in the anti-HA immunoprecipitates, as
detected by antiphosphotyrosine immunoblotting. The 120-kDa
protein corresponds to HA-Cbl, and the 95-kDa band corre-
sponds to Myc-APS (Fig. 2A). In addition, anti-Myc immuno-
blotting indicated that only wild-type APS and not APS/Y®'8F
bound to HA-Cbl upon insulin stimulation (Fig. 2A and B).
Taken together, these results suggest that direct association of
APS with Cbl facilitates the tyrosine phosphorylation of Cbl in
response to insulin. In comparison, the same experiment was
performed by cotransfection of 3T3-L1 cells with FLAG-CAP
and HA-Cbl (Fig. 2C). Anti-HA immunoprecipitation fol-
lowed by antiphosphotyrosine immunoblotting showed that
overexpression of FLAG-CAP did not restore the tyrosine
phosphorylation of HA-Cbl in response to insulin. Therefore,
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FIG. 3. APS facilitates the phosphorylation of tyrosines 371, 700, and 774 in Cbl by the insulin receptor. CHO-IR cells were cotransfected with
Myc-tagged wild-type APS (Myc-APS/WT) plus HA-tagged Cbl/WT, Cbl/G**E, or Cbl/1-700 (A) or Cbl/WT, Cbl/Y"*F/Y""*F, Cbl/Y*"'F/Y"*°F/
Y'7*F, Cbl/Y"F/Y*'F/Y"™*F, or Cbl/Y*""F/Y"F/Y7*'F/Y""*F (B). After treatment with or without 100 nM insulin for 2 min, cells were lysed and
immunoprecipitation (i.p.) was performed using an anti-HA antibody. Immunoprecipitates were analyzed by antiphosphotyrosine and anti-HA
immunoblotting (upper panels). Cell lysates were immunoblotted with anti-Myc and anti-phospho-ERK antibodies (lower panels).

APS, but not CAP, is the adapter protein that targets Cbl to
insulin receptor.

Because tyrosine-phosphorylated Cbl can potentially bind to
the SH2 domains of Crk, Fyn, and the p85 subunit of PI
3-kinase (2, 7, 8, 22, 36), we evaluated whether the insulin-
stimulated tyrosine phosphorylation of Cbl facilitated by APS
might result in a similar function. As shown in Fig. 2B, treat-
ment of transfected 3T3-L1 adipocytes with insulin induced the
association of HA-Cbl with endogenous Crk when wild-type
but not mutant APS was coexpressed. Expression of Crk re-
mained the same in all lysates, as detected by anti-Crk immu-
noblotting (Fig. 2B). Interestingly, there was no detectable
binding of Cbl to the p85 regulatory subunit of PI 3-kinase or
Fyn under all conditions (data not shown). This result suggests
that Crk is the major SH2-containing signaling molecule that
associates with Cbl upon APS-facilitated Cbl phosphorylation.

Insulin receptor phosphorylates Cbl on tyrosines 371, 700,
and 774 in the presence of APS. In order to characterize the
relative importance of the variant SH2 domain and different
tyrosine residues in the tyrosine phosphorylation of Cbl facil-
itated by APS, a series of HA-tagged Cbl mutants were trans-
fected into CHO-IR cells together with Myc-APS. We com-
pared the phosphorylation of wild-type Cbl, a C-terminally
truncated Cbl (Cbl/1-700), or a full-length Cbl containing point
mutations within either the SH2 domain (G306E) or potential
tyrosine phosphorylation sites (Fig. 3A and B). The cells were
treated with or without insulin, and lysates prepared from the
cells were immunoprecipitated with anti-HA antibodies. The
resultant immunoprecipitates were analyzed by antiphospho-
tyrosine and anti-HA immunoblotting. The transfected wild-
type Cbl protein was tyrosine phosphorylated upon the addi-
tion of insulin. Mutation of G*>* in the SH2 domain to E
eliminated the ability of Cbl to become tyrosine phosphory-
lated in response to insulin (Fig. 3A). The result shows that a

functional SH2 domain is critical for APS-facilitated tyrosine
phosphorylation of Cbl in response to insulin.

There are four principal tyrosine phosphorylation sites in
Cbl, with one (Y>”!) located within the linker region between
the SH2 domain and the Ring finger domain and the other
three (Y7, Y7*!, and Y’") located at the C-terminal end of
the proline-rich region. Previous studies have indicated that
phosphorylation of Y*”! plays an important role in the sup-
pression of EGF receptor signaling by Cbl (18). While phos-
phorylation of Y7*! results in association with the p85 subunit
of PI 3-kinase, phosphorylation of Y’°° and Y’’* has been
shown to provide docking sites for the SH2 domain of Crk (2,
7, 8, 22). Truncation of the C-terminal 206 amino acid residues
of Cbl (Cbl/1-700) greatly reduced but did not abolish its ty-
rosine phosphorylation (Fig. 3A), suggesting that phosphory-
lation occurred on tyrosines at both N-terminal and C-terminal
portions of the protein.

Since none of the Y-to-F single mutations, Y*"'F, Y’°°F,
Y”'F, and Y7”“F, resulted in a great decrease in the tyrosine
phosphorylation of the protein (data not shown), we generated
constructs with different combinations of Y-to-F mutations in
Cbl. As shown in Fig. 3B, double mutations of Y’°°F and
Y”7*F dramatically diminished the tyrosine phosphorylation of
Cbl compared to wild-type Cbl, and an additional mutation at
Y?7! resulted in a further significant decrease in the extent of
phosphorylation. Meanwhile, the inclusion of a Y-to-F muta-
tion at site 731 in either the double mutant Y’°°F/Y”7*F or the
triple mutant Y>"'"F/Y7°°F/Y”7*F did not appear to have an
additional effect on the phosphorylation state of Cbl. We
therefore concluded that tyrosines 371, 700, and 774, but not
tyrosine 731, are the major phosphorylation sites utilized by
the insulin receptor in the presence of APS. This is consistent
with our finding that APS-facilitated Cbl phosphorylation in-
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creases Crk binding (Fig. 2B) but has no effect on the associ-
ation of PI 3-kinase with Cbl.

APS is specifically associated with CAP in vivo and in vitro.
CAP is a bifunctional adapter protein with three SH3 domains
and a region of similarity to the peptide sorbin (SoHo domain).
Like APS, CAP is expressed in differentiated adipocytes but
not in precursor fibroblasts (35). Overexpression of a CAPASoHo
mutant in 3T3-L1 adipocytes blocks the insulin-stimulated ty-
rosine phosphorylation of Cbl (15), implying a critical role of
CAP in the regulation of Cbl tyrosine phosphorylation by in-
sulin in these metabolically active cells. To address the relative
roles of APS and CAP in the control of Cbl phosphorylation,
we performed cotransfection experiments to determine
whether these two proteins, one containing three SH3 domains
and the other containing two putative proline-rich regions,
specifically interact with each other. We overexpressed FLAG-
tagged CAP, CAPASH3, or CAPASoHo in COS-1 cells along
with Myc-APS and evaluated the coimmunoprecipitation of
Myc-APS with these variants of FLAG-CAP. Immunoblotting
of cell lysates indicated that Myc-APS and different FLAG-
CAP proteins were expressed at comparable levels. Myc-APS
was found to interact specifically with the wild-type CAP. How-
ever, anti-FLAG immunoprecipitation showed that deletion of
the three SH3 domains in CAP completely abolished the co-
precipitation of Myc-APS (Fig. 4A). Similar results were also
obtained by using 3T3-L1 adipocytes for transfection (Fig. 4B).
Treatment of cells with insulin had no effect on the association
of FLAG-CAP with Myc-APS (Fig. 4B). These data indicate
that CAP and APS are capable of forming complexes via the
interaction between the SH3 domain(s) of CAP and the pro-
line-rich region(s) of APS.

To evaluate the effect of APS on the binding of Cbl to CAP,
COS-1 cells were also transfected with different FLAG-CAP
constructs in the absence of Myc-APS (Fig. 4A). Lysates were
precipitated with anti-FLAG antibodies. Anti-Cbl immuno-
blotting showed that the amount of endogenous Cbl coprecipi-
tated with wild-type CAP was significantly greater when Myc-
APS was not coexpressed (Fig. 4A). Moreover, deletion of the
SoHo domain of CAP greatly decreased the binding affinity of
CAP for Cbl in COS-1 cells, while concomitantly enhancing
the association of CAP with Myc-APS in both COS-1 cells and
3T3-L1 adipocytes (Fig. 4A and B). These results suggest that
the interaction regions in CAP for Cbl and APS overlap with
each other, and the SoHo domain may serve a critical role in
deciding the binding specificity of CAP for APS and Cbl

To define the interaction between CAP and APS in more
detail, each of the SH3 domains of CAP was expressed as a
GST fusion protein in bacteria either alone or together. Ly-
sates prepared from COS-1 cells transfected with Myc-APS
were incubated with these GST fusion proteins and GST pro-
tein alone as a control. Coomassie blue staining demonstrated
that comparable amounts of GST fusion proteins were in-
cluded in all assays. The bound proteins were immunoblotted
with anti-Myc and anti-Cbl antibodies. As shown in Fig. 4C, a
GST fusion protein containing all three SH3 domains bound
specifically to both Myc-APS and endogenous Cbl. Each of
three SH3 domains of CAP was able to bind Myc-APS, with
the carboxyl-terminal SH3 domain (SH3C) displaying the high-
est affinity for binding. On the other hand, SH3C was the only
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SH3 domain showing detectable association with endogenous
Cbl, in agreement with our previous report (33).

Previous studies have found that ectopically expressed APS
is present throughout the cytoplasm in NIH 3T3 cells under
basal conditions and is translocated to the plasma membrane
and especially the peripheral ruffling regions upon PDGF stim-
ulation (45). To determine the cellular compartment in which
APS is localized and whether APS and CAP are colocalized in
3T3-L1 adipocytes, cells were cotransfected with Myc-APS and
FLAG-CAP followed by double immunofluorescence labeling.
Transfected cells were treated with or without insulin, fixed,
and incubated with anti-Myc and anti-FLAG antibodies fol-
lowed by labeling with complementary fluorescence-conju-
gated secondary antibodies. Under basal conditions, FLAG-
CAP and Myc-APS were both predominantly confined to the
plasma membrane, with lower levels detected in cytoplasm
(Fig. 4D). Insulin treatment of cells did not change this rim-
like distribution of either protein. These results suggest that
APS and CAP display a similar gross cellular distribution that
is independent of insulin stimulation.

Overexpression of APS in 3T3-L1 adipocytes inhibits insu-
lin-stimulated tyrosine phosphorylation of Cbl and subse-
quent Cbl-Crk interaction. Insulin stimulates the tyrosine
phosphorylation of Cbl in 3T3-L1 adipocytes (36). In these
cells c-Cbl has also been presumed to be a substrate of the Src
family kinase Fyn as well as the insulin receptor (25). We thus
evaluated the effect of overexpression of wild-type APS or the
Y®'®F mutant of APS on insulin-stimulated tyrosine phosphor-
ylation of Cbl in 3T3-L1 adipocytes. Both forms of Myc-APS
protein were expressed at similar levels, as detected in the cell
lysates by immunoblotting with anti-Myc antibodies. Expres-
sion of either form of APS had no effect on the ability of insulin
to stimulate the phosphorylation of ERK that is activated as a
consequence of a well-characterized kinase pathway (Fig. 5A).
Immunoprecipitation of Cbl from vector-transfected cells fol-
lowed by antiphosphotyrosine immunoblotting showed that in-
sulin produced an eightfold increase in Cbl tyrosine phosphor-
ylation. Expression of either form of APS led to a significant
reduction in insulin-stimulated tyrosine phosphorylation of
Cbl, with the Y®'®F mutant producing a stronger effect than
the wild-type protein (Fig. SA). Considering that the average
efficiency of transfection in these experiments was 60%, the
observed reduction in Cbl phosphorylation suggests that the
expression of APS/Y®'F almost completely inhibited the ty-
rosine phosphorylation of Cbl in response to insulin. There-
fore, tyrosine phosphorylation of Cbl is facilitated by APS and
catalyzed by the insulin receptor. In addition, exposure of
3T3-L1 adipocytes to the specific Src kinase inhibitor PP2 was
found to have no effect on insulin-stimulated tyrosine phos-
phorylation of Cbl (data not shown), excluding Fyn as a Cbl
kinase that works downstream of the insulin receptor.

Stimulation of the tyrosine phosphorylation of Cbl by insulin
generates a specific docking site for Crk (36). To determine
whether APS inhibits the insulin-induced association of Crk
with Cbl, we immunoprecipitated endogenous Crk from lysates
of APS-transfected cells. Anti-Crk immunoblotting showed
that the same amount of Crk was present in all immunopre-
cipitates (Fig. 5B). Expression of endogenous Cbl was not
affected by the expression of either wild-type APS or the Y®'8F
mutant of APS. While insulin robustly produced the coprecipi-
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tation of Cbl with Crk in the absence of ectopic APS expres-
sion, expression of either wild-type APS or APS/Y®'®F signif-
icantly inhibited insulin-stimulated association of Cbl with Crk
(Fig. 5B). This result is in good agreement with the inhibitory
effect of APS expression on Cbl tyrosine phosphorylation (Fig.
5A).

It is thought that in order for adapter proteins to facilitate
signaling, the relative concentrations of the components must
be in balance. For example, knockout of the p85 subunit of PI
3-kinase enhances the activation of Akt in liver, presumably
due to the fact that endogenous p85 exists in excess over both
p110 catalytic subunits and IRS proteins (39). Overexpression
of Myc-APS enhanced insulin-stimulated tyrosine phosphory-
lation of coexpressed HA-Cbl. On the other hand, when ex-
pressed alone, Myc-APS inhibited the phosphorylation of the
endogenous Cbl in response to insulin. The difference may
result from the relative excess of Myc-APS over endogenous
Cbl and insulin receptor. Therefore, we next examined the
effects of various amounts of APS expression on insulin-stim-
ulated Cbl phosphorylation. The amount of Myc-APS DNA
(300 g) used in the experiment described in Fig. 5 was set as
the maximum. Expression of wild-type APS dose-dependently
inhibited the tyrosine phosphorylation of Cbl in response to
insulin. At the lowest concentration of APS (30 pg), an in-
crease in Cbl phosphorylation was observed. In contrast, there
was no enhancement of Cbl phosphorylation observed with
transfection of APS/Y®'®F. The expression of APS/Y®'®F dose-
dependently inhibited Cbl phosphorylation, with an efficacy
more potent than that observed for the wild-type protein (Fig.
6). Thus, the APS/Y®'®F mutant behaves as a dominant nega-
tive mutant through interfering with the endogenous APS,
whereas wild-type APS inhibits only at higher levels of expres-
sion, presumably due to the disruption of the stoichiometric
relationship with its partners such as Cbl and the insulin re-
ceptor.

Overexpression of APS in 3T3-L1 adipocytes attenuates in-
sulin-stimulated GLUT4 translocation. We have recently ob-
served that the CAP/Cbl pathway is necessary for the translo-
cation of GLUT4 to the plasma membrane in response to
insulin (3, 15). To further confirm the essential role of APS in
the CAP/Cbl pathway, we next examined whether expression
of the APS/Y®®F mutant would have a dominant negative
effect on insulin-stimulated GLUT4 translocation. 3T3-L1 adi-
pocytes were electroporated with vector alone, Myc-tagged
wild-type APS, or Myc-tagged APS/Y®'®F together with a con-
struct encoding an enhanced green fluorescent protein fusion
of GLUT4 (GLUT4-EGFP). The amounts of Myc plasmid and
GLUT4-EGFP plasmid were first used at a 3:1 ratio to ensure
that cells transfected with GLUT4-EGFP would also highly
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express Myc-APS. The transfected cells were treated with or
without insulin, and the localization of GLUT4-EGFP was
examined by fluorescence microscopy. The coexpressed Myc-
APS protein was visualized by indirect immunofluorescence.
As expected, insulin stimulated the translocation of GLUT4-
EGFP to the plasma membrane in empty vector-transfected
cells. In contrast, expression of either Myc-tagged wild-type
APS or Myc-tagged APS/Y®'SF protein resulted in marked
inhibition of insulin-stimulated GLUT4-EGFP translocation
(Fig. 7A). Quantitation of these data demonstrated that the
number of the cells displaying rim green fluorescence in re-
sponse to insulin decreased by 48 and 51%, respectively, with
the coexpression of wild-type APS or APS/Y®'®F (Fig. 7B). To
determine whether the blockade of insulin-stimulated GLUT4-
EGFP translocation correlates with the level of Myc-APS, we
electroporated the cells with Myc-APS/Y®'®F and GLUT4-
EGFP at 1:1 ratio. A representative field that includes
GLUT4EGFP-transfected cells expressing different amount of
Myc-APS/Y®'®F protein is shown is Fig. 7C. In cell 1, low-level
expression of the APS mutant protein did not have any visible
effect on insulin-stimulated translocation of GLUT4-EGFP.
However, higher expression of APS/Y®'®F in cells 2 and 3
almost completely inhibited the appearance of rim fluores-
cence in response to insulin. Thus, Myc-APS/Y®'®F inhibited
insulin-stimulated GLUT4-EGFP translocation in an expres-
sion level-dependent pattern. Taken together, the results indi-
cate that APS operates upstream of the CAP/Cbl pathway in
the stimulation of GLUT4 translocation by insulin.

DISCUSSION

Following receptor engagement, the formation of tyrosine
phosphorylation-dependent multimeric complexes involving
adapter and effector proteins plays an important role in signal
transduction. Upon cell activation through different stimuli,
the adapter protein Cbl becomes phosphorylated on tyrosine
residues, producing its interaction with SH2-containing signal-
ing molecules (2, 7, 8, 22). In differentiated adipocytes, insulin
stimulates Cbl tyrosine phosphorylation and its association
with the adapter protein Crk (36). Moreover, insulin induces
translocation of the Cbl/CAP complex to lipid rafts, where
CAP directly binds to the hydrophobic protein flotillin. The
insulin-dependent localization of phospho-Cbl to subdomains
of the plasma membrane results in the generation of signaling
pathways involved in GLUT4 translocation (3). One major
pathway involves the activation of TC10 by C3G that is com-
plexed with Cbl/Crk (6).

In adipocytes Cbl phosphorylation seems to be catalyzed by
the insulin receptor rather than by Src family tyrosine kinases

FIG. 4. Invivo and in vitro interactions between APS and CAP. (A) COS-1 cells were cotransfected with Myc-APS and FLAG-tagged wild-type
CAP (WT), CAPASH3, or CAPASoHo. Cells were lysed 20 h after transfection, and immunoprecipitation (i.p.) was performed using an anti-FLAG
antibody. Immunoprecipitates were analyzed by anti-Myc, anti-Cbl, and anti-FLAG immunoblotting (upper panels). Myc-APS was detected in cell
lysates by immunoblotting with an anti-Myc antibody (lower panels). (B) 3T3-L1 cells were used for the same experiment as described for panel
A except that cells were treated with or without 100 nM insulin for 2 min prior to the preparation of lysates. (C) Myc-APS was overexpressed in
COS-1 cells. Lysates were incubated with glutathione-Sepharose-bound GST or GST-CAPSH3 fusion proteins. Precipitates were subjected to
immunoblotting with anti-Myc or anti-Cbl antibodies. The GST fusion proteins used were stained with Coomassie blue. (D) 3T3-L1 adipocytes
were electroporated with Myc-tagged wild-type APS or FLAG-CAP and allowed to recover for 30 h. The cells were treated with or without 100
nM insulin for 2 min. FLAG-CAP and Myc-APS were visualized by indirect immunofluorescent staining.
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FIG. 5. Overexpression of APS blocks insulin-stimulated tyrosine phosphorylation of Cbl and Crk-Cbl interaction. 3T3-L1 adipocytes were
transfected with vector alone, Myc-tagged wild-type APS (Myc-APS/WT), or Myc-APS/Y®'®F. (A) Following treatment with or without 100 nM
insulin for 2 min, cells were lysed and immunoprecipitation (i.p.) was performed with an anti-Cbl antibody. Immunoprecipitates were analyzed by
antiphosphotyrosine and anti-Cbl immunoblotting (upper panels). Cell lysates were immunoblotted with anti-Myc and anti-phospho-ERK
antibodies (lower panels). (B) Following treatment with or without 100 nM insulin for 2 min, cells were lysed and immunoprecipitation was
performed with an anti-Crk antibody. Immunoprecipitates were analyzed by anti-Cbl and anti-Crk immunoblotting (upper panels). Cell lysates

were immunoblotted with anti-Myc, anti-Cbl, and anti-phospho-ERK antibodies (lower panels).

such as Fyn. Previous studies have also shown that Cbl is able
to associate with tyrosine-phosphorylated EGF and PDGF re-
ceptors (5, 9, 23). However, there has been no evidence that
the insulin receptor binds to Cbl directly upon insulin stimu-
lation, indicating the requirement of an adapter protein to
assist in the complex formation. CAP does not appear to target
Cbl directly to the insulin receptor for phosphorylation. In fact,
coexpression of CAP with Cbl in 3T3-L1 cells had no effect on
Cbl phosphorylation in response to insulin. Therefore, we sus-
pected that 3T3-L1 adipocytes might express a separate
adapter protein that is directly involved in the tyrosine phos-
phorylation of Cbl. Experiments described here revealed that
tyrosine-phosphorylated APS is the adapter that couples Cbl to
the insulin receptor for phosphorylation. Like CAP, APS is
expressed primarily in skeletal muscle, heart, and adipose tis-
sue and in differentiated 3T3-L1 adipocytes (28). We demon-

strate that APS facilitates tyrosine phosphorylation of Cbl on
tyrosines 371, 700, and 774. This phosphorylation event is re-
quired for the recruitment of Crk to the CAP/Cbl complex and
for the subsequent activation of GLUT4 translocation.

APS belongs to the Lnk adapter protein family, which in-
cludes Lnk and SH2-B. Members of this protein family contain
a PH domain, an SH2 domain, a C-terminal tyrosine-contain-
ing motif, and several proline-rich motifs. While Lnk functions
predominantly in T-cell receptor (TCR) activation (12), APS
and SH2-B are involved in signaling by various receptors for
growth factors such as insulin, insulin-like growth factor 1,
PDGF, and nerve growth factor (31, 32). Although both APS
and SH2-B are substrates of numerous tyrosine kinases, APS is
the preferential target for the insulin receptor kinase in differ-
entiated adipocytes (16, 28). Expression of APS in CHO cells
overexpressing insulin receptor was previously shown to induce
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FIG. 6. Dose-dependent effects of ectopic APS expression on insulin-stimulated Cbl phosphorylation. 3T3-L1 adipocytes were cotransfected
with various amount of vector DNA and Myc-tagged wild-type APS (Myc-APS/WT) or Myc-APS/Y®'®F. Lanes 1 and 6, 300 wg of vector plus 0
g of APS; lanes 2 and 7, 285 g of vector plus 15 pg of APS; lanes 3 and 8, 270 pg of vector plus 30 pg of APS; lanes 4 and 9, 200 pg of vector
plus 100 pg of APS; lanes 5 and 10, 0 pg of vector and 300 pg of APS. Following treatment with or without 100 nM insulin for 2 min, cells were
lysed and immunoprecipitation (i.p.) was performed with an anti-Cbl antibody. Immunoprecipitates were analyzed by antiphosphotyrosine and
anti-Cbl immunoblotting (upper panels). Cell lysates were immunoblotted with anti-Myc antibody (lower panels).
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FIG. 7. Overexpression of APS blocks insulin-stimulated GLUT4 translocation to the plasma membrane. (A) 3T3-L1 adipocytes were
electroporated with 100 ug of GLUT4-EGFP plus 300 pg of vector, Myc-tagged wild-type APS (Myc-APS/WT), or Myc-APS/Y®'®F and allowed
to recover for 30 h. The cells were treated with or without 100 nM insulin for 30 min. Cells were fixed, and fluorescence was visualized by confocal
microscopy. GLUT4-EGFP was visualized by direct fluorescence, and Myc-APS was visualized by indirect immunofluorescence. These are
representative images of middle sections of cells obtained from three independent experiments. (B) Numbers of GLUT4-EGFP-transfected cells
displaying visually detectable plasma membrane (PM) rim fluorescence. These data were obtained by blind counting of more than 80 cells from
three independent experiments. Error bars indicate standard deviations. (C) 3T3-L1 adipocytes were electroporated with 100 wg of GLUT4-EGFP
plus 100 g of Myc-APS/Y®'®F. After treatment with 100 nM insulin for 30 min, cells were fixed and fluorescence was visualized by confocal
microscopy as described for panel A. This is a representative field of a middle section of cells obtained from three independent experiments.
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a rapid ubiquitination of the insulin receptor upon ligand bind-
ing, presumably through coupling Cbl to the receptor (1). Our
results demonstrate that Y*’' is one of the major sites for
APS-facilitated phosphorylation in response to insulin. Phos-
phorylation of Y37 was suggested to play an important role in
the suppression of EGF receptor signaling by Cbl (18). How-
ever, preliminary data indicate that expression of APS has no
effect on insulin receptor stability or MAP kinase signaling in
3T3-L1 adipocytes, suggesting that this may not be a mecha-
nism for the down regulation of the insulin receptor in physi-
ologically relevant insulin-responsive cells. Indeed, earlier
studies indicated that the insulin receptor does not undergo
degradation via the ubiquitination pathway and, furthermore,
that down regulation of the insulin receptor is a slow process
(12 to 24 h) compared to that of EGF and PDGF receptors
(29).

The inhibition of tyrosine phosphorylation of endogenous
Cbl and GLUTH4 translocation through overexpression of the
APS/Y®'®F dominant negative mutant is consistent with its role
as an upstream signaling intermediate in the CAP/Cbl path-
way. However, it was somewhat surprising that low- and high-
level expression of the wild-type APS protein conferred oppo-
site biological effects. It is possible that a multiprotein complex
is present in 3T3-L1 adipocytes required for the coordinate
regulation of Cbl phosphorylation by insulin, in which APS is
responsible for the direct targeting of Cbl to the insulin recep-
tor. The expression levels of proteins involved in such com-
plexes are usually delicately regulated in cells. Therefore, ex-
cess expression of a single component like APS may simply
interfere with the stoichiometry of the complex formation,
resulting in the inhibition instead of enhancement of Cbl phos-
phorylation. Indeed, it was demonstrated in a recent study that
APS was capable of forming multimeric structures and may
exist in large protein complexes in vivo (31). Similarly, ectopic
overexpression of Lnk in Jurkat T cells caused inhibition of
anti-CD3-induced TCR activation of NF-AT transcription ac-
tivity (19). On the other hand, earlier studies suggest a positive
role of endogenous Lnk in TCR signaling, because upon TCR
activation Lnk becomes tyrosine phosphorylated and signals to
the PI 3-kinase, phospholipase Cy1, and Ras pathways through
its multifunctional tyrosine phosphorylation site (12). In addi-
tion, overexpression of either MP1 or JIP1, two adapter pro-
teins that promote the activation of different MAP kinases, has
been shown to have inhibitory effects on the respective kinase
pathways in transfected cells (38, 44).

Our study indicates that APS and CAP are localized to the
plasma membrane and specifically associate with each other
independently of insulin stimulation. The physiological signif-
icance of the APS-CAP interaction remains unclear. Deletion
of the SoHo domain of CAP increased binding of APS but
decreased binding of Cbl. Therefore, the SoHo domain ap-
pears to play an important role in controlling the overall con-
formation of CAP and the binding specificity of its SH3 do-
mains for different proteins. Since the SoHo domain interacts
with the lipid raft protein flotillin, it would be interesting to
determine whether and how the association with flotillin influ-
ences the interaction of CAP with APS and Cbl, respectively.

Since the C-terminal SH3 domain of CAP is used by both
APS and Cbl for binding, it seems unlikely that CAP would
directly bridge the formation of a ternary complex including
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APS and Cbl. However, a multimeric complex containing these
proteins may still be present, considering the possible involve-
ment of additional molecules. Although APS is sufficient to
facilitate Cbl phosphorylation in a coexpression experiment
where both APS and Cbl exist in excess amounts, CAP seems
to serve an indispensable role in the control of tyrosine phos-
phorylation of endogenous Cbl in vivo (3, 15, 34). We have
previously shown that expression of a CAP mutant deficient in
flotillin/lipid raft association (ASoHo) inhibits insulin-stimu-
lated tyrosine phosphorylation of Cbl and the translocation of
GLUT4 in 3T3-L1 adipocytes (15). This apparent dominant
negative effect may result from mistargeting of Cbl or APS and
is consistent with a model in which Cbl phosphorylation by the
insulin receptor is coordinated by a complex of proteins rather
than directed by APS alone. In this regard, it is important to
note that APS, CAP, and Cbl all are large multifunctional
adapters, each of which possesses the ability to bind multiple
proteins simultaneously.
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