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Background: IRS-1-associated proteins play roles in modulation of insulin-induced IRS-1 tyrosine phosphorylation.
Results: A novel IRS-1-associated protein, GKAP42, is required to maintain availability of IRS-1 to the insulin receptor. TNF-�
treatment suppressed the GKAP42 protein level.
Conclusion: TNF-�-induced insulin resistance is at least partially caused by GKAP42 protein level suppression.
Significance: We identified a novel TNF-�-induced pathway involved in insulin resistance.

Insulin receptor substrates (IRSs) have been shown to be
major mediators of insulin signaling. Recently, we found that
IRSs form high-molecular weight complexes, and here, we iden-
tify by yeast two-hybrid screening a novel IRS-1-associated pro-
tein: a 42-kDa cGMP-dependent protein kinase-anchoring pro-
tein (GKAP42). GKAP42 knockdown in 3T3-L1 adipocytes
suppressed insulin-dependent IRS-1 tyrosine phosphorylation
and downstream signaling, resulting in suppression of GLUT4
translocation to plasma membrane induced by insulin. In addi-
tion, GLUT4 translocation was also suppressed in cells overex-
pressing GKAP42-N (the IRS-1 binding region of GKAP42),
which competed with GKAP42 for IRS-1, indicating that
GKAP42 binding to IRS-1 is required for insulin-induced
GLUT4 translocation. Long term treatment of 3T3-L1 adi-
pocytes with TNF-�, which induced insulin resistance, signifi-
cantly decreased the GKAP42 protein level. We then investi-
gated the roles of cGMP-dependent kinase (cGK)-I�, which
bound to GKAP42, in these changes. cGK-I� knockdown par-
tially rescued TNF-�-induced decrease in GKAP42 and impair-
ment of insulin signals. These data indicated that TNF-�-in-
duced repression of GKAP42 via cGK-I� caused reduction of
insulin-induced IRS-1 tyrosine phosphorylation at least in part.
The present study describes analysis of the novel TNF-�-in-
duced pathway, cGK-I�-GKAP42, which regulates insulin-de-
pendent signals and GLUT4 translocation.

Insulin is a major anabolic hormone whose action plays piv-
otal roles in tissue development, growth, and the maintenance
of glucose homeostasis. Insulin regulates glucose metabolism at
several levels. It suppresses hepatic gluconeogenesis and pro-
motes the rate of glucose uptake in muscle and adipose tissue.
Glucose uptake is central to the regulation of postprandial glu-
cose clearance from plasma, and the insulin-responsive signal-
ing system is known to be responsible for glucose uptake into
these tissues (1). Inability of the insulin signaling system to
stimulate glucose uptake results in states of insulin resistance
that are major causes of type 2 diabetes mellitus (2).

In general, insulin binding to insulin receptors (IRs),2 leads to
receptor autophosphorylation on tyrosine residues, resulting in
receptor activation (3, 4). Activated receptor tyrosine kinases
phosphorylate several intracellular substrates, including insulin
receptor substrates (IRSs) and Shc (5, 6). Tyrosine phosphory-
lation of these substrates leads to binding of several Src homol-
ogy 2 domain-containing signaling molecules, including the
p85 PI 3-kinase regulatory subunit and Grb2 (7, 8). Binding
allows activation of distinct signaling cascades, including Ras-
MAPK and PI 3-kinase (6, 9). In particular, PI 3-kinase cascade
activation is well known to be required for insulin-dependent
glucose transporter 4 (GLUT4) translocation to plasma mem-
brane and for subsequent glucose uptake in adipose and muscle
tissues (10 –12). Once PI 3-kinase is activated, it produces the
lipid second messenger phosphatidylinositol 3,4,5-triphos-
phate, which then activates the downstream serine/threonine
kinase, Akt. Subsequent phosphorylation of Akt substrate,
AS160, leads to insulin stimulation of GLUT4 translocation and
glucose uptake (13–16). Thus, the IRSs play important roles as
mediators of the insulin signal transduction pathway.

Adipose tissues are involved in energy balance regulation not
only by lipid storage but also by secretion of various factors,
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including cytokines, that modulate numerous physiological and
pathological processes. For example, tumor necrosis factor
(TNF)-� is a well known cytokine, that induces insulin resis-
tance (17–19). In 3T3-L1 adipocytes, the cell line widely used as
the model of insulin resistance, pretreatment with TNF-�
impaired insulin-induced glucose uptake (20 –22).

There are accumulated reports elucidating the mechanism of
TNF-�-induced insulin resistance. TNF-� pretreatment de-
creased IRS-1 protein level as well as repressed insulin-induced
IRS-1 tyrosine phosphorylation (20). In vitro phosphorylation
assays indicated that IRS-1 derived from 3T3-L1 adipocytes
pretreated with TNF-� showed impaired availability to the
insulin receptor (23). More detailed analyses indicated that
there were multiple putative serine/threonine (Ser/Thr) phos-
phorylation sites in IRS-1 and that increased Ser/Thr phosphor-
ylation of IRS-1 impaired the ability of IRS-1 to associate with
the insulin receptor, inhibiting subsequent insulin-stimulated
tyrosine phosphorylation (24). For instance, Ser307 was identi-
fied as a site for TNF-�-induced phosphorylation of IRS-1, with
activation of c-Jun N-terminal kinase (JNK) involved in the
phosphorylation of this residue (25, 26).

Recently, we found that IRS-1 formed high-molecular mass
complexes in 3T3-L1 adipocytes not through recognition of
tyrosine phosphorylation and that the amount of IRS-associ-
ated proteins was dramatically changed by TNF-� pretreat-
ment (23). In vitro phosphorylation analysis washing out IRS-
1-associated proteins indicated that IRS-1-associated proteins
could regulate the availability of IRS-1 for the insulin receptor
kinase. Previously, we and others have shown that PHIP, Nexi-
lin, 53BP2S, or HSP90� modulated insulin/insulin-like growth
factor-1 (IGF-I)-dependent tyrosine phosphorylation of IRS-1
or IRS-2 in insulin/IGF-targeted cells (27–30). Thus, the iden-
tification of additional IRS-associated proteins, which serve to
modulate IRS tyrosine phosphorylation, is an essential prereq-
uisite for understanding the alternative mechanisms of IRS
tyrosine phosphorylation.

In this study, we show that the novel IRS-1-binding protein
GKAP42 is required to maintain insulin-induced IRS-1 tyrosine
phosphorylation and that GKAP42 protein level repression by
TNF-� through cGK-I� causes TNF-�-induced insulin resis-
tance at least in part.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM),
phosphate-buffered saline (PBS), and Hanks’ buffered salt solu-
tion were purchased from Nissui Pharmaceutical Co. (Tokyo,
Japan). Calf serum, fetal bovine serum (FBS), recombinant
mouse TNF-�, and bovine insulin were obtained from Sigma-
Aldrich. Penicillin and streptomycin were obtained from Banyu
Pharmaceutical Co. (Ibaraki, Japan). Polyclonal anti-IRS-1 anti-
body was raised in rabbits as described previously (31). Poly-
clonal anti-GKAP42 antibody was kindly provided by Dr. Nori-
yuki Yanaka (University of Hiroshima University, Hiroshima,
Japan). Anti-IR� antibody, anti-GLUT4 antibody, and anti-�-
actin antibody were obtained from Santa Cruz Biotechnology,
Inc. Anti-PI 3-kinase p85 subunit antibody, anti-Myc antibody,
and anti-phosphotyrosine antibody (clone 4G10) were ob-
tained from Millipore (Billerica, MA). Anti-phospho-Akt (Ser-

473) antibody, anti-Akt antibody, anti-phospho-ERK antibody,
and anti-ERK antibody were obtained from Cell Signaling
Technology, Inc. (Danvers, MA). Anti-FLAG antibody and
anti-FLAG antibody-conjugated agarose beads were obtained
from Sigma-Aldrich. Horseradish peroxidase (HRP)-conju-
gated secondary anti-rabbit and anti-mouse IgG antibody were
obtained from GE Healthcare. Enhanced chemiluminescence
(ECL) reagents were from PerkinElmer Life Science. Alexa
Fluor 594-conjugated secondary anti-mouse IgG antibody was
obtained from Invitrogen. Protein A-Sepharose and 2-deoxy-D-
[2.6-3H]glucose (1 mCi/ml) were purchased from Amersham
Bioscience. Control and GKAP42- and cGK-I�-specific siRNAs
were purchased from RNAi Co. (Tokyo, Japan). The sequence
of the GKAP42 siRNA used was 5�-CGG UGU CAC UCA AAG
ACU UCC-3� or 5�-GUA GGU CUA AAA GAU GGA AGA-3�.
The sequence of the cGK-I� siRNA used was 5�-CUU UCU
GAU CGG UUC UAA ACA-3� or 5�-GUG CUU AUC CUA
UCG AAA UAC-3� The nonrelevant control siRNA sequence
was GUA CCG CAC GUC AUU CGU AUC. Other chemicals
were of the reagent grade available commercially.

Plasmids—pAS-IRS-1 was prepared as described previously
(28) and used for two-hybrid screening as bait. The full-length
FLAG-tagged GKAP42 was a gift from Dr. Noriyuki Yanaka
(Graduate School of Biosphere science, Hiroshima University,
Hiroshima, Japan). Deletion mutants of FLAG-GKAP42 were
constructed as follows. GKAP42 fragment encoding the amino
acid residues 1–95, 1–197, 198 –366, and 96 –366 were gener-
ated by PCR using GKAP42 cDNA as a template. Amplified
fragments were digested by BamHI and SalI and inserted into
pCMV-FLAG-2 or pEGFP-C1 vector in-frame.

Yeast Two-hybrid Screening—Yeast two-hybrid screening
was performed as described previously (28).

Cell Cultures—CHO-C400 cells and HEK293T cells were
cultured as described previously (32). Murine 3T3-L1 preadi-
pocytes were purchased from the American Type Tissue Cul-
ture Collection. 3T3-L1 preadipocytes were cultured in DMEM
containing 10% calf serum at 37 °C in 5% CO2 atmosphere and
induced to differentiate into adipocytes as described previously
(33).

Transient Transfection of HEK293T CHO-C400 or 3T3-L1
Adipocytes—HEK293T cells and CHO-C400 cells were tran-
siently transfected with expression plasmids by the calcium
phosphate precipitation method as described previously (32).
Transient transfection of 3T3-L1 adipocytes was described pre-
viously (34). DMEM containing 10% FBS was added to the elec-
troporated cells; the cells were then allowed to adhere to tissue
culture dishes for 3 days, and the adipocytes were then serum-
starved for 24 h before experiments. In some experiments, the
electroporated adipocytes were seeded on coverslips.

Production of Recombinant Lentiviruses and Lentiviral
Transduction—The green fluorescent protein (GFP) and GFP-
tagged GKAP42 (GFP-GKAP42) were generated by PCR, and
the amplified fragments were inserted into the BamHI and
XhoI site of CSII-EF-MCS lentiviral vector. The GFP-GKAP42,
pCAG-HIVgp, and pCMV-VSV-G-RSV-Rev plasmids were
cotransfected into HEK293T cells by using the calcium phos-
phate method. After 12 h postinfection, the culture medium
was replaced with fresh medium containing 10 �M forskolin. At
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72 h postinfection, the viral supernatant were harvested, passed
through 0.45-�m filters, and stored at �80 °C. For the lentiviral
transduction, the mature 3T3-L1 adipocytes (after 8 days of
differentiation) were incubated with the viral supernatant con-
taining 10 �g/ml Polybrene for 12 h. After 12 h post-transduc-
tion, the medium was replaced with fresh culture medium. All
experiments were performed at 3 days post-transduction.

Subcellular Fractionation—Fractionation was performed as
described previously (35). Briefly, 3T3-L1 adipocytes were col-
lected in a TES buffer (20 mM Tris-HCl, 1 mM EDTA, 255 mM

sucrose, 500 �M Na3VO4, 10 �g/ml leupeptin, 5 �g/ml pepsta-
tin, 20 �g/ml PMSF, 100 kallikrein-inactivating units/ml apro-
tinin, 10 mg/ml p-nitrophenyl phosphate (pH 7.4)). The lysates
were fractionated with ultracentrifugation in an Optima TLX
ultracentrifuge with a TLA-55 rotor (Beckman Coulter). The
resulting pellets were resuspended in radioimmune precipita-
tion assay buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS,
0.5% deoxycholate, 10 �g/ml leupeptin, 5 �g/ml pepstatin, 20
�g/ml PMSF, 100 kallikrein-inactivating units/ml aprotinin, 10
mg/ml p-nitrophenyl phosphate (pH 8.0). Membrane fractions
and cytosolic supernatants were analyzed by immunoblotting.

Immunofluorescence Analysis—CHO cells transfected with
pGFP-GKAP42 and pMyc-IRS-1 were grown on coverslips and
serum-starved for 12 h. The cells were fixed in PBS containing
4% paraformaldehyde for 20 min at room temperature. Cells
were then washed with PBS and permeabilized with PBS con-
taining 0.25% Triton X-100 for 5 min at room temperature.
Next, cells were incubated with blocking buffer (3% BSA and
0.025% NaN3 in PBS) for 1 h at room temperature, and primary
antibody was added overnight at 4 °C. The samples were again
washed with PBS, incubated with a secondary antibody diluted
in blocking buffer for 1 h at 37 °C, and washed. Coverslips were
mounted with VECTASHIELD (Vector Laboratories, Burlin-
game, CA) for visualization using an FV500 confocal micro-
scope (Olympus, Tokyo, Japan).

Glucose Uptake Assay—3T3-L1 adipocytes were incubated
with the indicated concentrations of insulin in Krebs-Ringer
phosphate buffer (20 mM Hepes, 140 mM NaCl, 5 mM KCl, 2.5
mM MgSO4, 1 mM CaCl2, 1% BSA, pH 7.4) for 20 min at 37 °C.
Then 0.1 mM 2-deoxy-D-glucose containing 0.5 �Ci/ml 2-de-
oxy-D-[2,6-3H]glucose was added, and cells were incubated for
4 min at 37 °C. The reaction was terminated by the addition of
ice-cold PBS containing 10 mM D-glucose. Cells were lysed with
0.1 N NaOH, and radioactivity taken up by cells was measured
by a liquid scintillation counter.

GLUT4 Translocation Assay—Differentiated 3T3-L1 adi-
pocytes electroporated with siRNA or plasmid along with
pGLUT4-Myc-green fluorescent protein (GFP) were grown on
coverslips. Twenty-four hours after electroporation, cells were
serum-starved for 4 h and treated with or without insulin for 20
min. Cells were then fixed using 4% paraformaldehyde for 10
min without permeabilization and blocked with 3% bovine
serum albumin for 1 h at room temperature. Coverslips were
immunostained with anti-Myc antibody for 1 h at 37 °C. After
incubation, the coverslips were washed three times with PBS
solution, followed by incubation in secondary antibody for 1 h
at 37 °C. Coverslips were again washed three times with PBS
and mounted in VECTASHIELD medium. Plasma membrane

localization was determined by using confocal fluorescence
microscopy (OLYMPUS, Tokyo, Japan) to score 20 represent-
ative cells per condition for the appearance of a continuous
plasma membrane ring of GLUT4.

Immunoprecipitation Followed by Immunoblotting—Cells
were lysed at 4 °C with ice-cold Tris/Triton X-100 lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 20 �g/ml phenylmethylsulfonyl fluoride (PMSF), 5
�g/ml pepstatin, 10 �g/ml leupeptin, 100 kallikrein-inactivat-
ing units/ml aprotinin, 1 mM Na3VO4, and 10 mg/ml p-nitro-
phenyl phosphate). Insoluble materials were removed by cen-
trifugation at 15,000 � g for 10 min at 4 °C, and supernatant was
prepared as total cell lysates. For immunoprecipitation, 1 mg of
protein of total cell lysates was incubated with the indicated
antibody for 2 h at 4 °C, and the immunocomplexes were pre-
cipitated with 10 �l of protein A-Sepharose for polyclonal anti-
body. These precipitates were washed three times with ice-cold
lysis buffer. These precipitates or total cell lysates were sub-
jected to SDS-PAGE and immunoblotted with the indicated
antibody.

PI 3-Kinase Activity Assay—PI 3-kinase activity assay was
carried out as described previously (36). 3T3-L1 adipocytes
were electroporated with control or GKAP42 siRNA. Three
days after electroporation, cells were serum-starved for 24 h in
DMEM containing 0.1% bovine serum albumin and then
treated with or without 100 nM insulin for 5 min. Cells were
lysed by Tris/Triton X-100 lysis buffer, and 1 mg of whole cell
lysates was immunoprecipitated with anti-IRS-1 antibody.

In Vitro Tyrosine Phosphorylation Assay—An in vitro tyro-
sine phosphorylation assay was carried out as described previ-
ously (23). Briefly, insulin receptors were semipurified by wheat
germ agglutinin-agarose from NIH-3T3 cells overexpressing
insulin receptor. On the other hand, immunoprecipitations
with anti-IRS-1 antibody were carried out in control or
GKAP42 knockdown 3T3-L1 adipocytes, and the immunopre-
cipitates were mixed with 10 �l of receptor solution, ATP (final
concentration 500 �M), and insulin (final concentration 100
nM) or GST-GKAP42 (final concentration 10 nM) in reaction
buffer (50 mM Tris-HCl pH 7.4, 5 mM MgCl2, 5 mM MnCl2).
They were incubated at 25 °C for 30 min, and the reaction was
quenched by the addition of one-third volume of 3� Laemmli’s
buffer and boiled for 5 min. Samples were then separated by
SDS-PAGE.

In Vitro cGK Kinase Assay—Differentiated 3T3-L1 adipocyte
cells were serum-starved for 3 h in DMEM containing 0.1%
bovine serum albumin, and then cells were pretreated with or
without 2.0 nM TNF-� for 24 h. Cells were lysed by Tris/Triton
X-100 lysis buffer, and 1 mg of whole cell lysates was immuno-
precipitated with anti-cGK-I� antibody. Immunoprecipitates
were washed three times with Tris/Triton X-100 buffer and
finally resuspended in 40 �l of kinase reaction buffer (50
mM Tris-HCl, pH 7.5, 20 mM magnesium acetate, 0.2 mM

[�-32P]ATP, 2 mM protein kinase A inhibitor peptide, 5 mM

glycerophosphoric acid, 5 mM cGMP, and 1 mM sodium
orthovanadate) in the presence of 100 mM BPDEide (Calbi-
ochem), a synthetic substrate selective for cGK. Assays were
conducted at 30 °C for various times and terminated by centri-
fuging and aliquoting the peptide onto phosphocellulose P-81
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paper (Whatman). The phosphocellulose pads were washed
five times with 0.5% phosphoric acid and counted using a liquid
scintillation counter.

Statistical Analysis—Data are expressed as mean � S.E.
Comparisons between two groups were performed using
Student’s t test, whereas comparisons between more than two
groups were analyzed by one-way or two-way analysis of vari-
ance and the Tukey post hoc test. Values of p � 0.05 were
considered statistically significant.

RESULTS

GKAP42 Was Identified as an IRS-1-interacting Protein in
Adipocytes—To identify proteins that interact with IRS-1, full-
length rat IRS-1 fused with the Gal4 DNA binding domain was
utilized as bait for yeast two-hybrid screening. We screened a
3T3-L1 adipocyte cDNA library fused with the Gal4 activation
domain in pACT2. From 3 � 105 clones, 21 IRS-1-interacting
candidates were identified. Seven clones included cDNAs
encoding 14-3-3 isoforms (�, �, and �), which were previously
shown to interact with IRS-1 or IRS-2 (37). We also obtained a
partial cDNA sequence of GKAP42. GKAP42 is a 366-amino
acid protein that consists of four coiled-coil domains and was
originally isolated as an anchoring protein for cGMP-depen-
dent kinase-I� to regulate its intracellular localization and
access to substrates (38). Although GKAP42 was reported as a
testis-specific protein, we detected its expression also in adi-
pose tissues (Fig. 1A).

After confirming the interaction of GKAP42 with IRS-1 in a
yeast two-hybrid assay, HEK293T cells were co-transfected
with Myc-tagged IRS-1 and FLAG-tagged GKAP42. Cell lysates
were immunoprecipitated with anti-FLAG antibody, and
immunoprecipitates were separated by SDS-PAGE followed by
immunoblotting using anti-Myc antibody. Myc-IRS-1 associ-
ated with FLAG-GKAP42 but not with FLAG alone, indicating
that GKAP42 specifically associates with IRS-1 in a co-immu-
noprecipitation assay (Fig. 1B). We then investigated the inter-
action of endogenously expressed GKAP42 with IRS-1 in
3T3-L1 adipocytes. The co-immunoprecipitation assay re-
vealed that endogenously expressed IRS-1 also interacted with
endogenously expressed GKAP42 (Fig. 1C). Next the subcellu-
lar localization of IRS-1 and GKAP42 were examined. GFP-
GKAP42 and Myc-IRS-1 was exogenously expressed in CHO-
C400 cells, and immunostaining analysis was performed. As
shown in Fig. 1D, GFP-IRS-1 and Myc-GKAP42 were well co-
localized with each other. Furthermore, 3T3-L1 adipocytes
were fractionated into plasma membrane, LDM, HDM, and
Cyt, as described previously (35). Each fraction was subjected to
immunoblotting analysis with anti-IRS-1 or anti-GKAP42 anti-
body. As shown in Fig. 1E, both IRS-1 and GKAP42 were mainly
fractionated into the LDM fraction, and the fractionation pat-
tern was quite comparable.

GKAP42 Knockdown Suppressed Insulin Signaling and Glu-
cose Uptake in 3T3-L1 Adipocytes—To investigate the effect of
GKAP42 on insulin signaling pathways, we suppressed
GKAP42 protein level by RNA interference-mediated gene
silencing. Fully differentiated 3T3-L1 adipocytes were electro-
porated with control or GKAP42 siRNA, resulting in a marked
reduction in targeted GKAP42 protein level without any signif-

icant effect on the levels of other proteins (Fig. 2A). Cell lysates
from GKAP42 knockdown 3T3-L1 adipocytes were immuno-
precipitated with anti-IR antibody or anti-IRS-1 antibody and
assessed for insulin-dependent IR or IRS-1 tyrosine phosphor-
ylation or for binding of the p85 regulatory subunit of PI 3-ki-
nase to IRS-1. As a result, we found that GKAP42 knockdown
did not affect insulin receptor autophosphorylation induced by
insulin, which is known to reflect tyrosine kinase activation
(Fig. 2A). In contrast, insulin-dependent tyrosine phosphoryla-
tion of IRS-1 and binding of the p85 regulatory subunit of PI
3-kinase to IRS-1 were decreased (Fig. 2A). We then measured
PI 3-kinase activity bound to IRS-1. Insulin-dependent activa-
tion of PI 3-kinase associated with IRS-1 was reduced by
GKAP42 knockdown, as shown in Fig. 2B. It is well known that
phosphorylation of Akt on two of its amino acid residues, thre-
onine 308 and serine 473, is required for full activation (39).
Consistent with a decrease in PI 3-kinase activity associated
with tyrosine-phosphorylated IRS-1, insulin-stimulated Akt
serine 473 phosphorylation and threonine 308 phosphorylation
were both decreased in GKAP42 knockdown cells without any
change in ERK activation (Fig. 2A).

We then investigated insulin-dependent GLUT4 transloca-
tion to the plasma membrane and glucose uptake. Fully differ-
entiated 3T3-L1 adipocytes were electroporated with control
or GKAP42 siRNA along with pGLUT4-Myc-eGFP-expressing
plasmid. Twenty-four hours later, cells were serum-starved for
4 h, followed by stimulation with insulin for 20 min. Cells were
fixed without permeabilization and incubated with anti-Myc
antibody. We calculated the relative Myc fluorescence in com-
parison with the total cell GFP fluorescence. Insulin stimula-
tion induced GLUT4 translocation to the plasma membrane in
control cells. In contrast, GKAP42 knockdown significantly
inhibited insulin-stimulated GLUT4 translocation to the
plasma membrane (Fig. 2C), and insulin-dependent glucose
uptake was impaired (Fig. 2D).

IRS-1 availability to IR tyrosine kinase was then assessed in
GKAP42 knockdown cells. The same amounts of IRS-1 pre-
pared from GKAP42 knockdown or control 3T3-L1 adipocytes
were immunoprecipitated, and an in vitro tyrosine phosphory-
lation assay was performed. The results indicated that in vitro
tyrosine phosphorylation of IRS-1 prepared from GKAP42
knockdown cells was suppressed compared with that of IRS-1
from control cells (Fig. 2E), indicating that IRS-1 availability for
IR tyrosine kinases is decreased by GKAP42 knockdown. More-
over, GST or GST-GKAP42 protein purified from Escherichia
coli was added into the in vitro phosphorylation assay. The
addition of GST-GKAP42 could not recover the impaired avail-
ability of IRS-1 to IR in GKAP42 knockdown cells (Fig. 2F),
suggesting that IRS-1 derived from GKAP42 knockdown cells
has already been modified to have impaired availability to IR.

Overexpression of the N-terminal Coiled-coil Domain of
GKAP42 Impaired Insulin-dependent GLUT4 Translocation—
To identify the region of GKAP42 responsible for the interac-
tion with IRS-1, plasmids expressing a GKAP42 deletion series
fused to a FLAG tag were constructed (D1–D4), and co-immu-
noprecipitation assays were carried out (Fig. 3A). The GKAP42
mutants that contain the coiled-coil domain in the N-terminal
region (D1 and D2) interacted with IRS-1 but not a version
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containing the coiled-coil domains of the C-terminal region
(D3) (Fig. 3A). These data indicate that the N-terminal region
(amino acid residues 1–95) of GKAP42 (GKAP42-N) is sufficient
for its interaction with IRS-1. Weak interaction could be observed
in a mutant containing just the second coiled-coil domain of the
N-terminal region (D4) (Fig. 3A), suggesting that the second
coiled-coil domain in the N-terminal region possibly plays some
roles in the interaction between GKAP42 with IRS-1.

Next we assayed the effect of overexpression of GKAP42-N on
the interaction between IRS-1 and GKAP42. GKAP42-N was
overexpressed in HEK293T cells, and the interactions between
IRS-1 and GKAP42 were studied by co-immunoprecipitation
assays. In cells overexpressing GKAP42-N, decreased binding of

IRS-1 to GKAP42 was observed, indicating that overexpressed
GKAP42-N outcompeted GKAP42 for IRS-1 (Fig. 3B).

To examine the role of GKAP42 binding to IRS-1, we
assessed the effect of GKAP42-N overexpression on insulin-
induced GLUT4 translocation in 3T3-L1 adipocytes. Fully dif-
ferentiated 3T3-L1 adipocytes were transfected with pFLAG or
pFLAG-GKAP42-N along with pGLUT4-Myc-eGFP by elec-
troporation. Cells were serum-starved for 4 h, followed by stim-
ulation with insulin for 20 min. We calculated the GLUT4
translocation ratio as described under “Experimental Proce-
dures” and found that overexpression of GKAP42-N signifi-
cantly inhibited insulin-stimulated GLUT4 translocation to the
plasma membrane (Fig. 3C).

FIGURE 1. GKAP42 interacted with IRS-1. A, the indicated mouse tissues were collected, and the lysates were subjected to SDS-PAGE followed by
immunoblotting (IB) with antibodies against GKAP42 or the p85 regulatory subunit of PI 3-kinase. B, HEK293T cells were co-transfected with pFLAG or
pFLAG-GKAP42 in combination with pMyc-IRS-1. Cell lysates were immunoprecipitated by anti-FLAG antibody and immunoblotted with the indicated
antibodies. C, cell lysates of fully differentiated 3T3-L1 adipocytes were subjected to immunoprecipitation with anti-GKAP42 antibody and immuno-
blotted with the indicated antibodies. Input represents an aliquot corresponding to 1% of lysate. Shown are representative immunoblots indepen-
dently performed at least three times. D, CHO-C400 cells were transfected with Myc-GKAP42 and GFP-IRS-1 by Lipofectamine 2000 reagent. Cells were
fixed, permeabilized, and immunostained with anti-Myc antibody. Transfected GFP-IRS-1 was visualized in the confocal microscopy in green, and
Myc-GKAP42 protein was visualized by Alexa594 in red. IF, immunofluorescence. E, 3T3-L1 adipocytes were subjected to subcellular fractionation.
Fractions (cytosol (CYT), plasma membrane (PM), high-density microsome (HDM), and low-density microsome (LDM)) were analyzed by immunoblotting
with the indicated antibodies.
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FIGURE 2. Effects of GKAP42 knockdown on insulin signaling and glucose uptake in 3T3-L1 adipocytes. 3T3-L1 adipocytes electroporated with control or
GKAP42 siRNA were serum-starved, followed by stimulation with 100 nM insulin. A, cell lysates were immunoprecipitated with the indicated antibodies, and immu-
noprecipitates (IP) or total cell lysates (TCL) were immunoblotted (IB) with the indicated antibodies. Bands were quantified from each blot by ImageJ software (National
Institutes of Health). Protein amounts of phosphorylated IR, phosphorylated IRS-1, p85 associated with IRS-1, and phosphorylated Akt were calculated, and values are
shown in the graphs. The results are presented as the means�S.E. (error bars) of triplicate determinations. B, PI 3-kinase activity associated with IRS-1 immunocomplex
was measured by in vitro kinase assay. The results are presented as the means�S.E. of triplicate determinations. C, 3T3-L1 adipocytes were electroporated with control
or GKAP42 siRNA along with pGLUT4-Myc-GFP. Cells were then fixed without permeabilization and immunostained with anti-Myc antibody. The amount of exofacially
exposed Myc epitope was quantified. The results are presented as the means � S.E. of 20 cells. D, cells were assayed for glucose uptake. The results are presented as
the means � S.E. of five wells. *, the difference between control siRNA and GKAP42 siRNA with insulin stimulation is significant, with p � 0.05 (A–D). E and F, cell lysates
were subjected to immunoprecipitation with anti-IRS-1 antibody. Precipitates were subjected to an in vitro tyrosine phosphorylation assay using insulin receptor
kinase. Bands were quantified from each blot by ImageJ software. The protein amount of phosphorylated IRS-1 was calculated, and values are shown in the graphs. The
results are presented as the means � S.E. of three different experiments. *, the difference between control siRNA and GKAP42 siRNA with the IR addition is significant,
with p � 0.05 (E). Shown are representative data from experiments independently performed three times.
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GKAP42 Protein Level Is Decreased by TNF-� Treatment and
Rescued in the Presence of a Proteasome Inhibitor—It has been
reported that TNF-� pretreatment inhibits insulin-induced
IRS-1 tyrosine phosphorylation, resulting in inhibition of insu-
lin signaling and glucose uptake in 3T3-L1 adipocytes (20 –22).
To evaluate whether GKAP42 is involved in TNF-�-induced
insulin resistance, we measured GKAP42 protein in 3T3-L1
adipocytes treated with TNF-� for the indicated periods. Our
results showed that TNF-� pretreatment suppressed the levels
of GKAP42 protein in a time-dependent manner (Fig. 4A).
Under the same conditions, TNF-� treatment did not decrease
mRNA expression of GKAP42 (Fig. 4B). Treatment with an
inhibitor of the proteasome (MG-132) rescued TNF-�-induced

reduction in GKAP42 protein expression (Fig. 4C), suggesting
that GKAP42 was degraded in response to TNF-� through the
proteasome in 3T3-L1 adipocytes. To examine whether TNF-
�-induced decrease in GKAP42 protein level causes impair-
ment of IRS-1 tyrosine phosphorylation, we overexpressed
GFP-GKAP42 in 3T3-L1 adipocytes. Fully differentiated 3T3-
L1 adipocytes were infected with lentivirus expressing GFP
or GFP-GKAP42. Cells were pretreated with TNF-� fol-
lowed by stimulation with insulin, and then insulin signal
activation was measured. As shown in Fig. 4D, GKAP42
overexpression could partially rescue TNF-�-induced im-
pairment of insulin-induced IRS-1 tyrosine phosphorylation
and Akt serine 473 phosphorylation.

FIGURE 3. Effects of N-terminal coiled-coil domain of GKAP42 overexpression on insulin-dependent GLUT4 translocation. A, diagrams of FLAG-
tagged GKAP42 deletion constructs used for experiments are shown. The number indicates the amino acid (a.a.) position number of GKAP42. Coiled-coil
domains are shown in black. Below the GKAP42 structure, constructs of some deletion mutants (D1–D4) are shown. Plasmids expressing each deletion
mutant of GKAP42 tagged with FLAG and pMyc-IRS-1 were co-transfected in HEK293T cells. Cell lysates were immunoprecipitated (IP) with anti-FLAG
antibody-conjugated agarose and immunoblotted (IB) with the indicated antibodies. Total cell lysates, an aliquot corresponding to 1% of the lysates. B,
HEK293T cells were co-transfected with pMyc-IRS-1 and pFLAG-GKAP42 following transfection with or without pGFP-GKAP42-N. Cell lysates were
immunoprecipitated with anti-FLAG antibody and immunoblotted with the indicated antibodies. C, 3T3-L1 adipocytes were electroporated with
plasmid pFLAG-GKAP42-N or pFLAG along with pGLUT4-Myc-GFP. Cells were then fixed without permeabilization and immunostained with anti-Myc
antibody. The amount of exofacially exposed Myc epitope was quantified. The results are presented as the means � S.E. (error bars) of 20 cells. *, the
difference between mock and GKAP42-N expression with insulin stimulation is significant, with p � 0.05. Shown are representative data from experi-
ments independently performed at least three times.

Roles of GKAP42 in Insulin-induced Glucose Uptake

FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5887



TNF-� Treatment Repressed GKAP42 Protein Level via
cGK-I�—GKAP42 has been shown to interact with cGK-I�
(38). To investigate the role, if any, of cGK-I� in TNF-�-
induced repression of GKAP42 protein, we measured
cGK-I� kinase activity. cGK-I� kinase activity was con-
firmed to be slightly enhanced by TNF-� treatment (Fig. 5A).
Next, we knocked down cGK-I� in 3T3-L1 adipocytes. TNF-

�-induced repression of GKAP42 protein level was partially
rescued by cGK-I� knockdown (Fig. 5B). At the same time,
TNF-�-induced repression of insulin-dependent IRS-1 tyro-
sine phosphorylation, p85 associated with IRS-1, and Akt
serine 473 phosphorylation were also partially rescued by
cGK-I� knockdown (Fig. 5C). Next we assessed insulin-in-
duced glucose uptake. As shown in Fig. 5D, cGK-I� knock-
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down partially rescued TNF-�-induced impairment of insu-
lin-dependent glucose uptake.

cGK-I� Knockdown Completely Rescued the Defect of Insulin
Signals and Insulin-induced Glucose Uptake in GKAP42 Knock-
down Cells—Finally, we examined the effect of cGK-I� knock-
down on insulin signals and insulin-induced glucose uptake in

GKAP42 knockdown cells. As shown in Fig. 2, insulin-induced
IRS-1 tyrosine phosphorylation or Akt phosphorylation was
impaired in GKAP42 knockdown cells. This repression was
completely rescued by cGK-I� knockdown (Fig. 6A). Further-
more, we assessed insulin-induced glucose uptake. As shown in
Fig. 6B, cGK-I� knockdown completely rescued impairment of

FIGURE 4. Effects of TNF-� treatment on GKAP42 protein level. A, after being serum-starved for 3 h, 3T3-L1 adipocytes were treated with 2 nM TNF-� for the
indicated periods. Cell lysates were analyzed by immunoblotting (IB) with the indicated antibodies. Bands were quantified from each blot by ImageJ software. Protein
amount of GKAP42 was calculated, and values are shown in the graphs. The results are presented as the means � S.E. (error bars) of triplicate determinations. *, the
difference versus 0 h of TNF-� treatment is significant, with p � 0.05. B, total RNA was extracted from 3T3-L1 adipocytes. Using this total RNA, first strand cDNA was
synthesized, and PCR was carried out using these first strand cDNA as templates. Shown are representative data of independent triplicate determinations. C, 3T3-L1
adipocytes were serum-starved for 3 h and treated with MG-132, and cells were then treated with 2 nM TNF-� for 24 h. Cell lysates were analyzed by immunoblotting
with the indicated antibodies. Bands were quantified from each blot by ImageJ software. The protein amount of GKAP42 was calculated, and values are shown in the
graphs. The results are presented as the means � S.E. of three different experiments. There are significant differences between values with different letters (p � 0.05).
D, 3T3-L1 adipocytes were infected with recombinant lentivirus expressing GFP or GFP-GKAP42. Then cells were pretreated with or without 2 nM TNF-� for 24 h and
treated with or without 100 nM insulin for 5 min. Cell lysates were immunoprecipitated with anti-IRS-1 antibody, and immunoprecipitates (IP) or total cell lysates (TCL)
were immunoblotted with the indicated antibodies. Bands were quantified from each blot by ImageJ software. Protein amounts of phosphorylated IRS-1 and
phosphorylated Akt were calculated, and values are shown in the graphs. The results are presented as the means�S.E. of three different experiments. *, the difference
between GFP and GFP-GKAP42 expression with TNF-� treatment is significant, with p � 0.05.

FIGURE 5. Effects of cGK-I� knockdown on TNF-�-induced repression of GKAP42 protein level. A, after being serum-starved for 3 h, 3T3-L1 adipocytes were
treated with 2 nM TNF-� for 24 h. cGK activity was measured in the presence of 5 mM cGMP using the synthetic peptide BPDEide. *, the difference between without
TNF-� and with TNF-� is significant, with p � 0.05. B–D, 3T3-L1 adipocytes were electroporated with cGK-I� or control siRNA and then treated with 2 nM TNF-�. B, cell
lysates were analyzed by immunoblotting (IB) with the indicated antibodies. Bands were quantified from each blot by ImageJ software. The protein amount of GKAP42
was calculated, and values were shown in the graphs. The results are presented as the means � S.E. (error bars) of three different experiments. C, cell lysates were
subjected to immunoprecipitation (IP) with anti-IRS-1 antibody and immunoblotted with the indicated antibodies. Bands were quantified from each blot by ImageJ
software. The protein amounts of phosphorylated IRS-1 and p85 associated with IRS-1 were calculated, and values are shown in the graphs. The results are presented
as the means � S.E. of three different experiments. Shown are representative immunoblots independently performed at least three times. D, cells were assayed for
glucose uptake. The results are presented as the means � S.E. of five wells. There are significant differences between values with different letters (p � 0.05).
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insulin-dependent glucose uptake in GKAP42 knockdown
cells.

DISCUSSION

Recently, we have shown that IRSs form high-molecular
weight complexes through association with various proteins in
a phosphotyrosine-independent manner and that the IRS-asso-
ciated proteins modulate tyrosine phosphorylation of IRSs by
IR/IGF-I receptor tyrosine kinases (23). In this study, we dem-
onstrated that GKAP42, a novel binding partner of IRS-1, is
required to maintain insulin-dependent IRS-1 tyrosine phosphor-
ylation and plays important roles in TNF-�-induced impairment
of insulin-dependent IRS-1 tyrosine phosphorylation.

Knockdown of GKAP42 decreased insulin-dependent IRS-1
tyrosine phosphorylation without affecting insulin receptor
phosphorylation in 3T3-L1 adipocytes (Fig. 2A). In vitro phos-
phorylation analysis revealed that IRS-1 from GKAP42 knock-
down cells had impaired availability to insulin receptor (Fig.
2E). These data indicated that GKAP42 plays important roles to
regulate IRS-1 availability to the insulin receptor. These results,
taken together with the data showing that interfering with the
interaction between IRS-1 and GKAP42 by overexpressing
GKAP42-N suppressed insulin-dependent GLUT4 transloca-
tion to plasma membrane in 3T3-L1 adipocytes, suggest that
association of IRS-1 with GKAP42 is required to maintain insu-
lin signaling through retention of IRS-1 tyrosine phosphoryla-
tion induced by insulin.

How is insulin-dependent IRS-1 phosphorylation affected by
association of GKAP42 with IRS-1? In vitro phosphorylation
assays showed that IRS-1 from GKAP42 knockdown cells had
impaired availability to IR, suggesting that GKAP42-associated
IRS-1 increased availability to IR tyrosine kinase. However,

GST-GKAP42 addition in in vitro phosphorylation assays could
not recover decreased availability to IR in GKAP42 knockdown
cells. This suggested that IRS-1 from GKAP42 knockdown cells
has already been post-translationally modified. Multiple stud-
ies have suggested that post-translational modification of
IRS-1, such as Ser/Thr phosphorylation by various kinases,
plays an important role in decreasing insulin-dependent tyro-
sine phosphorylation (40, 41). Particularly, specific serine resi-
dues of IRS-1, such as Ser-307, Ser-408, Ser-612, and Ser-632,
were reported to be phosphorylation sites responsible for inhi-
bition of IRS-1 tyrosine phosphorylation by IR tyrosine kinase
(25, 42– 44). We identified a cGK-I� candidate phosphoryla-
tion motif RKX(S/T) surrounding residue 520, RKRT520, in
IRS-1. cGK-I� knockdown completely rescued impairment of
IRS-1 availability to IR in GKAP42 knockdown cells. It is pos-
sible that GKAP42 knockdown allows cGK-I� kinase access to
IRS-1 and that it then phosphorylates IRS-1, resulting in
impairment of IRS-1 tyrosine phosphorylation. GKAP42 possi-
bly protects IRS-1 from Ser/Thr phosphorylation by cGK-I�
and other kinases.

How is GKAP42 protein level reduced in response to
TNF-� treatment? There are several reports showing that
TNF-� increases the expression of inducible nitric-oxide
synthase (iNOS) and NO production (45, 46). Enhanced
iNOS expression by TNF-� can increase the production of
cGMP, resulting in activation of cGK-I� (47). We showed
that cGK-I� activity was slightly enhanced by TNF-� treat-
ment (Fig. 5A). In addition, knockdown of cGK-1� partially
rescued TNF-�-induced repression of GKAP42 protein lev-
els (Fig. 5B), suggesting that cGK-I� is required for TNF-�-
induced GKAP42 protein degradation at least in a part. It is

FIGURE 6. Effects of GKAP42 and cGK-I� double knockdown on insulin signaling and glucose uptake in 3T3-L1 adipocytes. 3T3-L1 adipocytes electro-
porated with control, GKAP42, or GKAP42 and cGK-I� siRNA were serum-starved, followed by stimulation of 100 nM insulin. A, cell lysates were immunopre-
cipitated with anti-IRS-1 antibody, and immunoprecipitates (IP) or total cell lysates (TCL) were immunoblotted (IB) with the indicated antibodies. Bands were
quantified from each blot by ImageJ software. Protein amounts of phosphorylated IRS-1 and p85 associated with IRS-1 were calculated, and values are shown
in the graphs. The results are presented as the means � S.E. (error bars) of triplicate determinations. B, cells were assayed for glucose uptake. The results are
presented as the means � S.E. of five wells. There are significant differences between values with different letters (p � 0.05).
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well known that IRS-1 is also degraded in response to TNF-�
treatment by ubiquitin ligases, such as SOCS1 or SOCS3 (48,
49). Our data showed that cGK-I� knockdown did not affect
IRS-1 protein level (Fig. 5C). These data strongly suggested
that the degradation mechanisms of IRS-1 and GKAP42
could be quite different. It is possible that active cGK-I�
induces the activation of a different type of ubiquitin ligase
from SOCS1/3. Analysis of the mechanism of GKAP42 deg-
radation by cGK-I� is in progress.

Fig. 5 showed that knockdown of cGK-I� only partially
recovered TNF-�-induced insulin resistance. Lentivirus infec-
tion of GFP-GKAP42 could also only partially recover TNF-�-
induced impairment of insulin-dependent IRS-1 tyrosine phos-
phorylation (Fig. 4D). TNF-� is shown to activate various
kinases, including Jun kinases, mitogen-activated protein
kinases, and protein kinase Cs, to phosphorylate IRS-1, result-
ing in repression of its tyrosine phosphorylation in response to
insulin and insulin bioactivities (25, 50, 51). TNF-� also
increases lipids, such as diacylglycerols, ceramides, and gangli-
oside GM3, resulting in inhibition of insulin-dependent IR acti-
vation and its proximal signaling (52–55). In addition, knock-
down of cGK-I� could only restore GKAP42 protein level and
not IRS-1 protein level, indicating that a degradation system
other than cGK-I� was induced by TNF-� treatment. Such
TNF-� multiple effects might be a reason why knockdown of
cGK-I� or GKAP42 overexpression only partially recovered
TNF-�-induced insulin resistance.

In this study, we have shown that long term treatment
with TNF-� inhibited insulin-induced GLUT4 transloca-
tion. As shown in Fig. 2C, knockdown of GKAP42 impaired
GLUT4 translocation induced by insulin. In addition, long
term treatment with TNF-� repressed GKAP42 protein level
(Fig. 4A), indicating that TNF-�-induced GKAP42 protein
repression caused insulin resistance at least in part. We also
tested whether GKAP42 overexpression restored TNF-�-in-
duced impairment of GLUT4 translocation. Interestingly,
overexpression of GKAP42 itself markedly enhanced GLUT4
translocation without insulin treatment (data not shown),
suggesting that GKAP42 has some other function to directly
regulate GLUT4 translocation in addition to sustaining
IRS-1 tyrosine phosphorylation. On the contrary, cGK-I�
knockdown could partially restore TNF-�-induced impair-
ment of glucose uptake (Fig. 5D). These partial rescue effects
could be observed because of adequate recovery of GKAP42
protein level.

In summary, we identified GKAP42 as a novel IRS-1-inter-
acting protein and showed that GKAP42 is required for main-
tenance of availability of IRS-1 to IR tyrosine kinase, resulting in
maintenance of insulin-dependent glucose uptake in 3T3-L1
adipocytes. In addition, we showed that the GKAP42 protein
level was suppressed by long term TNF-� treatment through
cGK-I�. Taken together, we concluded that TNF-�-induced
GKAP42 protein repression caused insulin resistance at least in
part. The present study demonstrated that cGK-I� and
GKAP42 are the novel key molecules that cause insulin resis-
tance induced by TNF-�. Our results reveal unrecognized
cross-talk between cGK-I�-GKAP42 and insulin pathways that
enable modulation of glucose uptake.
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26. Gual, P., Grémeaux, T., Gonzalez, T., Le Marchand-Brustel, Y., and Tanti,
J. F. (2003) MAP kinases and mTOR mediate insulin-induced phosphor-
ylation of insulin receptor substrate-1 on serine residues 307, 612 and 632.
Diabetologia 46, 1532–1542

27. Fukushima, T., Okajima, H., Yamanaka, D., Ariga, M., Nagata, S., Ito, A.,
Yoshida, M., Asano, T., Chida, K., Hakuno, F., and Takahashi, S. (2011)
HSP90 interacting with IRS-2 is involved in cAMP-dependent potentia-
tion of IGF-I signals in FRTL-5 cells. Mol. Cell. Endocrinol. 344, 81– 89

28. Hakuno, F., Kurihara, S., Watson, R. T., Pessin, J. E., and Takahashi, S.
(2007) 53BP2S, interacting with insulin receptor substrates, modulates
insulin signaling. J. Biol. Chem. 282, 37747–37758

29. Lee, A., Hakuno, F., Northcott, P., Pessin, J. E., and Rozakis Adcock, M. (2013)
Nexilin, a cardiomyopathy-associated F-actin binding protein, binds and reg-
ulates IRS1 signaling in skeletal muscle cells. PLoS One 8, e55634

30. Farhang-Fallah, J., Randhawa, V. K., Nimnual, A., Klip, A., Bar-Sagi, D.,
and Rozakis-Adcock, M. (2002) The pleckstrin homology (PH) domain-
interacting protein couples the insulin receptor substrate 1 PH domain to
insulin signaling pathways leading to mitogenesis and GLUT4 transloca-
tion. Mol. Cell. Biol. 22, 7325–7336

31. Ariga, M., Nedachi, T., Akahori, M., Sakamoto, H., Ito, Y., Hakuno, F., and
Takahashi, S. (2000) Signalling pathways of insulin-like growth factor-I
that are augmented by cAMP in FRTL-5 cells. Biochem. J. 348, 409 – 416

32. Kabuta, T., Hakuno, F., Asano, T., and Takahashi, S. (2002) Insulin recep-
tor substrate-3 functions as transcriptional activator in the nucleus. J. Biol.
Chem. 277, 6846 – 6851

33. Elmendorf, J. S., Chen, D., and Pessin, J. E. (1998) Guanosine 5�-O-(3-
thiotriphosphate) (GTP�S) stimulation of GLUT4 translocation is tyro-
sine kinase-dependent. J. Biol. Chem. 273, 13289 –13296

34. Min, J., Okada, S., Kanzaki, M., Elmendorf, J. S., Coker, K. J., Ceresa, B. P.,
Syu, L. J., Noda, Y., Saltiel, A. R., and Pessin, J. E. (1999) Synip: a novel
insulin-regulated syntaxin 4-binding protein mediating GLUT4 translo-
cation in adipocytes. Mol. Cell 3, 751–760

35. Yoneyama, Y., Matsuo, M., Take, K., Kabuta, T., Chida, K., Hakuno, F., and
Takahashi, S. (2013) The AP-1 complex regulates intracellular localization
of insulin receptor substrate 1, which is required for insulin-like growth
factor I-dependent cell proliferation. Mol. Cell. Biol. 33, 1991–2003

36. Nedachi, T., Akahori, M., Ariga, M., Sakamoto, H., Suzuki, N., Ume-
saki, K., Hakuno, F., and Takahashi, S. I. (2000) Tyrosine kinase and
phosphatidylinositol 3-kinase activation are required for cyclic aden-
osine 3�,5�-monophosphate-dependent potentiation of deoxyribonu-
cleic acid synthesis induced by insulin-like growth factor-I in FRTL-5
cells. Endocrinology 141, 2429 –2438

37. Ogihara, T., Isobe, T., Ichimura, T., Taoka, M., Funaki, M., Sakoda, H.,
Onishi, Y., Inukai, K., Anai, M., Fukushima, Y., Kikuchi, M., Yazaki, Y.,
Oka, Y., and Asano, T. (1997) 14-3-3 protein binds to insulin receptor
substrate-1, one of the binding sites of which is in the phosphotyrosine
binding domain. J. Biol. Chem. 272, 25267–25274

38. Yuasa, K., Omori, K., and Yanaka, N. (2000) Binding and phosphorylation
of a novel male germ cell-specific cGMP-dependent protein kinase-an-
choring protein by cGMP-dependent protein kinase I�. J. Biol. Chem. 275,
4897– 4905

39. Vanhaesebroeck, B., and Alessi, D. R. (2000) The PI3K-PDK1 connection:
more than just a road to PKB. Biochem. J. 346, 561–576

40. Zick, Y. (2005) Ser/Thr phosphorylation of IRS proteins: a molecular basis
for insulin resistance. Sci. STKE 2005, pe4

41. Hirosumi, J., Tuncman, G., Chang, L., Görgün, C. Z., Uysal, K. T., Maeda,
K., Karin, M., and Hotamisligil, G. S. (2002) A central role for JNK in
obesity and insulin resistance. Nature 420, 333–336

42. Bouzakri, K., Roques, M., Gual, P., Espinosa, S., Guebre-Egziabher, F.,
Riou, J. P., Laville, M., Le Marchand-Brustel, Y., Tanti, J. F., and Vidal, H.
(2003) Reduced activation of phosphatidylinositol-3 kinase and increased
serine 636 phosphorylation of insulin receptor substrate-1 in primary cul-
ture of skeletal muscle cells from patients with type 2 diabetes. Diabetes
52, 1319 –1325

43. De Fea, K., and Roth, R. A. (1997) Protein kinase C modulation of insulin
receptor substrate-1 tyrosine phosphorylation requires serine 612. Bio-
chemistry 36, 12939 –12947

44. Liu, Y. F., Herschkovitz, A., Boura-Halfon, S., Ronen, D., Paz, K., Leroith,
D., and Zick, Y. (2004) Serine phosphorylation proximal to its phospho-
tyrosine binding domain inhibits insulin receptor substrate 1 function and
promotes insulin resistance. Mol. Cell. Biol. 24, 9668 –9681

45. Ribiere, C., Jaubert, A. M., Gaudiot, N., Sabourault, D., Marcus, M. L.,
Boucher, J. L., Denis-Henriot, D., and Giudicelli, Y. (1996) White adipose
tissue nitric oxide synthase: a potential source for NO production.
Biochem. Biophys. Res. Commun. 222, 706 –712

46. Kapur, S., Marcotte, B., and Marette, A. (1999) Mechanism of adipose
tissue iNOS induction in endotoxemia. Am. J. Physiol. 276, E635–E641

47. Fischer, B. M., Rochelle, L. G., Voynow, J. A., Akley, N. J., and Adler, K. B.
(1999) Tumor necrosis factor-� stimulates mucin secretion and cyclic
GMP production by guinea pig tracheal epithelial cells in vitro. Am. J.
Respir. Cell Mol. Biol. 20, 413– 422

48. Kanatani, Y., Usui, I., Ishizuka, K., Bukhari, A., Fujisaka, S., Urakaze, M.,
Haruta, T., Kishimoto, T., Naka, T., and Kobayashi, M. (2007) Effects of
pioglitazone on suppressor of cytokine signaling 3 expression: potential
mechanisms for its effects on insulin sensitivity and adiponectin expres-
sion. Diabetes 56, 795– 803

49. Rui, L., Yuan, M., Frantz, D., Shoelson, S., and White, M. F. (2002) SOCS-1
and SOCS-3 block insulin signaling by ubiquitin-mediated degradation of
IRS1 and IRS2. J. Biol. Chem. 277, 42394 – 42398

50. Engelman, J. A., Berg, A. H., Lewis, R. Y., Lisanti, M. P., and Scherer, P. E.
(2000) Tumor necrosis factor �-mediated insulin resistance, but not
dedifferentiation, is abrogated by MEK1/2 inhibitors in 3T3-L1 adi-
pocytes. Mol. Endocrinol. 14, 1557–1569

51. Nawaratne, R., Gray, A., Jørgensen, C. H., Downes, C. P., Siddle, K., and
Sethi, J. K. (2006) Regulation of insulin receptor substrate 1 pleckstrin
homology domain by protein kinase C: role of serine 24 phosphorylation.
Mol. Endocrinol. 20, 1838 –1852

52. Gao, Z., Zhang, X., Zuberi, A., Hwang, D., Quon, M. J., Lefevre, M., and Ye,
J. (2004) Inhibition of insulin sensitivity by free fatty acids requires activa-
tion of multiple serine kinases in 3T3-L1 adipocytes. Mol. Endocrinol. 18,
2024 –2034

53. Grigsby, R. J., and Dobrowsky, R. T. (2001) Inhibition of ceramide produc-
tion reverses TNF-induced insulin resistance. Biochem. Biophys. Res.
Commun. 287, 1121–1124

54. Holland, W. L., Brozinick, J. T., Wang, L. P., Hawkins, E. D., Sargent, K. M.,
Liu, Y., Narra, K., Hoehn, K. L., Knotts, T. A., Siesky, A., Nelson, D. H.,
Karathanasis, S. K., Fontenot, G. K., Birnbaum, M. J., and Summers, S. A.
(2007) Inhibition of ceramide synthesis ameliorates glucocorticoid-, satu-
rated-fat-, and obesity-induced insulin resistance. Cell Metab. 5, 167–179

55. Tagami, S., Inokuchi Ji, J., Kabayama, K., Yoshimura, H., Kitamura, F.,
Uemura, S., Ogawa, C., Ishii, A., Saito, M., Ohtsuka, Y., Sakaue, S., and
Igarashi, Y. (2002) Ganglioside GM3 participates in the pathological con-
ditions of insulin resistance. J. Biol. Chem. 277, 3085–3092

Roles of GKAP42 in Insulin-induced Glucose Uptake

5892 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 9 • FEBRUARY 27, 2015


