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Characterization of the cDNA, Gene,
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Insulin receptor substrate-1 is a major substrate of
insulin receptor Tyr kinase. We have now cloned the
IRS-1 cONA from human skeletal muscle, one of the
most important target tissues of insulin action,
localized and cloned the human IRS-1 gene, and
studied the expression of the protein in Chinese
hamster ovary cells. Human IRS-1 ¢cDNA encodes a
1242 amino acid sequence that is 88% identical with
rat liver IRS-1. The 14 potential Tyr phosphorylation
sites include 6 Tyr-Met-X-Met motifs and 3 Tyr-X-X-Met
motifs that are completely conserved in human IRS-1.
Human IRS-1 has =50 possible Ser/Thr
phosphorylation sites and one potential ATP-binding
site close to the NH,-terminal. The human IRS-1 gene
contains the entire 5'-untranslated region and protein
coding region in a single exon and was localized on
chromosome 2 q36-237 by in situ hybridization. By
Northern blot analysis, IRS-1 mRNA is rare and
consists of two species of 6.9 and 6 kilobase. By using
guantitative polymerase chain reaction after reverse
transcription of total RNA from human fetal tissues,
IRS-1 mRNA could be identified in all tissuas. When
human IRS-1 cDNA was expressed in Chinese hamster
ovary cells, the protein migrated between
170,000-180,000 M, in sodium dodecyl
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sulfate- polyacrylamide gel electrophoresis and was
rapidly Tyr phosphorylated upon insulin stimulation.
Thus, IRS-1 is widely expressed and highly conserved
across specles and tissues. Compared with rat protein,
human IRS-1 contains more potential Ser/Thr
phosphorylation sites and only one nuclectide binding
site. The entire protein coding sequence is contained
within a single exon. Diabefes 42:1041-54, 1993

nsulin initiates diverse biological effects by binding to

the a-subunit of the insulin receptor, which, in turn,

results in rapid autophosphorylation of the receptor

B-subunit and activation of the Tyr kinase activity of
the receptor (1-4). In most, if not all, cells and tissues,
activation of the insulin receptor induces Tyr phosphory-
lation of a cytoplasmic protein that migrates as a broad
band between 165,000-185,000 M, on SDS-PAGE, orig-
inally termed pp185 (5-7). Activation of the insulin re-
ceptor Tyr kinase and stimulation of Tyr phosphorylation
of pp185 are decreased in cells expressing mutated or
kinase-deficient insulin receptors, and this correlates
with a logs in insulin action (8-11). Furthermore, mutant
insulin receptors in which Tyr 960 has been replaced by
Phe undergo near-normal Tyr phasphorylation, but fail to
phosphorylate pp185 and mediate insulin biceffects (12).
Thus, pp185 appears to be a primary substrate of insulin
receptor Tyr kinase in vivo and its phosphorylation is
linked to insulin action.

Previously, we purified pp185 from rat liver and, based
on partial sequence, cloned the major component of this
protein from a rat liver cONA library (7,13). We termed
this protein IRS-1. Rat liver IRS-1 represents a new class
of signaling molecules with 2 potential nuclectide binding
sites, 14 putative Tyr phosphorylation sites, and 47
possible sites of Ser/Thr phosphorylation. Among the
potential Tyr phosphorylation sites, 6 are in a Tyr-Met-X-
Met (YMXM) motif and 3 are in a Tyr-X-X-Met (YXXM)
motif. These two motifs occur in some other Tyr kinases
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and have been reported o bind to the SH2 domain of the
85,000-M, subunit of the Ptdins-3 kinase, possibly medi-
ating signal transduction in several pathways (14). Re-
cently, Nishiyama and Wands (15) reported cloning of a
gene for a similar protein from a human hepatoceliular
carcinoma. Thus far little is known of possible heteroge-
neity of IRS-1 among tissues, however, anti-phosphoty-
rosine blots of SDS gels, performed on extracts of
different tissues, reveal a broad band and variable mi-
gration, which suggests either protein heterogeneity or
differences in the phosphorylation state in different tis-
sues [5,6,16-18). Because skeletal muscle is one of the
most important peripheral target tissues for insulin action
and is a primary site of insulin resistance in NIDDM, we
have cloned the human skeletal muscle IRS-1 cDNA,
characterized its gene structure and chromosome local-
ization, and determined its expression in various human
tissues.

RESEARCH DESIGN AND METHODS

Two cONA libraries (oligo dT primed) were made in the
a-Zapll plasmid by Stratagene (La Jolla, CA) using
poly(A)* RNA from skeletal muscle samples taken from a
nondiabetic adult (M8) and from an adult with NIDDM
(M12). A A-gt 11 human fetal skeletal muscle cDNA
library (ocligo dT primed) was a gift from L. Kunkel
(Harvard Medical School, Boston, MA). The human
genomic library EMBL3A was from 5.H. Orkin (Children's
Hospital, Boston, MA). Bluescript vectors were from
Stratagene, and the pCMV-His vector, which contains the
histodinol resistance gene, was a gift from M. Birnbaum
(Harvard Medical School). Restriction enzymes were
from New England Biolabs (Beverly, MA). Reagents for
SDS-PAGE were from Bio-Rad (Richmond, CA). Human
fetal tissue RNA was a gift from Dr. C. Marton (Brigham
and Women's Hospital, Boston, MA), CHO cells and
CHO cells overexpressing the hIR (1 x 10° receptors/
cell) were as described previously (19). Antibodies were
prepared to the COOH-terminal sequence (Thr-Tyr-Ala-
Ser-lle-Asn-Phe-Gin-Lys-Gin-Pro-Glu-Asp-Arg-Gin) of rat
IRS-1 («-CT-IRS-1) or to the intact protein produced in a
baculovirus expression system (e-bIRS-1) by injection of
New Zealand white rabbits and purified on protein
A-sepharose columns (Pharmacia, Piscataway, NJ). An-
tibodies to phosphotyrosine were prepared and purified
as described previously (8).

Cloning and sequencing of human IRS-1 cDNA.
Plaques (~10% from the M8 library were screened by
plaque hybridization using the **P-labeled rat IRS-1
cDNA 5.4-kb fragment as a probe (7). Hybridization was
performed in 50% formamide, 0.5% SDS, 50 mM EDTA,
3 x 88C (1 x 85C = 150 mM NaCl/15 mM sodium cit-
rate), 1 ¥ Denhardt's solution, and 100 pg/mli salmon
sperm DMA at 42°C. Filters were washed with 2 x SSC
and 0.1% SDS at room temperature for 15 min four times
and with 0.2 x SSC and 0.1% SDS at 52°C for 40 min.
After three rounds of screening, AE1 and AE2 (corre-
sponding to nuclectides 1257-2303 in Fig. 1A) were
obtained from The M8 library. AE3, AE4, AE5, AEB, AES,
AE14, and AE27 were obtained from the M12 library using

the rat liver IRS-1 cONA and the insert of AE1 as probes.
LE3, AE4, and AE27 were identical and corresponded to
nucleotide 4128 10 3’ end in Fig. 14, AE5 to AEB corre-
spond to nucleotide 3672, 5321, 4860, 5247 to the 3'
end, respectively. AE36, which covered the rest of the
cDNA (nuclectide 1-4104 in Fig. 1A), was obtained from
the fetal skeletal muscle library using the rat liver IRS-1
cONA and inserts of AE1 and AES as probes. The
Bluescript SK~ plasmids containing the cDMNA insert
were released from the AZapll vector by in vivo excision
with the helper phage R408 as described in the manu-
facturer's instructions (Stratagene). The insert of AE36
was digested, purified, and subcloned in the EcoRl site
of pBluescript KSIl (Stratagene). The nuclectide se-
quence of the cONA was determined by the dideoxy
chain-termination method (20) using the Sequenase DNA
sequencing kit (U.S. Biochemical, Cleveland, OH). Both
strands of the clones were sequenced using T3 and T7
primers, as well as using synthetic cligonucleatide prim-
ers deduced from the partially determined seguence.
Cloning the human IRS-1 gene. A human genomic
library in EMBL 3A was screened using the inserts of AE1
and AES. Two clones, AL9 and AL10, were cbtained after
screening of 1 x 10° placques. Inserts of these clones
were digested with EcoRl, subcloned in the EcoRl site of
pBluescript KSII, and selected by colony hybridization
method (). The clones were further analyzed by poly-
merase chain reaction and sequencing with the primers
deduced from the human IRS-1 cONA,

Expression of human IRS-1 In CHO cells. A 4.1-kb
fragment of human IRS-1 cDNA (943-5027 in Fig. 14)
was inserted in the expression vector pCMV-His (22)
using standard molecular biclogical technigues (23), and
named pCMV-His-hlRS-1. CHO cells or CHO/MIR cells
(6) were transfected with 10 pg of pCMV-His-hiRS-1
using the calcium phosphate method (24) and selected
with 10 mM histidinol {Sigma, St. Louis, MO). Surviving
clones were picked as described previously (25), and
clones expressing human IRS-1 were selected by West-
ern blotting as described below.

Western blot analysis. CHO cells or CHO/hIR cells that
express high levels of human IRS-1 (called CHO/MIRS-1,
CHO/MIRMIRS-1, respectively) or control cells trans-
fected with only pCMV-His (CHO/His, CHO/MIRMis, re-
spectively) were cultured in 10-cm dishes (Nunc,
Roskilde, Denmark) in F12 medium with 10% FBS (Sig-
ma) at 37°C in a 5% CO, incubator. For Western biot
experiments, 90% confluent cultures were serum de-
prived for 14-16 h before the study. Insulin (final con-
centration 10”7 M) was added, and the incubation was
continued at 37°C for 1 min. The cell monolayer was
frozen with liquid nitrogen, thawed, and homogenized
with 0.5 ml of the extraction buffer {100 mM Tris, pH 8.0,
containing 100 mM sodium fluoride, 4 mM EDTA, 2 mM
sodium vanadate, 3.4 mg/ml PMSF, 100 wg/ml aprotinin,
and 1% Triton X-100), and insoluble materials were
sedimented by microcentrifugation at 13,000 g for 15
min. The supernatant was dissolved in Laemmli sample
buffer with 100 mM DTT at 100°C for 5 min, and 80 ug of
protein from each cell extract was subjected to SDS-
PAGE (6% bis-acrylamide) in a Bio-Rad miniature slab
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gel apparatus and transferred to nitrocellulose (Schiei-
cher and Schuell, Keene, WH) or PVOF membranes
{Millipare, Bedford, MA) for 1 h at 90 V in the Bio-Rad
miniature transfer apparatus as described by Towbin et
al. (26), except that 0.02% SDS was added to the transfer
buffer to enhance elution of high molecular mass pro-
teins. The blots were incubated with the appropriate
antibodies, washed, and incubated with ['**|]protein A
(ICN, Irvine, CA), then autoradiography was performed
as described previously (13).

Northern blot analysis. Poly(A)™ BNA (2 wg) purified
from human aduit skeletal muscle was fractionated on a
1% agarose/formaldehyde gel, and transferred onto a
nitrocellulose membrane in a 20 »x SSC for 20 h and fixed
to the membrane by baking at 80°C for 2 h. A 4-kb cONA
fragment of human IRS-1 containing the entire coding
region (943-4836 in Fig. 14) was purified on an agarose
gel, **P-labeled using a random- primed oligolabeling kit
{Pharmacia) and used for hybridization (1 x 10% cpm/ml)
as described above. Also, a premade Morthemn blot
(Human Multiple Tissue MNorthern Blot, Clontech, Palo
Alto, CA) that contains 2 pg of poly(A)* RNA from each
tissue was used for Northern blot analysis using the same
probe (1 x 10° cpm/ml) as described in the manufactur-
er's instructions.

Quantitative PCR. Primers for reverse transcription and
the PCR are designed from the cDMNA segquences. For
human |RS-1, the 5" primer was AGTGGCCATGGCT
CCAC (corresponding to nucleotides 2212-2228 in Fig.
14) and the 3' primer was TTGCCACCCATGCAGAT
(nucleotides 2416-2432); for the hIR, the 5" primer was
TTCCGAGACCTCAGTTTC (corresponding to nucle-
otides 355372 in a previous study [3]) and the 3' primer
was TGTGACTTACAGATGGT (nucleotides 799-B815),
for human B, microglobuling the 5° primer was TTCAGCA,
AGGACTGGTCT (corresponding to nucleotides 1498-
1516 in a previous study [27]) and the 3" primer was
CTGCTTACATGTCTCGAT (nuclectides 2235-2252).
Primers for the hiR and B, microglobulin spanned at least
one intron to avoid contamination of the PCR product by
amplification of genomic DNA.

One microgram of total ANA from second trimester
human fetal tissue was reverse transcribed into cONA
using all three 3" primers (1 pmol primer/reaction). After
[*2P]end-labeling (28) of the PCR primers, 5% of the total
cDMNA was used as a template for the PCR reaction. The
final PCR conditions were 10 pmol of each primer/
reaction, denaturing at 94°C for 30 s, annealing at 57°C
for 30 s, and extension at 72°C for 1 min. Based on pilot
tests, linear amplification of IRS-1 mMRNA was achieved
using 50 ng of total RNA/reaction and 21-27 cycles (data
not shown). The final PCR products were separated on a
5% acrylamide gel in 0.5 x TBE buffer. Gels were dried,
subjected to autoradiography, and the radioactivity in the
bands was determined by Cerenkov counting. As a
negative control, the reverse transcription reaction fol-
lowed by PCR was performed without addition of RNA.
As positive controls, ~10 ng of human IRS-1 or insulin
receptor cDNA was used as a PCR template. To deter-
mine the amount of IRS-1 PCR product derived from any
contaminating genomic DNA, the reverse transcription
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and PCR reactions were performed by omitting the
reverse transcriptase.

Southern blot analysis using high or moderate strin-
gency. Genomic OMNA strands (20 ug), prepared from
human leukocytes, were digested with restriction en-
Zymes BamHI, EcoRl, Hindlll, and Kpnl, divided into two
samples, separated on a 1% agarose gel, transferred
onto a nitrocellulose filter, and fixed to the filter by baking
at B0°C for 2 h. The filter was cut into two pieces and
hybridized with the *2P-labeled 1-kb human IRS-1 cDNA
fragment located in the coding region (1257-2303 in Fig.
1A4). For high stringency analysis, the conditions were
identical to those for the Northern blot, except that the
temperature of the second wash was 57°C. For moderate
stringency analysis, the filter was hybridized with the
same prehybridization buffer except that the concentra-
tion of formamide was reduced to 40% and the temper-
ature reduced to 35°C. These filters were washed with
2 x S5C and 0.1% SDS5 at 35°C for 15 min, 0.5 x SSC
and 0.1% SOS at 40°C for 15 min, and 0.1 x SSC and
0.1% SDS at 50°C for 30 min. Both filters were then
subjected to autoradiography.

Chromosomal localization of IRS-1 gene by in situ
hybridization. The cDNA probe was nick-translated with
[PH]dATP and [PH]dCTP to a specific activity of
2.45 x 107 cpm/ug and used for hybridization at a con-
centration of 25 ng/ml. Hybridization to human chromo-
some spreads, post hybridization wash, emulsion
autoradiography, and silver grain analysis were con-
ducted as described previously (29)

RESULTS

Cloning of the human muscle IRS-1 cDNA. The full-
length cOMNA for human IRS-1 was sequenced and
assembled from a total of 10 fragments obtained from
three different human muscle cOMA libraries as de-
scribed in meTHoos. Sequencing of all of these clones and
construction of the complete human IRS-1 cOMA re-
vealed that human IRS-1 has a very high degree of
hormology with rat liver IRS-1. Human IRS-1 cDNA con-
tains a 3726-bp open reading frame starting at a Kozak
consensus translation start site (30,31) at base 1021 and
ending at base 4746 with a TAG (Fig. 1A). The nuclectide
sequences differed between clones at 2 sites, both of
which would result in coding different aming acids (T in
AE1 and AE2 and C in AE36 at nucleotide 1246; T in AES
and A in AE36 at nucleotide 3677 in Fig. 1A). Because
the clone AES was derived from the NIDDM patient, it is
possible that one of the amino acid changes from His®%®
to Leu®®® has some biological significance. Further anal-
ysis of this point is necessary.

The 5'-untranslated region of human IRS-1 cDNA is
432 bp longer than that of rat IRS-1 cDNA, and the region
overlapping both cDMAs has 73% identity at the nucle-
otide level. The 5'-untranslated region has one TC-rich
region (TCCC repetitive sequence) and 4 potential bind-
ing sites for the transcription factor Sp1 (32,33). At least
one of these Sp1-binding sites (nucleotides 442-447 in
Fig. 14) is conserved in both the rat and human IRS-1
cDNAs. Analysis of the promoter region of the mouse
IRS-1 gene has revealed several potential transcription
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FIG. 2. Expression and characterlzation of human IRS-1 In CHO cells or CHO/hIR cells. CHO and CHO/hIRS-1 represent the CHO cells that carry
pCMV-His and pCMV-His-hiRS-1, respectively, and CHO/hIR and CHOMIRMIRS-1 represent the CHOMIR cells that carry pCMY-His and
pCMV-His-hiRS-1,respectively. These cells wers treated (lanes 2, 4, 6, and 8) or unireated (lanes 1, 3, 5, and 7} with Insulin (10~ M) and

extracted; and equal aliquots (80 g of proteln) were subjected to SDS-PAGE followed by Western blot analysis using the o-bIRS-1 antibody (4),
or antiphosphaotyrosine antibody, oFY (B).
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FIG. 3. Northern blot analysis of human skeletal muscls IRS-1 mRNA.
Nitroceliulose membrane on which 2 ug of poly(&)* ANA

from human skeletal muscle was transferred (A) or human muttiple
tissue Northern blot (Clontech) (8) were subjected to Morthern blot
analysls. (H), heart; (B}, brain; {SM), skeletal muscle. The films were
exposed for 3 days at —70°C.

terminal ATP-binding site, including the two GXGXXG
matifs, is conserved, but both of the COOH-terminal sites
are not, because the third Gly of these motifs has been
replaced (one with Val and one with Ser). In all Tyr
kinases and most Ser kinases whose sequences are

DIABETES, WOL. 42, JULY 1953

known, the third Gly is conserved. However, in a few Ser
kinases, this Gly is substituted for by either Ser or Ala
(37).

Expression and characterization of human IRS-1 In
CHO cell and CHO/hIR cells. To confirm that the clone
was human IRS-1, a 4.1-kb cONA fragment correspond-
ing to the entire coding region was inserted in the
multicloning site of pCMV-His and transfected into CHO
cells or CHO cells overexpressing the hiR {CHOMIR).
Approximately 50 clones were obtained in each transfec-
tion after histidinol selection, and 12 clones were exam-
ined for hurnan IRS-1 expression by Western biot using a
polyclonal antibody raised to baculovirus-expressed rat
IRS-1 (a-bIRS-1). Three clones expressing high levels of
human IRS-1 were obtained in CHO cells, and two were
obtained in CHO/MIR cells; these were termed CHO/
hIRS-1 (clones A10, B3, and B22) and CHO/MIRMIRS-1
{clones 26 and 48}, respectively.

Both CHOMIARS-1 and CHOMIRMIRS-1 cells ex-
pressed human IRS-1 as detected by Western blot
analysis with anti-COOH-terminal («-CT-IRS-1) and anti-
baculovirus IRS-1 (e-blIRS-1) antibodies. IRS-1 migrated
as a protein of ~180,000 M, (Fig. 24, lanes 3, 4, and 7)
despite a calculated M, of 132,000. The apparent M,
increased after insulin stimulation, especially in CHO/MIR/
hIRS-1 cells (Fig. 2A, lane 8), probably because of Tyr
phosphaonylation by the insulin receptor. A low level of
endogenous IRS-1 could also be observed in both CHOY
His and CHO/MIR/MHis cells (Fig. 34, lanes 1, 2, 5, and 6)
upon longer exposure of autoradiographs using the
a-blAS-1 antibody, but could not be seen in blots with the
a-CT-IRS-1 antibody (data not shown).

The amount of IRS-1 expressed in CHO/MIRS-1 cells
was comparable or even slightly higher than that of
CHO/MIRMIRS-1; however, the magnitude of Tyr phos-
phorylation of IRS-1 after insulin stimulation was com-
pletely different in these two fypes of cells (Fig. 28). We
observed a 10-fold higher insulin-stimulated Tyr phos-
phorylation (measured by densitometry) in CHO/IR/IRS-1
cells than in cells expressing human IRS-1 alone. A slight
increase (1.8-fold) of IRS-1 Tyr phosphorylation was
observed in CHO/MIRS-1 cells after insulin stimulation
compared with CHO/His cells (lanes 2 and 4); however,
in the absence of overexpression of the insulin receptor,
Tyr phosphorylation of IRS-1 in CHOMIRS-1 cells was still
less than that of CHO/MIR cells (0.6-fold) (lanes 4 and 6).
The largest increase of IRS-1 Tyr phosphorylation after
insulin stimulation was seen in CHOMIRMIARS-1 cells that
were overexpressing both the hIR and human IRS-1.
These data indicate that 1) cloned human IRS-1 cONA iz
correctly expressed in those cells; 2) human IRS-1 is Tyr
phosphorylated by insulin stimulation in vivo; and 3) Tyr
phosphorylation of IRS-1 is regulated by both the level of
expression of IRS-1 and, even more, by the level of
insulin receptor Tyr kinase.

Northern blot analysis and expression of human
IRS-1 In human tissues. Northern blot analysis revealed
that the abundance of human IRS-1 mRNA was low with
na hybridization signals detected at either 10 or 50 g of
total RNA prepared from human skeletal muscle (data
nat shown). Using a 4-kb human IRS-1 cDNA probe
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FIG. 4. Quantistion of IRS-1 mANA in human fetal tissues by quantitative PCR. One microgram of fotal ANA prepared from human fetal
tlasues—{Br), brain; (KT}, kidney; (L1, liver; (Lu}, lung; {SM), skeletal muscle; (Sp), :npi-ln. {T.'FI- thymus; (1), small h!httlm and (L1}, II']:

intesting—was reversa transcribed Imto ¢cONA in the presence of the thres 3° primers
cONA was subjected to PCR using end-labeled primers of human IRS-1 (A), hiR |.E},
were performed as nagative controls (lane NC). As positive controls, ~10 ng of sach

hiR (lane PC).

containing the entire coding region, two mRNAs of 6.9
and & kb could be detected in poly(A)® RNA isclated
from adult human skeletal muscle, heart, and brain (Figs.
3A and B). To examine the expression of IRS-1 mANA in
human fetal tissues and to compare its expression with
that of insulin receptor mRAMA, semiquantitative PCR
using total ANA from human fetal tissues was performed.
As a positive control between the tissues, B, micraglobin,
which is known to be expressed in every tissue, was
used. By this method, IR3-1 and insulin receptor mANAS
were detected in all tissues examined (Fig. 4). IRS-1
mRMNA was most abundant in the small intestine, brain,
and kidney, and showed relatively lower abundance in
other tissues. Insulin receptor mRNA was abundant in the
small intestine, brain, kidnay, spleen, and large intestine,
and was distributed more evenly among tissues when
compared with IRS-1 mRNA. In control PCR reactions
using samples not subjected previously to reverse tran-
scription, the level of IRS-1 PCR product derived from
contaminating genomic DNA was very small and almost
equal in each reaction (data not shown).

Southern blot analysis using high or moderate strin-
gency conditions. To determine the potential number of
copies of the IAS-1 gene or related genes, a 1-kb
fragment of the human IRS-1 cDNA {1256-2303 in Fig.
14) was used as a probe for Southern analysis. Accord-
ing to the sequence of the human IRS-1 cDNA and gene,
there are no BamH|, EcoRl, or Hindlll sites and only one
Kpnl site {nt 1341) in this region; therefore, the expected
number of bafids was one in BamHI, EcoRl, and Hindlll
digests, and two in Kpnl digests of genomic DNA. Using
high stringency conditions, this was exactly the pattern
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of each primer/reaction). One twentieth of tota
nﬂmlubulln {C). Reactions without the RNA sample
A was used as a tempiate of PCR for human IRS-1 and

observed (Fig. 5, high stringency). The relatively weak
signal produced by the 1.8-kb Kpnl band was expected
because of the fact that only 85 bp of the ~1-kb probe
could hybridize with this fragment. Additional bands were
observed in the BamHI| and Kpnl digests under maoder-
ate stringency conditions (Fig. 5, low stringency), which
suggests that one or more additional genes may have
some homolagy to IRS-1 in the genome. This will require
further study.

Chromosomal localization of human IRS-1 gene. In
situ hybridization of the ¢cDNA probe to normal human
metaphase spreads revealed one site that was labeled
above background. Of 196 grains in 75 cells scored, 31
{15.8%) were found at the distal end of the long arm of
chromosome 2 corresponding to band g36-37 {Fig. 6).
Mo other chromosomal sites were labeled above back-
ground.

DISCUSSION
IRS-1/pp185 is an endogenous substrate of the insulin
receptor observed in most cells after insulin stimulation
(5,6,15—-18). We have previously cloned this protein from
a rat liver cDNA library and shown it to be a novel signal
transduction molecule (7). In this report we have cloned
IRS-1 cDNA from human skeletal muscle libraries to
determing if this signal transduction protein is conserved
across species and tissues, and determined the struc-
ture and location of its gene.

Human IRS-1 cDMA has high homology with rat [RS-1
cDMA, with the exception of an increase in length of the

" 5'-untranslated region. In addition, human IRS-1 cONA
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FIG. 5. Southern blot analysis of human IRS-1
gene using high stringency and moderate (low)
stringency conditions. Genomic DNA strands (20
@), prepared from human leukocytes, were
digested with restriction e s BamH| (B),
EcoRl (E), Hindlll (H), and | {K), divided Into
two aliquots of 10 wg sach, and Southern blot
analysia was performed as described in weTHoOs.

has a poly(A)™ tail just after the poly(A)* adenylation
signal, which indicates that this signal is functional. In the
S5'-untranslated region, there are four potential Sp1 tran-
scription factor-binding sites and a TC-rich region that
may regulate IRS-1 gene expression (32-34). There are
also TC-rich regions and seven potential Sp1-binding
sites in the promoter region of the hiR gene (38), four of
which are known to play an important role in its expres-
sion (39). Thus, it is possible that the expression of IRS-1
and the insulin receptor is regulated. at least in part, by
similar mechanisms.

The deduced amino acid sequence of human skeletal
muscle IRS-1 is 88% identical with that of rat liver IRS-1,
which indicates that this protein is highly conserved
across species and tissues. More interestingly, all puta-
tive Tyr phosphorylation sites are completely conserved
in these two species, including 6 YMXM and 3 YXXM
sites. YMXM and YXXM motifs are known to bind to the
SH2 domain of the 85,000-M, subunit of Ptdins-3 kinase
and mediate signal transduction (14,40). Synthetic pep-
tides designed from these YMxXM matifs are Tyr phos-
phorylated by the insulin receptor Tyr kinase in vitro with
low K, (high affinity) (41), and in their phosphotyrosine
forms, they bind to the SH2 domain of the Ptdins-3 kinase
85,000-M, subunit in vitro (M.G. Myers, Jr., unpublished
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observations). Immunoprecipitation of cell extracts with
anti-IRS-1 antibodies coprecipitates an insulin-stimulated
Ptdins-3 kinase activity (7). Thus, it appears that IRS-1 is
Tyr phosphorylated on its YMXM and/or YXXM motif(s) by
the insulin receptor Tyr kinase, binds to the Ptdins-3
kinase 85,000-M subunit via SH2 domains, and stimu-
lates this enzyme (42,43). The strong conservation of
these motifs between different species and tissues
shown herein supports the importance of these regions.

Analysis of the predicted secondary structure (34) of
human IRS-1 indicates a very small percentage of a-he-
lix, with the majority of the protein including all of the
YMXM and YXXM motifs existing as B-sheet. There are
=50 potential Ser/Thr phosphorylation sites in human
IRS-1. Several of these exist very close to or even
overlapping the YMXM and YXXM motifs. As shown in
Fig. 2B, two clusters of YMXM and YXXM motifs contain
potential Ser/Thr phosphorylation sites arranged in a
similar fashion (547-638 and 936-1035). It is possible
that this repetitive type of sequence results from some
early gene duplication event, and that Tyr phosphonyla-
tion of the YMXM and YXXM motifs and Ser/Thr phosphor-
ylation at nearby sites may cross-regulate the activity of
one anather,

Two putative ATP-binding sites exist in rat IRS-1. In
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human IRS-1, only the NH.-terminal site is conserved,
whereas the COOH-terminal site lacks the third Gly in the
consensus sequence. Although the function of these
nucleotide bindings sites is unknown, in view of the many
putative phosphorylation sites in IRS-1 protein, they may
have important roles,

The human IRS-1 gene contains the entire 5'-untrans-
lated region, the coding region, and 24 bp of 3'-untrans-
lated region in a single exon. The fact that the whole
coding region of IRS-1 exists in a single exon should help
the analysis of IRS-1 in studies of insulin resistance using
genetic approaches such as single-stranded conforma-
tion polyrmorphisms (44,45) or denaturing gradient gel
electrophoresis (46,47).

Southern blot analysis under high stringency condi-

tions was consistent with a single gene for IRS-1; the

human IRS-1 gene was localized to the chromosome 2
g36-37 by in-situ hybridization, This corresponcds to the
central region of mouse chromosome 1 where IRS-1 also
has been localized (Y.Z., unpublished observations), and
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FiG. 6 Chromosomal locallzaton of human IRS-1
gens by in situ hybridization. Tha cONA probe
was nick-transiated with "H]dATP and [*H]dCTP
and used for hybridization. Hybridization to
human chromosome spreads, posthybridization
wash, emulsion autorad y, and silver grain
analysis wers conducted as described previcusty
{29). Sliver grain distribution along chromosome
2 ks shown, Three palrs of chromosome 2
liustrate the specific labeling of the IRS-1 gene.

in the human is near the glucagon gene, collagen IV and
V| genes, alkaline phosphatase genes, paired-box ho-
meotic gene, and rhabdomyosarcoma-1 genes (48).
Southern blot analysis using moderate stringency condi-
tions revealed that at least one additional gene may have
some homology with human IRS-1.

The deduced M, from the amino acid sequence of
human IRS-1 is 132,000 M. however, human IRS-1
expressed in CHO cells migrates as a 170,000- to
180,000-M, protein on SDS-PAGE. A similar anomalous
migration also has been shown for rat IRS-1 (7)), and may
be attibutable, in part, to the higher degree of phosphar-
ylation of the molecule. This probably accounts for the
varied size estimates of IRS-1 in the literature, which
range from 160,000 to 190,000 M, After insulin stimula-
tion, human IRS-1 is rapidly Tyr phosphorylated and
migrates even higher, I.e., more retarded, on SDS-PAGE
gel. This indicates that human IRS-1 is a good substrate
of insulin receptor Tyr kinase and that phosphorylation

' does change the migration on SOS gels.
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On Northern blot analysis, two IRS-1 mRNA species of
~6.9 and 6.0 kb are cbserved using poly(A)™ RNA
prepared from every human tissue that was examined,
Two mRNA species also are found on Northemn blot
analysis using poly(A)* RNA prepared from rat skeletal
muscle, but of different size (8.5 and 54 kb, EA.,
unpublished observations!. Using semiquantitative PCRH,
we find that human IRS-1 is expressed in every fetal
tissue examined, which suggests that IRS-1 may play a
role in many tissues. Interestingly, both insulin receptor
(49) and IRS-1 mRANA (this study) are relatively abundant
in fetal brain tissue, raising the possibility that these
proteins play some important role in brain development.

Recently an IRS-1-like gene and part of its cDMA was
cloned by Nishiyama and Wands (15) using a monocio-
nal antibody produced against an unknown protein in a
human hepatocellular carcinoma. The predicted protein
sequence of this cONA has 99% identity with our human
skeletal muscle IRS-1 proteins. However, several differ-
ences between our results and their study are notewor-
thy. First, the 10 amino acid differences: an additional Gly
after Gly'®*, Ser®® to Arg, Pro®®* to Arg, Cys**® to Ser,
Ala®® to Pro, GIu™® to Asp, Gly®*22 to Arg, Gly''?% to Ala,
Asp''® to His, and Cys''® to Ser. Second, the sequence
of the 3'- untranslated region of the cDNAs is completely
different. The sequence of the 3'-untranslated region
reported herein for human IRS-1 has 81% homology with
that of rat IRS-1, whereas their clone showed only a 42%
hamology in this region. Interestingly, the difference
betweaen the two cONAs starts at the exon-intron junction
(Fig. 14, base 4771). Thus, it is possible that this differ-
ence was generated from differential splicing or a gene
rearrangement in the hepatocellular carcinoma cells. A
third difference relates to the size of mRNAs detected In
Morthern blot analysis (our Figs. 34 and B vs. their Fig. 4
[15]). We have shown two species of mAMAs (6.0and 6.9
kb) with almost equal abundance in human skeletal
muscle, heart, and brain. Nishiyama and Wands (15)
found a single 5-kb mRNA in both the hepatocelliular
carcinoma cells and normal liver. The reason for this
discrepancy is also unknown, but may prove an interest-
ing point for further study.
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