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Activated insulin receptor (IR) interacts with its substrates, IRS-1, IRS-2, and Shc via the NPXY motif
centered at Y960. This interaction is important for IRS-1 phosphorylation. Studies using the yeast two-hybrid
system and sequence identity analysis between IRS-1 and IRS-2 have identified two putative elements, the PTB
and SAIN domains, between amino acids 108 and 516 of IRS-1 that are sufficient for receptor interaction.
However, their precise function in mediating insulin’s bioeffects is not understood. We expressed the PTB and
SAIN domains of IRS-1 in HIRcB fibroblasts and 3T3-L1 adipocytes utilizing replication-defective adenoviral
infection to investigate their role in insulin signalling. In both cell types, overexpression of either the PTB or
the SAIN protein caused a significant decrease in insulin-induced tyrosine phosphorylation of IRS-1 and Shc
proteins, IRS-1-associated phosphatidylinositol 3-kinase (PI 3-K) enzymatic activity, p70°°* activation, and
p44 and p42 mitogen-activated protein kinase (MAPK) phosphorylation. However, epidermal growth factor-
induced Shc and MAPK phosphorylation was unaffected by the overexpressed proteins. These findings were
associated with a complete inhibition of insulin-stimulated cell cycle progression. In 3T3-L1 adipocytes, PTB
or SAIN expression extinguished IRS-1 phosphorylation with a corresponding 90% decrease in IRS-1-associ-
ated PI 3-K activity. p70°°* is a downstream target of PI 3-K, and insulin-stimulated p70°°* was inhibited by
PTB or SAIN expression. Interestingly, overexpression of either PTB or SAIN protein did not affect insulin-
induced AKT activation or insulin-stimulated 2-deoxyglucose transport, even though both of these bioeffects
are inhibited by wortmannin. Thus, interference with the IRS-1-IR interaction inhibits insulin-stimulated
IRS-1 and Shc phosphorylation, PI 3-K enzymatic activity, p70°®* activation, MAPK phosphorylation and cell
cycle progression. In 3T3-L1 adipocytes, interference with the IR-IRS-1 interaction did not cause inhibition of
insulin-stimulated AKT activation or glucose transport. These results indicate a bifurcation or subcompart-
mentalization of the insulin signalling pathway whereby some targets of PI 3-K (i.e., p70°°*) are dependent on
IRS-1-associated PI 3-K and other targets (i.e., AKT and glucose transport) are not. IR-IRS-1 interaction is
not essential for insulin’s effect on glucose transport, and alternate, or redundant, pathways exist in these cells.

After insulin receptor (IR) activation, multiple signalling
pathways are activated leading to diverse effects upon cellular
metabolism and mitogenesis. Once activated, the IR can ty-
rosine phosphorylate endogenous substrates, such as IR sub-
strate 1 (IRS-1) (41, 49), IR substrate 2 (IRS-2) (42, 45), Shc
(32), and others (25, 50, 52). The best-studied IR substrates are
IRS-1 and the signalling adapter protein Shc. The cDNA en-
coding IRS-1 protein has been isolated from rats, mice, and
humans (4, 28, 41, 48). IRS-1, a cytoplasmic protein of 160 to
185 kDa as indicated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), is expressed in a broad
range of tissues and is highly conserved across species. The first
step in insulin signalling involves autoactivation of the receptor
by phosphorylation of tyrosines 1146, 1150, and 1151 in its
catalytic cleft and tyrosine 960 in its juxtamembrane region.
IRS-1 phosphorylation is mediated by interaction with the
NPXY motif centered at phosphotyrosine 960 of the autophos-
phorylated IR (4, 28, 48).

IRS-1 contains a pleckstrin homology domain at its extreme
amino-terminal region, whose deletion markedly impairs Tyr
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phosphorylation of IRS-1 in vivo and the capability of IRS-1 to
associate and activate phosphatidylinositol 3-kinase (PI 3-K)
(27, 47). At the carboxyl-terminal end of the pleckstrin homol-
ogy domain of the IRS-1 protein, at least two additional re-
gions are considered necessary for efficient interaction with the
activated receptor. Studies using the yeast two-hybrid system
suggest that amino acids 108 to 516 of IRS-1, termed the IR
binding domain (IRBD), are sufficient for binding phosphoty-
rosine 960 of the IR and are required for phosphorylation of
IRS-1 by the IR (8, 12, 14). Deletion analysis within the IRBD
of IRS-1 has further identified amino acids 313 to 462 to be
essential for interaction with IR; these amino acids show a high
degree of similarity with Shc amino acids 41 to 200 (3, 8, 12, 14,
18, 44). This region is termed the Shc and IRS-1 NPXY bind-
ing (SAIN) domain. Furthermore, the recent cloning of IRS-2
has revealed extensive similarity between IRS-1 and IRS-2
among amino acids 144 to 316, suggesting the existence of
another minimal IRBD, termed the phosphotyrosine binding
(PTB) domain (42). A PTB domain was first described as a
186-amino-acid segment in the NH, terminus of Shc (3, 12).
However, it shares no recognizable sequence identity with the
IRS-1 PTB (3, 18), although its three-dimensional structure is
similar. X-ray crystal structure analyses indicate that the over-
all patterns of ligand binding by the IRS-1 and Shc PTB do-
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mains are similar, but residues critical for phosphotyrosine
recognition are not conserved (10).

Once IRS-1 is tyrosine phosphorylated, it can serve as a
docking protein for a number of SH2 domain-containing sig-
nalling proteins, such as the 85-kDa regulatory subunit of
phosphatidylinositol 3-kinase (PI 3-K). This p85 subunit binds
to specific phosphotyrosine motifs of IRS-1 leading to activa-
tion of PI 3-K and stimulation of downstream PI 3-K-mediated
signalling events.

Abundant evidence from Xenopus oocytes, cell culture sys-
tems, single-cell microinjection studies, and animal models (4,
28, 48) has demonstrated the central role of IRS-1 in mediating
downstream effects of insulin and insulin-like growth factor 1
(IGF-1). Phosphorylation of IRS-1 has been shown to be nec-
essary for normal insulin-mediated cell cycle progression in a
variety of cell systems (17, 35). In contrast, the role of IRS-1 in
the regulation of classic metabolic responses to insulin is less
clear. Reducing IRS-1 expression in rat adipose cells by using
an antisense ribozyme leads to modest impairment of insulin-
stimulated glucose transporter translocation, and disruption of
the IRS-1 gene in mice causes reduced intra-uterine growth,
elevated fasting insulin levels, and only mild insulin resistance.
These data suggest that IRS-1 plays a role in glucose ho-
meostasis, although other pathways must be involved (48). A
recent report from our laboratory suggests that phosphory-
lated IRS-1 is not an essential component of the metabolic
insulin signalling pathway that leads to GLUT4 translocation
in 3T3-L1 adipocytes (26). Thus, the role of IRS-1 in the
regulation of classic metabolic responses to insulin remains
unclear, in part because convenient experimental systems for
investigating this role are unavailable.

To investigate the role of IRS-1 in distinct mitogenic and
metabolic responses to insulin, we have utilized replication-
defective adenoviral-mediated infection of rapidly dividing fi-
broblasts and differentiated 3T3-L1 adipocytes, along with a
variety of biochemical assays. These cells were transiently in-
fected with recombinant adenoviral constructs expressing the
PTB (amino acids 144 to 316) and SAIN (amino acids 313 to
462) domains of IRS-1 in order to investigate their role in
insulin signalling.

MATERIALS AND METHODS

Materials. Porcine insulin was kindly provided by Lilly. Mouse monoclonal
antiphosphotyrosine (PY-20), mouse monoclonal anti-ERK1, rabbit polyclonal
insulin receptor B, and anti-Shc-SH2 antibodies were purchased from Transduc-
tion Laboratories. Anti-IRS-1 and anti-human S6 kinase (p70°°%) were from
Upstate Biotechnology Incorporated. Phospho-specific MAPK and p70*°* anti-
bodies were from New England Biolabs, Inc. The goat polyclonal AKT (C-20)
and the rabbit polyclonal insulin receptor B (C-19) antibodies of human origin
were purchased from Santa Cruz Biotechnology. Horseradish peroxidase-linked
anti-rabbit, -mouse, and -goat antibodies were obtained from Amersham. Dul-
becco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
obtained from Life Technologies. Restriction enzymes and a random primer
DNA labelling kit were purchased from Bethesda Research Laboratories (Gaith-
ersburg, Md.). All radioisotopes were obtained from DuPont-NEN (Boston,
Mass.). Hoechst dye 33342 was obtained from Molecular Probes (Eugene,
Oreg.). XAR-5 film was obtained from Eastman Kodak (Rochester, N.Y.). All
other reagents and chemicals were purchased from Sigma.

Cell culture. Rat 1 fibroblasts that had been stably transfected and that over-
express wild-type human insulin receptor (HIRcB cells) were cultured as de-
scribed previously (17). 3T3-L1 cells were grown and maintained in high-glucose
DMEM containing 50 U of penicillin/ml, 50 pg of streptomycin/ml, and 10%
FBS in a 10% CO, environment. The cells were allowed to grow for 2 days
postconfluency and were then differentiated by addition of the same medium
containing isobutylmethylxanthine (500 wM), dexamethasone (25 wM), and in-
sulin (4 pg/ml) for 3 days and then by addition of the medium containing insulin
for 3 additional days. The medium was then changed every 3 days until the cells
were fully differentiated, which typically occurred by the 10th day. Prior to
experimentation, the adipocytes were trypsinized and reseeded in the appropri-
ate culture dishes. The Ad-E1A-transformed human embryonic kidney cell line
293 was cultured in DMEM containing 10% FBS.
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Plasmid construction. The PTB and SAIN domains of human IRS-1 were
amplified by PCR using Pfu polymerase (Boehringer Mannheim, France) with
different sets of the following primers (5’ to 3'): ctagtctagageegecaccatgGGCA
GCTCCGGCCTTGGTGAGGCT (primer 1), geccaagettTCAGCCTGGCTTC
CCGCCCACCATGCT (primer 2), ctagtctagageegecaccatgGCCACCTCCCCG
GCCAGCATG (primer 3), and geccaagett TCAGGGCCCCTTGCCACCCAT
GCA (primer 4). Xbal and HindIII, the 5’ and the 3’ cloning sites, respectively,
are underlined. The PCR products containing PTB or SAIN domains of IRS-1
were digested with Xbal and HindIIl and were cloned into Xbal- and HindIII-
digested pACCMVpLpA (vector containing an ampicillin selection marker) and
digested with Xbal and HindIIl. Kozak sequences including a methionine initi-
ation codon (indicated in bold letters) were inserted upstream of the 5’ end of
the PCR primers. The inserted fragments were in frame with the initiation
codon. The plasmids pAC-PTB and pAC-SAIN, obtained by cloning the cDNA
fragments, were amplified with the primer sets 1-2 and 3-4. They encode the PTB
and SAIN domain-specific proteins containing amino acids 144 to 316 and 313 to
462, respectively of the IRS-1 protein. The nucleotide sequences of the cloned
plasmids were verified by DNA sequence analysis using the 5’- and the 3'-end
specific primers around the cloning sites (Xbal and HindIII) of the plasmid,
pACCMVpLpA.

Preparation of recombinant adenovirus. The recombinant adenoviruses con-
taining the cDNA encoding the PTB and SAIN domains of human IRS-1 were
isolated by homologous recombination with two plasmids, pACCMVpLpA (11)
and pJM17 (24), by following the strategy summarized in Fig. 1A. The recom-
binant plasmids, pAC-PTB, pAC-SAIN, and pJM17, were purified and cotrans-
fected into 293 cells. Since 293 cells were originally derived from adenovirus
transformation, the missing E1 gene function of pJM17 is provided in trans. The
resulting recombinant viruses containing the PTB and SAIN domains of human
IRS-1 are denoted Ad5-PTB and Ad5-SAIN, respectively, and are replication
defective (at least in cells lacking the E1 region of adenovirus) but fully infec-
tious.

Detection of recombinant Ad5-PTB and Ad5-SAIN or wild-type virus in cell
culture medium by PCR amplification of viral DNA. DNA templates for PCR
were extracted from the supernatant of the culture medium (350 wl) of the 293
cells that were infected with each plaque isolate or virus at a multiplicity of
infection (MOI) of 50 PFU/ml. A multiplex PCR was performed on a 1/10
dilution of virus DNA using E1A and E2B region-specific primers (51), and the
products were analyzed for the presence of recombinant or wild-type adenovirus.
The presence of PTB and SAIN domain-specific cDNA inserts of human IRS-1
in the recombinant virus was confirmed by PCR analysis of viral DNA with IRS-1
cDNA-specific primers. One clone of each of the recombinant viruses was am-
plified further in 293 cells. Purification by cesium chloride centrifugation resulted
in higher titer stocks of the recombinant viruses, typically 10'® PFU/ml as de-
termined by limiting dilution. All recombinant adenoviruses were stored at
—70°C in phosphate-buffered saline containing 10% glycerol.

Cell treatment. HIRcB cells were transduced at a multiplicity of infection of 1
to 20 PFU/cell for 1 h with stocks of either a negative control recombinant
adenovirus (Ad5-Ctrl or Ad5-CMV) containing the cytomegalovirus promoter,
pUC 18 polylinker, and a fragment of the simian virus 40 genome or the recom-
binant adenoviruses Ad5-PTB and Ad5-SAIN. 3T3-L1 adipocytes required ei-
ther 10-fold more virus or a longer infection time (12 to 16 h) than HIRcB cells
to achieve >90% infection in a transient system. Transduced cells were incu-
bated for 48 to 72 h at 37°C in 5% CO, and DMEM with 2% heat-inactivated
serum in order to minimize cell division and to avoid a hormonal effect on gene
expression and/or on the activities of overexpressed proteins, followed by incu-
bation in the starvation medium required for the assay. The experiments were
performed 60 to 96 h after the viral incubation and were repeated three to five
times. The efficiency of adenovirus-mediated gene transfer was approximately
90% as measured by histocytochemical staining for B-galactosidase (B-Gal) of
the cells infected with the recombinant adenovirus Ad5-lacZ, containing the
bacterial B-Gal gene (data not shown). The survival of the differentiated 3T3-L1
adipocytes was unaffected by incubation of cells with the different adenovirus
constructs since the total cell protein remained the same in infected or unin-
fected cells. However, the HIRcB cells demonstrated about 10% decrease in
total cellular protein, thereby indicating inhibition of cell cycle progression.

RNA extraction and Northern blot analysis. Total RNA was isolated from
control (uninfected) and Ad5-PTB and Ad5-SAIN domain-expressing adenovi-
rus-infected cells as described elsewhere (38). Total RNA (15 pg) was denatured
and electrophoresed on a 1% agarose—6.6% formaldehyde gel and blotted onto
a Hybond-N"* membrane. A 586-bp cDNA fragment of human IRS-1 spanning
the PTB and SAIN domains was labelled with [a->?P]dCTP by random priming.
Northern blots were hybridized with the labelled probe and washed as described
previously (38). Ethidium bromide staining of the electrophoresed RNA was
used to visualize the loading pattern. The autoradiograph was obtained after a
6-h exposure and was analyzed with a Hewlett-Packard Scan Jet II P desk
scanner utilizing a scan analysis program.

DNA synthesis. Cells were infected with the indicated adenoviruses at increas-
ing MOIs (0.2, 2.0, 20) for 1 h at room temperature, serum starved for 36 h, and
then stimulated with insulin (100 ng/ml) in the presence of BrdU for 16 h at 37°C.
They were then fixed and processed for immunofluorescence by sequential in-
cubation with rat anti-BrdU antibody and rhodamine-conjugated donkey anti-rat
antibody. Cells were counterstained with Hoechst stain to visualize nuclei. BrdU-
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incorporated cells were identified by the nuclear rhodamine staining (red). An
average of 200 cells per coverslip were counted. Results are expressed as the
percentages of stained cells exhibiting nuclear fluorescence.

PI 3-K activity. In vitro phosphorylation of PI was carried out in immune
complexes as described previously (36). Cells were infected with Ad5-PTB or
Ad5-SAIN or with Ad5-CMYV or Ad5-lacZ at the indicated MOIs and times and
were grown in medium containing heat-inactivated serum (2%) for 48 h. Serum-
starved (16 h) cells were incubated in the absence (basal) or presence of insulin
(100 ng/ml) for 30 min, washed once with ice-cold phosphate-buffered saline,
lysed, and subjected to immunoprecipitation (400 to 500 pg total protein) with
antibodies to IRS-1 or IR-B (2 to 4 pg), overnight at 4°C. Immune complexes
were precipitated from the supernatant with protein A-Sepharose (Sigma) and
washed as previously described (36). The washed immune complexes were incu-
bated with PI (Avanti) and [y-*>P]JATP (3,000 Ci/mmol) for 10 min at room
temperature. Reactions were stopped with 20 pl of 8 N HCI and 160 wl of
CHCl;-methanol (1:1) and centrifuged, and the lower organic phase was re-
moved and applied to a silica gel thin-layer chromatography plate (Merck) which
had been coated with 1% potassium oxalate. Thin-layer chromatography plates
were developed in CHCl;-CH;0H-H,O-NH,OH (60:47:11.3:2) and dried, and
immune complexes were visualized and quantitated on a Molecular Dynamics
PhosphorImager.

2-Deoxyglucose transport. The procedure for assessing glucose transport was
a modification of the methods described by Klip et al. (19). Differentiated
3T3-L1 adipocytes were infected with Ad5-PTB or AdS-SAIN (or Ad5-lacZ or
Ad5-CMV) at the indicated MOIs for 12 to 16 h at 37°C and grown in medium
containing heat-inactivated serum (2%) for 48 h. Serum- and glucose-deprived
cells were incubated in «-MEM in the absence (basal) or presence of 100 ng of
insulin/ml for 1 h at 37°C. In another set of experiments, cells were incubated
with 1, 10, or 100 ng of insulin/ml for 1 h at 37°C. Glucose uptake was determined
in duplicate at each point after the addition of 10 wl of substrate ([2-*H]deoxy-
glucose or L-[*H]glucose; 0.1 wCi; final concentration, 0.01 mmol/liter) to pro-
vide a concentration at which cell membrane transport is rate limiting. The value
for L-glucose was subtracted to correct each sample for the contributions of
diffusion and trapping. Data are representative of three different observations,
and each value was corrected for protein content.

Immunoprecipitation and Western blotting. HIRcB cells and 3T3-L1 adipo-
cytes, either uninfected or infected with Ad5-PTB, AdS-SAIN, Ad5-CMV, or
Ad5-lacZ, were starved for 24 h in serum-free Cellgro medium. The cells were
stimulated with insulin (100 ng/ml or as indicated in the figure legends) for 5 to
30 min at 37°C and lysed in a solubilizing buffer containing 30 mM Tris, 150 mM
EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1 mM
Na;VO, (pH 7.4) for 20 min at 4°C. The cell lysates were centrifuged to remove
insoluble materials. For Western blot analysis, whole-cell lysates (60 to 80 g of
protein per lane) from the indicated cells were denatured by boiling in Laemmli
sample buffer containing 100 mM dithiothreitol and resolved by SDS-PAGE.
Gels were transferred to Immobilon-P membranes by electroblotting in Towbin
buffer containing 0.02% SDS and 20% methanol and were immunoblotted with
the indicated antibody. For immunoprecipitations, the supernatants (400 to 500
ug of protein) were immunoprecipitated with anti-She antibody (1:100 dilution)
overnight at 4°C. The entire precipitant and all of the remaining supernatant
proteins were then separated by SDS-7.5% PAGE and transferred to Immo-
bilon-P membranes by electroblotting. For immunoblotting, membranes were
blocked and probed with specified antibodies. Blots were then incubated with a
second horseradish peroxidase-linked antibody followed by chemiluminescence
detection according to the manufacturer’s instructions (Pierce).

RESULTS

Detection of recombinant Ad5-PTB and Ad5-SAIN or wild-
type virus by multiplex PCR analysis. We employed a multi-
plex PCR assay to detect trace amounts of wild-type adenovi-
rus in a given batch of recombinant viruses. For this approach,
we designed two pairs of primers for the same reaction that can
amplify E1IA DNA and E2B DNA (an internal control). Re-
combinant viruses, Ad5-PTB and Ad5-SAIN, and the controls,
Ad5-lacZ and Ad5-CMYV, were isolated as outlined in the
legend for Fig. 1A and described in Materials and Methods.
Purified viruses with genotypes of El1 deletion (Ad5-CMV/
Ad5-Ctrl), E1 substitution (Ad5-lacZ, Ad5-PTB, and Ad5S-
SAIN), or the wild type were selected for detection of recom-
binant or wild-type viruses by multiplex PCR. Culture medium
from 293 cells that had been infected with plaque isolates or
virus at an MOI of 50 PFU/ml and exhibited cytopathic effects
was used as the source of template DNA. Multiplex PCR
amplification of the viral DNA was performed with E1A and
E2B specific primers. The EIA DNA (indicative of wild-type
virus) was not detected from any plaque-purified recombinant
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Ad5-lacZ, Ad5-PTB, and Ad5-SAIN but was specifically de-
tected when the DNA template from the wild-type virus-in-
fected cell culture was used as a template (data not shown).
These results indicate that the recombinants were free of wild-
type virus contamination. E2B PCR-positive clones indicate
the presence of adenovirus (wild type or recombinant). To
further confirm the presence of recombinant cDNAs in E2B
PCR-positive clones, the AdS-PTB and Ad5-SAIN virus DNAs
were PCR amplified with specific primers derived from the
AdS polylinker (5" and 3" of the cloning site) and with the
cDNA-specific primers 1-2 and 3-4, respectively (see Materials
and Methods). cDNA fragments of 519 and 450 bp were de-
tected from the PTB and SAIN domain clones, respectively,
indicating the presence of recombinant DNA. No PCR prod-
uct was detected in the wild-type virus-infected cell culture
DNA (data not shown).

Determination of transfection efficiency and Northern blot
analysis of overexpressed PTB and SAIN mRNAs isolated
from infected cells. To assess infection efficiency, we used
immunohistochemistry techniques to examine the expression
of recombinant adenovirus containing a nuclear-localizing
variant of the bacterial B-Gal gene, Ad5-lacZ, following infec-
tion of HIRcB fibroblasts and 3T3-L1 adipocytes at MOIs of 1
to 100 PFU/cell. The infection efficiency was assessed by de-
termining the percentage of cells expressing AdS-lacZ. AdS-
lacZ also served as a control for the effect of adenovirus per se
on infected cells. In three independent experiments, >90% of
the HIRcB cells and 3T3-L1 adipocytes showed positive im-
munostaining at ~20 to 50 PFU/cell on postinfection day 3, as
judged by the number of blue nuclei per 200 cells, while un-
treated cells exhibited no blue color in the presence of the
B-Gal chromogenic substrate (data not shown). Infection with
Ad5-lacZ or Ad5-CMV resulted in no apparent differences in
the morphological features of HIRcB cells and 3T3-L1 adipo-
cytes, including the extent of adipocyte differentiation and the
number of differentiated adipocytes compared with untreated
cells on postinfection days 3 to 5.

Northern blot analysis was used to confirm the expression of
PTB and SAIN mRNAs in HIRcB cells following infection
with increasing MOIs (2, 8, 20, and 80 PFU/cell) of Ad5-PTB
and AdS-SAIN adenoviruses. Similarly, mRNA levels were
detected in 293 cells (cells used for isolation of the recombi-
nant adenoviruses) infected at an MOI of 1 PFUjcell. As
shown in Fig. 1B, a dose-dependent increase in mRNA expres-
sion of the PTB and SAIN domains of human IRS-1 was
observed in HIRcB (lanes 2 to 5) and 293 (lane 7) cells but was
absent in the noninfected cells (lanes 1 and 6). To further
compare the levels of PTB and SAIN mRNA expression in
HIRCcB fibroblasts and 3T3-L1 adipocytes, both the cell lines
were infected at the same MOIs (5 and 20 PFU/cell) of Ad5-
PTB- and Ad5-SAIN-expressing adenoviruses and total RNA
was isolated after 3 days postinfection. Results of Northern
blot analysis (Fig. 1C) confirmed that the two cell lines express
similar levels of PTB and SAIN mRNAs. Densitometric scan-
ning of the blot revealed that treatment of the cells resulted in
a 20- to 100-fold increase in mRNA levels relative to the
uninfected cells. Due to unavailability of specific antibodies for
the PTB and SAIN domains, Western blot analysis could not
be performed.

Studies of HIRcB fibroblasts. (i) Inhibition of insulin-stim-
ulated IRS-1 phosphorylation. In theory, the IRS-1-derived
PTB and SAIN domains should competitively inhibit the in-
teraction between endogenous IRS-1 and the IR B-subunit
juxtamembrane domain, resulting in decreased IRS-1 phos-
phorylation. To assess this, whole-cell lysates from insulin-
treated HIRcB fibroblasts overexpressing PTB and SAIN pro-
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teins were subjected to SDS-PAGE and immunoblotted with
anti-phosphotyrosine monoclonal antibody. The 180- to 190-
kDa IRS-1 protein was strongly phosphorylated in response to
insulin in uninfected and control-infected (Ad5-CMV) HIRcB
fibroblasts (Fig. 2A, lanes 2 to 4). However, the Ad5-PTB- and
Ad5-SAIN-infected cells exhibited an 80 to 90% inhibition of
IRS-1 tyrosine phosphorylation with no effect on insulin recep-
tor B-subunit tyrosine phosphorylation (Fig. 2A, lanes 5 to 8).

(ii) Inhibition of insulin-stimulated Shc phosphorylation.
Shc is another PTB domain-containing substrate which be-
comes tyrosine phosphorylated after interaction with the IR
juxtamembrane domain (32, 37). Because both Shc and IRS-1
interact with the IR juxtamembrane region, we determined
whether overexpression of the IRS-1 PTB and SAIN domains
could affect insulin-stimulated Shc phosphorylation. Cell ly-
sates from insulin-treated cells were immunoprecipitated with
anti-Shc antibody and immunoblotted with antiphosphoty-
rosine antibody. A four- to fivefold increase in insulin-stimu-
lated tyrosine phosphorylation of p52 Shc was observed in
uninfected and Ad5-CMV-infected cells (Fig. 2B, lanes 2 to 3),
and this was completely inhibited by overexpression of the PTB
and SAIN domains (Fig. 2B, lanes 4 to 7).
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FIG. 1. (A) Schematic representation of the strategy used for construction of
recombinant adenoviruses Ad5-PTB and Ad5-SAIN by homologous recombina-
tion. The pACCMVpLpA plasmid contains the transcription unit consisting of
the cytomegalovirus early gene promoter-enhancer, the PTB (amino acids 144 to
316) or the SAIN (amino acids 313 to 462) domain of human IRS-1 protein
(amino acids 1 to 1243), and the simian virus 40 polyadenylation genome. In the
plasmid, the transcription unit was inserted in a partial deletion site (1.3 to 9.3
map units) within the adenovirus (Ad5) early region 1 (0 to 17 map units). The
pIM17 plasmid contains the entire Ad5 cDNA (36 kb = 100 map units), in which
the 4.3-kb plasmid pBRX encoding amoxicillin and tetracycline resistance was
inserted at the Ad5 Xbal site (X) at 3.7 map units. Recombinant pAC and pJM17
were purified and cotransfected into 293 cells. Since 293 cells are originally
produced by adenovirus transformation, the missing E1 gene function of pJM17
is provided in trans. Homologous recombination between the two plasmids in the
293 cell line generated replication-defective but fully infectious adenoviruses
since the adenovirus early region 1 was replaced by the cloned chimeric gene.
Four recombinant viruses were generated: Ad5-CMV, Ad5-lacZ, Ad5-PTB, and
Ad5-SAIN. The viruses were isolated and amplified, and their titers were deter-
mined. (B) Northern blot analysis of overexpression of Ad5-PTB and Ad5-SAIN
mRNAs in HIRcB and 293 cells. Total RNA (15 ng) isolated from control
(uninfected) and AdS-PTB- and Ad5-SAIN-infected HIRcB and 293 cells was
electrophoresed on a 1% agarose—6.6% formaldehyde gel and blotted onto a
Hybond-N* membrane. The filter was hybridized with a 586-bp cDNA fragment
spanning the PTB and SAIN domains of human IRS-1 ¢cDNA as a probe. The
autoradiograph was obtained after a 6-h exposure. Lanes 1 and 6 show results for
uninfected HIRcB and 293 cells, respectively. (C) Comparison of mRNA ex-
pression in 3T3-L1 adipocytes and HIRcB cells infected with PTB- and SAIN-
expressing adenoviruses at similar MOIs. The indicated cell lines were infected
with PTB- and SAIN-expressing adenoviruses at the same MOIs, and their
mRNA expression was analyzed as described for panel B. The level of mRNA
expression in both the cell lines appeared similar.

(iii) EGF-stimulated Shc phosphorylation. It has been es-
tablished that epidermal growth factor (EGF) induces tyrosine
phosphorylation of p52 and p46 isoforms of the Shc protein.
We determined whether overexpression of the IRS-1 PTB and
SAIN domains could affect EGF-stimulated Shc phosphoryla-
tion. Cell lysates from EGF-treated cells were immunoprecipi-
tated with anti-Shc antibody and immunoblotted with an-
tiphosphotyrosine antibody. An 8- to 10-fold increase in EGF-
stimulated tyrosine phosphorylation of p52 and p46 isoforms
of the Shc protein was observed in uninfected cells (Fig. 2C,
lane 2), and this was not affected significantly by overexpres-
sion of either the PTB or SAIN domain (Fig. 2C, lanes 3 to 6).
Consistent with our previous results, these data indicate that
EGF-directed Shc phosphorylation primarily involves the Shc
SH2 domain (37) and demonstrate the selectivity of IRS-1
PTB or SAIN overexpression for insulin signalling events.

(iv) IRS-1-associated PI 3-K activity. It is well established
that tyrosine-phosphorylated IRS-1 associates with and acti-
vates PI 3-K (4, 28, 48). Therefore, we measured IRS-1-asso-
ciated PI 3-K activity in PTB, SAIN, and LacZ overexpressing
HIRCcB cells. In control cells, insulin stimulation resulted in a
25- to 30-fold increase in IRS-1-associated PI 3-K activity in
anti-IRS-1 immunoprecipitates (Fig. 3A and B), and this effect
was unchanged in Ad5-lacZ cells. Overexpression of increasing
amounts of the PTB and SAIN domains led to a dose-depen-
dent inhibition of IRS-1-associated PI 3-K activity. These re-
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sults are consistent with the finding that insulin-stimulated
IRS-1 phosphorylation is inhibited in PTB- and SAIN-overex-
pressing cells.

(v) Insulin-stimulated activation of p7056k and mitogen-ac-
tivated protein kinase (MAPK). p70°°* is activated by multisite
serine and threonine phosphorylation, which can be detected
by retarded migration of the enzyme on SDS-PAGE (6); only
the most highly phosphorylated forms of p70°°* (the slowest
migrating) display increased kinase activity (6). As shown in
Fig. 4A, lane 2, stimulation of HIRcB cells with insulin resulted
in complete activation of p70°°*, which was inhibited by pre-
treatment with 20 nM rapamycin for 30 min prior to insulin
stimulation (Fig. 4A, lane 3). The PTB- and SAIN-overex-
pressing cells demonstrate 60 and 90% inhibition of insulin-
induced p70°°* activation, respectively (Fig. 4A, lanes 4 to 7).

Activation of the MAPK cascade was assessed by perform-
ing Western blotting of cell lysates with a phosphospecific
MAPK antibody. This antibody detects the tyrosine-phospho-
rylated (position 204) activated form of p44 and p42 (Erkl and
Erk2) MAPK. PTB and SAIN domains were overexpressed in
HIRCcB cells for 48 h, following which cells were starved for
18 h and stimulated with 100 ng of insulin/ml for 5 min. In
uninfected cells, insulin stimulated phosphorylation of MAPK
by about 20-fold (Fig. 4B, lane 2). Overexpression of either the
PTB or SAIN domain led to a dose-dependent inhibition of
MAPK phosphorylation and activation (Fig. 4B, lanes 3 to 6).

(vi) EGF-stimulated activation of MAPK. EGF-induced ac-
tivation of MAPK was also assessed by Western blotting with
the phosphospecific MAPK antibody. As seen in Fig. 4C, lane
5, EGF increased MAPK activation in cytosol from control
adenovirus-infected HIRcB fibroblasts in 5 min by about 20-
fold. Overexpression of either the PTB or SAIN domain did
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FIG. 2. (A) Effects of PTB and SAIN proteins on insulin-stimulated tyrosine
phosphorylation. Whole-cell lysates (80 g of protein per lane) from uninfected,
and Ad5-CMV (Ctrl)-, Ad5-PTB-, and Ad5-SAIN-infected HIRcB cells were
subjected to SDS-PAGE and immunoblotted with antiphosphotyrosine mono-
clonal antibody. A 5-min insulin (20 ng/ml) treatment stimulated IR B-subunit
and IRS-1 phosphorylation. A significant inhibition of phosphorylation of the
180- to 190-kDa IRS-1 protein was observed. The experiment was repeated
several times with appropriate controls. (B) Effects of PTB and SAIN proteins on
insulin-stimulated Shc phosphorylation. HIRcB cells were infected with Ad5-
PTB, Ad5-SAIN, and Ad5-CMV (Ctrl) adenoviruses for 1 h at room tempera-
ture and grown in medium containing heat-inactivated serum (2%) for 48 h.
Following infection, the cells were serum starved (16 h), incubated in the absence
(basal) or presence of insulin (20 ng/ml) for 5 min, lysed, and subjected to
immunoprecipitation (500 g of protein) with antibodies to Shc (5 ng). The
washed immunoprecipitates were subjected to SDS-PAGE and immunoblotted
with horseradish peroxidase-conjugated anti-phosphotyrosine monoclonal anti-
body (PY20H). Insulin stimulated p52 Shc phosphorylation. Overexpression of
both the PTB and SAIN domains of IRS-1 completely inhibited insulin-stimu-
lated phosphorylation of p52 Shc protein. (C) Effects of PTB and SAIN proteins
on EGF-stimulated Shc phosphorylation. HIRcB cells were infected with Ad5-
PTB and Ad5-SAIN adenoviruses for 1 h at room temperature and grown in
medium containing heat-inactivated serum (2%) for 48 h. Following infection,
the cells were serum starved (16 h) and were incubated in the absence (basal) or
presence of EGF (100 ng/ml) for 5 min. Whole-cell lysates were subjected to
immunoprecipitation (500 pg of protein) with antibodies to Shc (5 ug). The
washed immunoprecipitates were subjected to SDS-PAGE and immunoblotted
with antiphosphotyrosine monoclonal antibody. EGF stimulated p52 and p46
Shc phosphorylation. Overexpression of either the PTB or the SAIN domain of
IRS-1 did not have a significant effect on EGF-stimulated phosphorylation of p52
and p46 Shc proteins. Markers on the left indicate 53 (top) and 35 (bottom)
kDA.

not alter MAPK phosphorylation in response to EGF stimu-
lation (Fig. 4C, lanes 1 to 4). Expression of MAPK as assessed
by Western blotting with a polyclonal MAPK antiserum that
recognizes both nonphosphorylated and phosphorylated forms
was not altered by either the PTB or SAIN domain-expressing
adenovirus (data not shown). These data indicate that the PTB
and SAIN domains of IRS-1 do not interfere with EGF-medi-
ated signalling, consistent with the lack of interference of these
domains with EGF-stimulated Shc phosphorylation (Fig. 2C).

(vii) Effects of PTB and SAIN domains on insulin-stimu-
lated DNA synthesis. To evaluate a more distal biological ef-
fect, insulin-stimulated cell cycle progression was measured by
monitoring BrdU incorporation into newly synthesized DNA.
Cells were plated on coverslips and infected with Ad5-PTB,
Ad5-SAIN, and Ad5-CMV at MOIs of 0.2, 2.0, and 20 PFU/
cell, serum starved for 36 h, and then stimulated with insulin.
As seen in Fig. SA and B, 60% of the uninfected cells under-
went DNA synthesis in response to insulin, and this response
was not altered by Ad5-CMYV infection. In contrast, overex-
pression of either the PTB or SAIN domain markedly inhibited
insulin-stimulated DNA synthesis in a dose-dependent fashion.
In addition to inhibition of DNA synthesis, these cells also
displayed morphological differences. Uninfected and AdS-
CMV-infected HIRcB cells had a normal fibroblastic appear-
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FIG. 3. Effects of overexpression of the Ad5-PTB and Ad5-SAIN domains on insulin-stimulated PI 3-K activity in HIRcB cells. Cells were infected with Ad5-PTB,
Ad5-SAIN, and Ad5-lacZ for 1 h at room temperature and grown in medium containing heat-inactivated serum (2%) for 48 h. Following infection, the cells were serum
starved (16 h), incubated in the absence (basal) or presence of insulin (100 ng/ml) for 30 min, lysed, and subjected to immunoprecipitation with antibodies to IRS-1.
The washed immunoprecipitates were assayed for PI 3-K activity with PI as substrate, and the labeled PI 3-phosphate product (PI-3P) was resolved by thin-layer
chromatography and visualized by autoradiography. (A) Data from a representative experiment; (B) means * standard errors of the means of three experiments,
expressed as percentages of the maximal activity observed in insulin-stimulated, uninfected HIRcB cells.

ance, whereas PTB- and SAIN-overexpressing cells were sub-
stantially more refractile with a more rounded shape (data not
shown). These results show that when overexpressed, PTB and
SAIN domains behave in a dominant-negative fashion with
respect to insulin-stimulated mitogenesis.

Studies of 3T3-L1 adipocytes. (i) Effects of PTB and SAIN
domains on IRS-1 phosphorylation and PI 3-K activation. A
major metabolic action of insulin is stimulation of glucose
transport, and 3T3-L1 adipocytes provide an excellent in vitro
model system to study this biologic effect. As illustrated in Fig.
1C, these cells can be readily infected with adenoviral vectors,
allowing us to study the effects of PTB and SAIN domain
expression in these cells. As shown in Fig. 6, lanes 3 to 6,
overexpression of the PTB or SAIN domain led to a marked
inhibition of insulin-induced IRS-1 phosphorylation, as deter-
mined by antiphosphotyrosine immunoblotting of cell lysates.
These same cells also demonstrated a corresponding decrease
in insulin-stimulated IRS-1-associated PI 3-K activity (Fig. 7).
Thus, in control cells insulin led to a seven- to eightfold in-
crease in IRS-1-associated PI 3-kinase activity, which was
markedly inhibited by expression of either the PTB or SAIN
domain. In contrast, infection of the 3T3-L1 adipocytes with
Ad5-CMV was without effect.

PI 3-K activity was also measured in IR immunoprecipitates
from lysates of cells overexpressing the PTB and SAIN do-
mains in response to insulin. A small fraction of PI 3-K activity
was observed in IR immunoprecipitates (approximately 1 to
2% of IRS-1-associated activity), which was further stimulated
by about threefold upon insulin treatment. Overexpression of
PTB and/or SAIN proteins led to an ~twofold increase in
IR-associated PI 3-K activity (data not shown).

(ii) Insulin-stimulated activation of MAPK. Activation of
the MAPK cascade was assessed by performing Western blot-
ting of cell lysates with a phosphospecific MAPK antibody as
described above. PTB and SAIN domains were overexpressed
in 3T3-L1 adipocytes for 48 h, following which cells were
starved for 18 h and stimulated with 100 ng of insulin/ml for 5

min. In uninfected cells, insulin stimulated phosphorylation of
MAPK by about 20-fold (Fig. 8A, lane 2). Overexpression of
both the PTB and SAIN domains led to a dose-dependent
inhibition of both p44 and p42 MAPK phosphorylation and
activation (Fig. 8A, lanes 3 to 6). Expression of MAPK was
assessed by Western blotting with a polyclonal MAPK anti-
serum that recognizes both nonphosphorylated and phosphor-
ylated forms, and protein levels were not altered by infection
with either the PTB or SAIN domain-expressing adenovirus
(Fig. 8B, lanes 1 to 6).

(iii) Insulin-stimulated activation of p70°®* and AKT. The
activation of p70*® was determined by Western blot analysis of
whole-cell lysates with a phosphospecific p70°°* antibody that
detects p70°°* only when phosphorylated at Thr 421 and/or Ser
424 and does not cross-react with other phosphorylated pro-
tein kinases. 3T3-L1 adipocytes were infected with the PTB or
SAIN domain-expressing adenovirus for 48 h, following which
cells were starved for 18 h and stimulated with 100 ng of
insulin/ml for 30 min. As shown in Fig. 9A, lane 2, stimulation
of 3T3-L1 adipocytes with insulin resulted in complete activa-
tion of p70S6K, which was inhibited by pretreatment with 20
nM rapamycin for 30 min prior to insulin stimulation (Fig. 9A,
lane 1). The PTB- and SAIN-overexpressing cells demon-
strated 60 to 70% inhibition of insulin-induced p70*°* activa-
tion (Fig. 9A, lanes 4 to 7). Similar results were obtained when
the membrane was stripped and reblotted with p70°°* antibody
that detects its activation by retarded migration of the enzyme
on SDS-PAGE; only the most highly phosphorylated forms of
p70°°F (the slowest migrating) displayed increased p70°°* acti-
vation. As shown in Fig. 9B, lane 2, stimulation of cells with
insulin resulted in activation of p70°°*, which was blocked by
PTB and SAIN proteins (Fig. 9B, lanes 4 to 7).

AKT, a serine-threonine kinase, is activated upon insulin
stimulation (20), and we assessed the degree of AKT activation
from the whole-cell lysates derived from insulin-stimulated
3T3-L1 cells. Insulin stimulation of 3T3-L1 adipocytes resulted
in a marked stimulation of AKT activation, as determined by
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retarded migration of the enzyme on SDS-PAGE gel (Fig. 9C,
lane 2). Interestingly, overexpression of the PTB or the SAIN
proteins did not affect AKT activation, despite the fact that PI
3-K activity and p70°°* activation were inhibited in the same
cell lysates (Fig. 9C, lanes 4 to 5 and 7 to 8, respectively).
Additionally, pretreatment of cells with wortmannin, a PI 3-K
inhibitor, completely blocked AKT activation (Fig. 9C, lanes 3,
6, and 9), indicating that AKT is downstream of PI 3-K. These
findings suggest a bifurcation in the insulin signalling pathway
such that IRS-1-associated PI 3-K activity is necessary for in-
sulin stimulation of p70°°*, whereas PI 3-K, but not necessarily
IRS-1-associated PI 3-K, is important for AKT activation.
(iv) Insulin-stimulated glucose transport. Several reports
have shown that activation of PI 3-K is both necessary and
sufficient for insulin-mediated glucose transport, and phos-
phorylation of IRS-1 provides an important mechanism for
insulin stimulation of PI 3-K. Since expression of the PTB and
SAIN domains in 3T3-L1 cells inhibits IRS-1 phosphorylation
and IRS-1-associated PI 3-K activity, we evaluated the effects
of these domains on stimulation of glucose transport. Thus,
cells were infected with Ad5-PTB, Ad5-SAIN, or Ad5-lacZ,
and 2-deoxyglucose (2-DOG) uptake was measured 48 h later.
As seen in Fig. 10A, insulin led to an eightfold increase in
2-DOG uptake, and this was not affected by Ad5-lacZ infec-
tion. Surprisingly, overexpression of either the PTB or the
SAIN domain at MOISs of 10 and 50 was also without effect on
insulin-stimulated 2-DOG uptake despite the inhibition of
IRS-1 phosphorylation and IRS-1-associated PI 3-K activation
in these cells (Fig. 6 and 7). To further evaluate this, a separate
set of experiments was performed in which insulin dose-re-
sponse studies were carried out with control cells and with
PTB- SAIN- and Ad5-CMV-infected cells. As summarized in
Fig. 10B, insulin-mediated glucose transport was not inhibited
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FIG. 4. (A) Effects of overexpression of the Ad5-PTB and AdS5-SAIN do-
mains on insulin-stimulated p70°°* activation in HIRcB cells. Cells were infected
with Ad5-PTB and AdS5-SAIN for 1 h at room temperature and grown in medium
containing heat-inactivated serum (2%) for 72 h. Serum-starved (16 h) cells were
incubated in the absence (basal) or presence of insulin (20 ng/ml) for 30 min,
lysed, subjected to SDS-PAGE, and immunoblotted with p70*°* antibody. Insulin
stimulation of serine and threonine phosphorylation of p70°° was detected by
retarded migration of the enzyme (lane 2). Preincubation with 20 nM rapamycin
for 30 min inhibited activation of p70°°® (lane 3). Similarly, overexpression of
PTB and SAIN proteins inhibited p70°®* activation in a dose-dependent manner
(lanes 4 to 7). This experiment was repeated twice. pp70°®%#, phosphorylated
form of p70%°%. (B) Effects of overexpression of the Ad5-PTB and Ad5-SAIN
domains on insulin-stimulated MAPK phosphorylation in HIRcB cells. Cells
were infected with Ad5-PTB- and Ad5-SAIN at the indicated MOIs and were
treated as described for panel A except 100 ng of insulin/ml was used and cell
lysates were immunoblotted with phosphospecific MAPK antibody. Insulin stim-
ulated phosphorylation of both p44 and p42 MAPK as indicated (pp** MAPK
and pp*? MAPK, respectively). Phosphorylation of both kinases was inhibited by
overexpression of PTB and SAIN proteins in a dose-dependent manner. This
experiment was repeated twice. (C) Effects of overexpression of the Ad5-PTB
and Ad5-SAIN domains on EGF-stimulated MAPK phosphorylation in HIRcB
cells. Cells were infected with Ad5-PTB- and Ad5-SAIN-expressing adenoviruses
at the indicated MOIs and treated as described for panel A except EGF (100
ng/ml) was used and cell lysates were immunoblotted with phosphospecific
MAPK antibody. This experiment was repeated twice.

by infection of the cells with Ad5-CMV or with PTB or SAIN
domain-carrying adenoviral vectors.

DISCUSSION

Transgenic expression of various cDNAs in tissue usually
requires the preparation and isolation of stable cell lines ex-
pressing cDNAs of interest. In addition to the time required to
generate these stable cell lines, there are several concerns over
clonal selection and compensatory cell context changes that
may occur during isolation. To circumvent these difficulties, we
have utilized adenovirus-mediated gene transfer procedures
for transient expression of proteins in rapidly dividing and in
quiescent cells so that high levels of gene expression can be
achieved and multiple functional assays can be performed.
Infection of fibroblasts and 3T3-L1 adipocytes with lacZ-con-
taining adenovirus resulted in the expression of B-Gal activity
in >90% of the cells. Adenovirus-mediated gene transfer pro-
vides a direct means of determining whether an endogenous
signalling molecule is required for a particular hormone action.
In the current study, we have used this approach to overexpress
the IRS-1-derived PTB and SAIN domain proteins in HIRcB
cells and in 3T3-L1 adipocytes.

It is known that IRS-1 interacts with the juxtamembrane
domain of the IR through its PTB and SAIN domains located
in the IRS-1 NH, terminus. This interaction mediates IRS-1
phosphorylation, allowing it to serve as a docking protein for
SH2-containing molecules, facilitating downstream signalling.
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FIG. 5. Inhibition of DNA synthesis by overexpression of PTB or SAIN protein following infection of HIRcB cells with Ad5-PTB or Ad5-SAIN. Cells were infected
for 1 h at room temperature with the Ad5-PTB (A) or Ad5-SAIN (B) adenoviruses at increasing MOIs as indicated, serum starved for 36 h and stimulated with insulin
(100 ng/ml) in the presence of BrdU for 16 h at 37°C. They were then fixed and processed for immunofluorescence by sequential incubation with rat anti-BrdU antibody
and rhodamine-conjugated donkey anti-rat antibody. Cells were counterstained with Hoechst stain to visualize nuclei. BrdU-incorporated cells were identified by the
nuclear red rhodamine staining. An average of 200 cells per coverslip were counted. Results are expressed as the percentages of stained cells exhibiting nuclear
fluorescence. Results presented are means =+ standard errors of the means of three experiments.

The overexpressed PTB and SAIN domains should behave as
competitive inhibitors of IRS-1-IR interactions, thus interfer-
ing with signalling processes mediated by endogenous IRS-1.
Indeed, our data show marked inhibition of insulin-stimulated
IRS-1 phosphorylation in cells overexpressing either the PTB
or SAIN domain. This was associated with a corresponding
decrease in insulin-stimulated IRS-1-associated PI 3-K activity
as well as decreased p70°°* stimulation. These findings dem-
onstrate that the inhibition of IRS-1 phosphorylation was func-
tionally significant.

Shc is another major substrate of the IR which also interacts
with the IR through a PTB domain (16). The PTB domain of
Shc is similar in length and function to that in IRS-1, and both
bind to the NPXY motif in the IR (3, 8, 12, 18). Interestingly,
we found that overexpression of either the IRS-1 PTB or SAIN
domain led to complete inhibition of insulin-induced She phos-
phorylation. Although this might seem somewhat surprising
given the sequence differences between the Shc and IRS-1
PTB domains (3, 18), recent findings show that both PTB
domains recognize overlapping sequences within the IR jux-
tamembrane region (3, 8, 12, 14, 18, 44). Therefore, it seems
quite probable that the IRS-1-derived PTB and SAIN domains
bind to the IRS-1 recognition motif in the IR juxtamembrane
region, which, by steric hindrance, prevents access of either
endogenous IRS-1 or Shce to the IR.

While we find that overexpression of the PTB or SAIN
domain inhibits insulin-stimulated Shc phosphorylation and
MAPK activation, it does not impair EGF-stimulated Shc
phosphorylation or activation of MAPK. This would indicate
that the interaction between the activated EGF receptor and
Shc is primarily mediated through the SH2 domain, and this is
consistent with our previous findings, obtained using the mi-
croinjection approach, on this subject (37). These results also
demonstrate the selectivity of IRS-1 PTB or SAIN overexpres-
sion for insulin signalling events. We (37) and others (30, 33,

39, 40) have shown that Shc is the major substrate connecting
the IR to the ras-MAPK pathway, and therefore, the blockade
of Shc phosphorylation in the PTB- or SAIN-expressing cells
explains the inhibition of insulin-stimulated p44 and p42
MAPK activity. Since both the ras-MAPK and IRS-1-PI 3-K
pathways are necessary for insulin-induced cell cycle progres-
sion, the marked inhibition of insulin’s effect to stimulate DNA
synthesis in the PTB and SAIN domain-expressing cells is
readily explained by the inhibition of both IRS-1 and Shc
phosphorylation.

Perhaps the most novel finding from these studies relates to
the lack of effect of PTB or SAIN domain expression on AKT

kD - PTB SAIN Ctrl Virus
— 10 11 ;
- — 10 50 10 50 50 m.o.l.
-4+ 4+ + 4+ + + Insulin
194 — C a b <4—IRS-1
116 — - ' = } IR
85

ne FEEEC

1 2 3 4 5 6 7

FIG. 6. Effects of overexpressed PTB and SAIN proteins in 3T3-L1 adipo-
cytes on insulin-stimulated tyrosine phosphorylation. Whole-cell lysates (80 g of
protein per lane) from the uninfected and AdS5-PTB-, AdS5-SAIN-, and Ad5-
CMV (Ctrl)-infected differentiated 3T3-L1 adipocytes were subjected to SDS-
PAGE and immunoblotted with antiphosphotyrosine monoclonal antibody. A
5-min insulin (50 ng/ml) treatment stimulated IRS-1 phosphorylation (lane 2). A
significant inhibition of phosphorylation of the 180- to 190-kDa IRS-1 protein
was observed in 3T3-L1 adipocytes overexpressing PTB and SAIN proteins
(lanes 3 to 6). The experiment was repeated several times with appropriate
controls.
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FIG. 7. Effects of overexpression of the PTB and SAIN proteins on IRS-1-
associated PI 3-K activity in response to insulin in 3T3-L1 adipocytes. Cells were
infected with Ad5-PTB, Ad5-SAIN and Ad5-CMV (Ctrl) at the indicated MOIs
for 12 to 16 h at 37°C and grown in medium containing heat-inactivated serum
(2%) for 48 h. Following infection, the cells were serum starved (16 h), incubated
in the absence (basal) or presence of insulin (100 ng/ml) for 30 min, lysed, and
subjected to immunoprecipitation with antibodies to IRS-1. The washed immu-
noprecipitates were assayed for PI 3-K activity with PI as substrate, and the
labeled PI 3-phosphate product (PI-3P) was resolved by thin-layer chromatog-
raphy and visualized by autoradiography. The experiment was repeated five
times with similar results and a representative experiment is shown.

activation and glucose transport in differentiated 3T3-L1 adi-
pocytes, despite the fact that IRS-1-associated PI 3-K and
p70°°* are inhibited. We have previously shown that Shc and
the downstream elements of the ras-MAPK pathway are not
important signalling molecules for insulin stimulation of glu-
cose transport (13). On the other hand, it has been suggested
that IRS-1 is a key and necessary molecule mediating this
important metabolic effect of insulin (4, 28, 48).

Our findings on 2-DOG uptake in 3T3-L1 adipocytes indi-
cate that inhibition of IRS-1 phosphorylation and its associated
PI 3-K activity due to disruption of IRS-1-IR interactions does
not alter insulin-mediated glucose transport. Although it has
been postulated that IRS-1, which is a major substrate of the
insulin receptor, is a key signalling molecule in insulin stimu-
lation of glucose transport, our data indicate that this may not
be the case or, at least, that IRS-1 is not an absolute require-
ment for signalling of this major metabolic effect. Three recent
studies have provided evidence consistent with our findings.
For example, two groups independently have generated IRS-1
gene knockout mice which, surprisingly, are not diabetic and
exhibit only minor defects in their ability to respond to insulin
and regulate blood glucose levels (1, 43). In addition, Quon et
al. (34) have shown that antisense ablation of IRS-1 mRNA
has only a modest effect on the insulin sensitivity of GLUT4
translocation in primary adipocytes and has no effect on
GLUT4 translocation at maximal insulin concentrations. A
similar report from our laboratory showed that microinjection
of IRS-1 blocking reagents did not inhibit stimulation of
GLUT4 translocation (26), suggesting that IRS-1 is not essen-
tial for this effect.

Further studies of the IRS-1 knockout mice revealed that
IRS-2, a molecule very similar to IRS-1, is phosphorylated by
the IR and may compensate for the lack of IRS-1 (31). Thus,
it is reasonable to ask whether signalling through IRS-2 is the
reason we were unable to inhibit 2-DOG uptake by overex-
pression of the IRS-1-blocking PTB and SAIN proteins. We
believe this is unlikely. Since the PTB domains of IRS-1 and
IRS-2 are highly homologous (42), IRS-2 function should also
be blocked by overexpression of the IRS-1 PTB domain. This
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is supported by the data in Fig. 2A and 6 which show marked
inhibition of phosphorylation of the 180- to 190-kDa protein in
PTB- and SAIN-expressing 3T3-L1 cells, since this region in-
cludes IRS-2 as well as IRS-1.

Several lines of evidence suggest that PI 3-K is a necessary
molecule for insulin stimulation of glucose transport (2, 5, 7,
13, 29). Phosphorylated IRS-1 binds to the SH2 domains of the
p85 subunit of PI 3-K, which in turn binds to and activates its
p110 subunit, and this is a major mechanism by which insulin
stimulates this enzyme. However, since inhibition of IRS-1
phosphorylation did not inhibit glucose transport, this suggests
the presence of a separate, or redundant, pathway sufficient to
connect the IR to activation of PI 3-K when IRS-1 is inhibited.
Although we observed a substantial inhibition of IRS-1-asso-
ciated PI 3-K activity due to PTB and SAIN protein overex-
pression, we did not find any effect of this on glucose transport
stimulation. In this regard, it is important to point out that
IRS-1-associated PI 3-K activity represents only a fraction of
total cellular PI 3-K activity (22, 23, 46), and therefore, it seems
possible that there are other means to connect the IR to PI 3-K
activity which do not involve phosphorylated IRS-1. Along
these lines, it has been shown that the IR can directly activate
PI 3-K by binding to the p85 subunit through a phosphoty-
rosine motif in the insulin receptor C terminus (23, 46). Pos-
sibly this mechanism provides sufficient PI 3-K activation for
stimulation of glucose transport, but not for other insulin
bioeffects, particularly when IRS-1 function is inhibited. In-
deed, we have found that a small fraction (<5%) of insulin-
stimulated PI 3-K activity is associated with the IR, as mea-
sured by PI 3-K activity in IR immunoprecipitates, and the
amount of this receptor-associated PI 3-K activity was some-
what increased in the PTB- and SAIN-expressing cells. Fur-
thermore, there may be additional, unrecognized molecules
that transduce signals from the IR to regulate glucose trans-
port. For example, a new IRS-1-like molecule, termed Gabl,
has recently been cloned and been shown to couple the IR to
PI 3-K activation (15). The biologic function of Gabl remains
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FIG. 8. Effects of overexpression of the Ad5-PTB and Ad5-SAIN domains
on insulin-stimulated MAPK phosphorylation and expression in 3T3-L1 adipo-
cytes. Cells were infected with Ad5-PTB- and Ad5-SAIN-expressing adenovi-
ruses at the indicated MOIs in medium containing heat-inactivated serum (2%)
for 12 to 16 h. Following infection, cells were serum starved (16 h), incubated in
the absence (basal) or presence of insulin (100 ng/ml) for 5 min, lysed, subjected
to SDS-PAGE, and immunoblotted with phosphospecific MAPK antibody (A).
This experiment was repeated twice. To detect the levels of expression of p44 and
p42 MAPK, the above-described filter was stripped and reblotted with anti-
ERKI1 antibody. There was no significant difference in the levels of expression
between uninfected and infected 3T3-L1 adipocytes (B).
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FIG. 9. Effects of overexpression of the PTB and SAIN domains on insulin-stimulated p70°°* activation in 3T3-L1 adipocytes. Cells were infected with Ad5-PTB-
and AdS-SAIN at the indicated MOIs for 12 to 16 h. Serum-starved (16 h) cells were incubated in the absence (basal) or presence of insulin (100 ng/ml) for 30 min,
lysed, subjected to SDS-PAGE, and immunoblotted with phospho-specific p70°°* antibody (A). Filters were then stripped and reblotted with p70°°* antibody (B). Insulin
stimulation of serine-threonine phosphorylation of p70°°* was detected by a retarded migration of the enzyme (panel B, lane 2). (C) Effects of overexpression of the
PTB and SAIN domains on insulin-stimulated AKT activation in 3T3-L1 adipocytes. Whole-cell lysates (60 pg) were prepared as described above for panel A and were
subjected to SDS-PAGE and immunoblotted with AKT antibody. Insulin stimulation of serine and threonine phosphorylation of AKT was detected by a retarded
migration of the enzyme (lane 2). Preincubation with 100 nM wortmannin for 30 min inhibited activation of AKT (lanes 3, 6, and 9). Overexpression of either PTB
(lanes 4 and 5) or SAIN (lanes 7 and 8) did not affect AKT activation. This experiment was repeated four times.

to be elucidated. Lastly, other substrates of the IR have re-
cently been identified (22, 25, 50, 52), and subsequent studies
may indicate a role for these new substrates in insulin’s meta-
bolic effects.

Our data show that in 3T3-L1 adipocytes, some downstream
targets of PI 3-K, such as p70°®* (5), are inhibited by blocking
IRS-1-associated PI 3-K activity, whereas other downstream

targets of PI 3-Kinase, i.e., AKT (9) and glucose transport (7),
are not. We also find that AKT phosphorylation and glucose
transport stimulation are both inhibitable by wortmannin. This
leads to the new conclusion that there is a bifurcation in the
insulin signalling pathway, at least in 3T3-L1 adipocytes, such
that while AKT and glucose transport are downstream of PI
3-K, they do not need to be dependent on IRS-1-associated PI
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FIG. 10. (A) 2-DOG transport in 3T3-L1 adipocytes infected with increasing MOIs of adenoviruses expressing PTB and SAIN domains of IRS-1. Differentiated
3T3-L1 adipocytes were infected with Ad5-PTB, Ad5-SAIN, or Ad5-lacZ at the indicated MOIs for 12 to 16 h at 37°C or were not infected and were grown in medium
containing heat-inactivated serum (2%) for 48 h. Serum- and glucose-deprived cells were incubated in a-MEM in the absence (basal) or presence of 100 ng of insulin/ml
for 1 h at 37°C. Cells were then washed with glucose-free medium, and 2-DOG uptake was measured. Each measurement was performed in duplicate. Infection of
differentiated 3T3-L1 adipocytes with Ad5-PTB and Ad5-SAIN did not affect the insulin-stimulated percent incorporation of 2-DOG transport. Control Ad5-lacZ virus
had no effect on glucose transport. Data are representative of three different observations and each value was corrected for total cellular protein content. Each value
represents the mean * standard error of the mean of three experiments. (B) 2-DOG transport in 3T3L-1 adipocytes as a function of insulin concentration.
Differentiated 3T3-L1 adipocytes were infected with Ad5-PTB, Ad5-SAIN, or Ad5-CMYV at an MOI of 50 for 12 to 16 h at 37°C or were not infected and were grown
in medium containing heat-inactivated serum (2%) for 48 h. Serum- and glucose-deprived cells were incubated in «-MEM in the absence (basal) or presence of 1, 10,
and 100 ng of insulin/ml for 1 h at 37°C. Cells were then washed in glucose-free medium, and 2-DOG uptake was measured. Each measurement was performed in
duplicate. Insulin stimulated the percent incorporation of 2-DOG in 3T3-L1 adipocytes in a dose-dependent manner, which was not altered by overexpression of either
the PTB or the SAIN protein. Control Ad5 virus (Ad5-CMV) had no effect on glucose transport. Data are representative of three different observations.
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3-K. On the other hand, p70°°* activation is dependent on
IRS-1-associated PI 3-K activity. Thus, the insulin signal must
be able to stimulate a component of PI 3-K through a mech-
anism independent of IRS-1 (or IRS-2), and this stimulated PI
3-K is sufficient to activate AKT and glucose transport. In
addition, our findings further tighten the connection of AKT as
an upstream activator of GLUT4 translocation (21). Finally,
since p70°°* is inhibited in the absence of a decrease in AKT
phosphorylation, these findings would indicate that, in these
cells, AKT activation is not sufficient for p70°°* stimulation and
that some additional input from the insulin action pathway to
p70°°¢ which traverses IRS-1-PI 3K must be necessary.

Another interpretation of our data is that the dose re-
sponses for DNA synthesis, activation of PI 3-K, MAPK,
p70°°%, and AKT, and glucose transport are quantitatively
different. Thus, perhaps only a small amount of IRS-1 is
necessary to mediate AKT activation and subsequent glu-
cose transport, and since the overexpressed PTB and SAIN
domains do not totally inhibit IRS-1 phosphorylation, any
remaining functional IRS-1 might be sufficient to allow glu-
cose transport to occur. In this event, however, one would
expect that at submaximally effective insulin concentrations,
the amount of phosphorylated IRS-1 should be rate limiting
for stimulation of glucose transport. Our data show that at
insulin concentrations which only stimulate 50% of maximal
glucose transport, overexpression of the PTB and SAIN
proteins still does not inhibit this effect of insulin. Lastly,
one might speculate that while IRS-1 is normally involved in
coupling the IR to AKT activation, leading to stimulation of
glucose transport, when IRS-1 is inhibited, a preexisting,
redundant, signalling pathway can take over this function.
Such a sequence of events would still mean that IRS-1 is not
absolutely necessary for this biologic action of insulin, and it
would be important to identify the molecular components of
this putative redundant pathway.
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