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Insulin acts on target cells via membrane-bound tetra-
meric receptors with tyrosine kinase activity. Binding
of insulin to extracellular a-subunits of insulin receptor
(IR) leads to autophosphorylation followed by in-
creased tyrosine kinase activity in the cytoplasmic
B-subunits of IR. Increased tyrosine kinase activity of
IR phosphorylates and activates a protein called insulin
receptor substrate-1 (IRS-1). Then activated IRS-1
interacts with a number of signalling proteins and
trapsmits iInsulin signal through various signal
transduction pathways. Activation of PI3-kinase by
IRS-1 results in translocation of glucose transporters
(GLUT 4) to the cell membrane and increased glucose
influx. IRS-1 also activates p21™ via GRB2. Insulin
action via P21"*-MAPK-pp90 S6 kinase alters nuclear
events and glycogenesis. Insulin-activated IR and IRS-1
also interact with several other signalling proteins.
However, the details of insulin action via these proteins
and resultant biological effects remain to be investigated.

INn the last two decades, significant progress has been
made in unravelling the facts regarding mechanism of
action of a large number of hormones'?. In general,
while hydrophobic hormones (e.g., androgens, oestrogens,
progestogens, corticosteroids, iodothyronines, etc.) pro-
duce their biological effects at target cell by increas-
ing/decreasing DNA-dependent RNA  synthesis,
hydrophilic hormones (peptides/proteineceous hormones)
act through their membrane-bound receptors and induce
formation of second messengers (e.g., cAMP, cGMP,
Ca**, IP,, DAG, etc.) which mimic actions of hormones”.
However, unlike other hydrophilic hormones, insulin
does not use any of the known second messengers
involved in hormonal signal transduction®™. Insulin, in
addition to its major role in glucose homeostasis, also
influences a number of other cellular processes such as
glycolysis, glycogenesis, transport of ions and amino
acids, lipid metabolism, DNA synthesis, gene transcrip-
tion, mRNA turnover, protein synthesis and degradation,
etc., and plays a major role in cellular growth and
differentiation (Figure 1)'. The physiological importance
of insulin becomes prominent in case of diabetes mellitus,
related ketoacidosis and other complications™’, Keeping
in view the importance of insulin and to fully understand
the events responsible for insulin resistance and the
pathophysiology associated with insulin, it i1s necessary
to know in detail the molecular mechanism of insulin
action. This article incorporates a summary of the latest
information on the mechanism of action of insulin with
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special reference to its receptor and major components
of insulin-signalling pathway.

Insulin receptor

The insulin molecule 1s composed of two peptides which
are called as a-chain and f-chain. These chains are
composed of 21 and 30 amino acid residues, respec-
tively”®. The molecular weight of insulin ranges between
5700 Da and 6100 Da. Insulin is formed in S-cells of
‘islets of Langerhans’ that are scattered within the exo-
crine tissue of pancreas and comprise 19%—-2% of the
total pancreatic mass. Insulin is synthesized as a large
but biologically inactive molecule called preproinsulin,
which 1s composed of 108 amino acid residues and
possesses an amino terminal ‘signal sequence’ of 24
amino acid residues. The signal sequence directs translo-
cation of preproinsulin into the endoplasmic reticulum
where it is packed into secretory vesicles. Proteolytic
removal of the signal sequence and formation of three
disulfide bonds result in the formation of a smaller
molecule called proinsulin (molecular weight: 9000 Da),
which 18 composed of 84 amino acid residues. Proinsulin
contains a- and -chains linked by a connecting sequence
(C-peptide) composed of 33 amino acid residues. When
elevated blood glucose trigpgers insulin secretion, pro-
insulin 1s instantly processed in the Golgi complex to
remove C-peptide with the help of specific peptidases.
Enzymatic removal of C-peptide leads to formation of
biologically active insulin in which a- and f-chains are
held together by two inter-chain disulfide bonds that
are formed between the cystein residues at positions 7
and 20 of the a-chain and at positions 7 and 19 of the
f#-chain, respectively. An intra-chain disulfide bond is
present between the cystein residues at positions 6 and
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Figure 1. Insulin is invelved in the regulation of a wide range of
vital mctabolic pathways and cellulur functions. s deficiency leads
to diabetes and related disorders.
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11 of the a-chain. It is important to mention that blood
serum contains ‘insulin-like’ substances whose activities
are not suppressed by antibodies which totally block
the effects of insulin. These substances were first ex-
tracted with cold acid ethanol and separated into soluble
and precipitable fractions. The two fractions were for-
merly termed as ‘nonsuppresible insulin-like activity’
(NSILA) and ‘nonsuppressible insulin-like protein’
(NSILP). Now they are called as ‘insulin-like growth
factor-I" (IGF-I) and ‘insulin-like growth factor-II" (IGF-
IT), respectively'. Further, similar to proinsulin and in-
sulin, IGF-I and IGF-1I also contain three disulfide
bonds, and 45% of the amino acids comprising IGF-,
IGF-II and insulin are identical. However, IGF-I, IGF-II
and insulin act via their specific receptors'™.

Insulin acts on its target cells through its membrane-
bound specific receptors. Insulin receptors are expressed
in almost all mammalian tissues. The highest concen-
tration of insulin receptor (> 300,000 receptors/cell) has
been found in adipose tissue and liver — the major targets
of insulin’. The native insulin receptor is composed of
2 a- and 2 B-subunits (Figure 2)'°. The a- and B-subunits
are covalently linked through disulphide bonds to form
an a.f, hetero-tetramer''. The insulin receptor @8, has
a molecular weight of approximately 350,000 Da as
estimated by reducing SDS-PAGE. The molecular weight,
as estimated by reducing SDS-PAGE, of a-subunit and

#-subunit has been found to be 135,000 Da and 95,000 -

Da, respectively'!"'.

a-subunit

The a-subunit, which is located entirely extra-cellularly,
is responsible for insulin (ligand) binding?™". In vitro
mutagenesis and biochemical investigations indicate that
the N-termunal domain (exons 1-3) is required for ligand
recognition and also for high affinity ligand binding'®'*.
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Figure 2. Schematic structure of insulin receptor. Insulin receptor is
composed of two a-subunits and two S-subunits. The a-subunits interact
with each other and fonm a single binding site for insulin. The
cytoptasmic domains of B-subunits contain sites for autophosphorylation
and possess tyrosine kinase activity.
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Exons 3-5 encode a cysteine-rich domain. This domain
is involved in ligand binding as well as in the formation
of a—a disulphide bonds which covalently link the
a—f heterodimers'®?'. Recently it has been shown that
a disulphide bond is formed between Cys-524 of one
a-subunit to Cys-524 of the adjacent a-subunit. Cys-435
and Cys-468 are reported to form an intra-subunit di-
sulphide bridge?'. The last few amino acid sequences
of C-terminal of a-subunit contain the alternatively
spliced exon 11. This domain also plays an important
role in recognition and binding of insulin. Further,
C-terminal is involved in covalent interactions with the
N-terminal of S-subunit and in signal transmission from
insulin-bound a-subunit to B-subunit’®. Partial removal
of a-subunit by digestion with trypsin or in vitro
mutagenesis activates tyrosine kinase activity of the
B-subunits®, It, thus, seems that in the absence of insulin
the a-subunit maintains a constraint on the S-subunit
which inhibits constitutively active tyrosine kinase.

P-subunit

The fB-subunit of insulin receptor is composed of three
domains, i.e. a short extra-cellular domain, a trans-
membrane (TM)-domain and an intracellular domain.
The extra-cellular domain contains sites for N- and
O-linked glycosylation®*. The trans-membrane domain of
the fS-subunit is composed of 23 amino acid residues.
The intracellular (cytoplasmic) domain contains a tyrosine
specific protein kinase (tyrosine kinase)*. The endo-
genous tyrosine kinase activity 1s a prerequisite for
insulin action®®. In vitro mutagenesis experiments indicate
that replacement of a critical lysine residue (Lys-1030)
located in the ATP-binding site by other amino acids
inhibits autophosphorylation and completely inactivates
the kinase activity without having any effect on insulin
binding®’*%. Substitution of Lys-1030 also blocks the
metabolic and growth-promoting effects of insulin®.

So far it 1s not exactly known how binding of insulin
to extra-cellular domain of receptor activates the cyto-
plamic domain containing tyrosine kinase activity. The
ligand-induced dimerization/oligomerization of tyrosine
kinase receptors reportedly results in increased tyrosine
kinase activity®'. Insulin receptors also undergo dimeri-
zation or oligomerization during signalling’**?. Insulin-
induced autophosphorylation first occurs in one #-subunit
which phosphorylates the adjacent S-subunit within the
holoreceptor by the process of trans-phosphorylation®—°,
It seems that insulin binding induces dimerization/oli-
gomerization of insulin receptors and thereby increases
the autophosphorylation of S-subunits resuilting in in-
creased tyrosine kinase activity of the cytoplasmic domain
of the receptor’**’. Attempts have been made to establish
the role of the trans-membrane domain of insulin receptor
In tyrosine kinase activation. Studies involving in vitro
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site-directed mutations, substitution of trans-membrane
domains from other membrane-bound receptors, altera-
ttons in length and orientation, and modification of the
charged residues that flank the TM domain suggest that
the TM domain of insulin receptor plays a passive role
and can tolerate a wide range of changes without having
any effect on the signal transduction process®. However,
some mutations indicate that the TM domain might be
playing a more complex role in trans-membrane signal-
ling”*’. Recent reports suggest that the TM domain
might be involved in regulation of ligand-induced
internalization of the receptor®'. It seems to decrease
the rate of receptor internalization resulting in slower
degradation of receptors and increased half-life of the
active receptors. The increased receptor half-life prolongs
the duration of insulin-induced signal transduction.

Binding of insulin to a-subunit triggers tyrosine phos-
phorylation in the [-subunit of the insulin receptors.
The phosphorylation cascade involves 6 to 7 tyrosine
residues***, Tyr-1158, Tyr-1162 and Tyr-1163 residues
(+exon 11 form of the receptor) are found to be the
major sites of autophosphorylation and constitute the
regulatory domain of tyrosine kinase. When these residues
are mutated to Phe (single or multiple), the autophos-
phorylation and kinase activation are significantly im-
paired*. Further, these mutations also reduce the ability
of insulin receptors to phosphorylate insulin receptor
substrate-1 (IRS-1) and modulation of insulin-associated
biological functions®™. The C-terminal of the S-subunit
contains two additional sites of Tyr autophosphorylation
(Tyr-1328 & Tyr-1334) which are not essential for
activation of tyrosine kinase***”. The probable function
of these two additional sites of autophosphorylation
remains to be established. The juxtamembrane region
of the B-subunit contains at least one autophosphorylation
site (Tyr-972)°**2. Phosphorylation of the kinase regu-
latory unit is not essential for the phosphorylation of
Tyr-972 and phosphorylation of Tyr-972 is not important
for the activation of tyrosine kinase®. However, studies
involving point mutations directed at Tyr-965, Tyr-972
and Tyr-984 indicate that the juxtamembrane region of
the receptor is also involved in insulin- induced inter-
nalization of receptors and phosphorylation of IRS-1
(refs 53-56). Insulin receptors mutated at ATP-binding
site (Lys-1030) are unable to undergo autophosphoryla-
tion, do not possess tyrosine kinase activity and are
incapable of transmitting signals which produce biological
effects. It is, thus, clear that the juxtamembrane region
of the B-subunit is a highly functional domain required
for insulin-induced receptor internalization and signal
transduction through IRS-I.

It is important to mention that the insulin receptor is
synthesized as a proreceptor (molecular weight: 180,000
Da) encoded by a single mRNA transcribed by a single
gene. The receptor gene is located on the short arm of
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the chromosome 19. It is composed of about 150 K
base pairs and contains 22 exons and 21 introns®%,
The proreceptor is immediately processed in the rough
endoplasmic reticulum where it is rapidly glycosylated
followed by the formation of intra- and inter-subunit
disulphide bonds. The post-transcriptional processing of
the proreceptor occurs in the golgi complex where it is
cleaved by proteolytic enzyme at the tetrabasic sequence
(Arg-720-Lys-721-Arg-722—-Arg-723) located at the
junction of the a- and B-subunits®***. The proreceptor
seems to be hydrolysed/processed by furin enzyme which
belongs to the Kex2-related protein convertase family®’,
After processing in the golgi complex, a functional
heterotetramer receptor is formed which is transported
and embedded in the plasma membrane.

Components in insulin-induced signal
transduction

As mentioned earlier, binding of insulin to its receptor
induces autophosphorylation and tyrosine kinase activity
of the receptor. Interactions between phosphorylated
insulin receptor and cytoplasmic proteins seem to be
very important for expression of insulin action?*. Inter-
actions of phosphorylated receptors with signalling pro-
teins directly or indirectly via insulin receptor substrates
form a large signalling complex (Figure 3). Recent
findings suggest that phosphorylated insulin receptor
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Figure 3. Major components of insulin-induced signal transduction.
Binding of insulin to its receptor leads to autophosphorylation and
increased tyrosine kinase activity in the f-subunits. The increased
tyrosine kinase activity phosphorylates and activates insulin receptor
substrate-1 (IRS-1) which acts as a docking molecule for other cyto-
plasnmiic signalling proteins (e.g., Pl3-kinase, GRB2, Syp, Nck, etc.).
IRS-} transmits insulin-induced signals via signalling proteins which
diversify the signal transduction pathways. GRB2 = growth fuctor re-
ceptor bound protein 2; IRS-1 =insulin receptor substrate-1; Nck=a
47 kD adapter protein; PAKs = p21-activated Kinases; Pl3-kinase = Phos-
phatidylinositol-3-kinase; pp70 S6 kinuse =a ribosomal protein; Ras
Complex = p21™ + mSOS + GAP with p62; She=a novel transtorming
protein; Syp=a prowein tyrosine phosphatase.
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transmits signal by phosphorylating a protein called
insulin receptor substrate-1 (IRS-1)*. The phosphorylated
IRS-1 acts as a docking protein and interacts with
several other signalling proteins to complete the process
of signal transduction leading to expression of biological
effects of insulin®. In addition to this mechanism, the
tyrosine kinase activity of insulin receptor might also
be transmitting downstream signal by phosphorylating
other cytoplasmic signalling proteins and transcription
factors without involving IRS-1. There are also indica-
tions that insulin increases phosphorylation ot cAMP
responsive element binding protein (a transcription factor)
and accelerates transcription activity associated with
growth and proliferation of cells. A critical account of
major components involved in the mechanism of insulin
action through different signal transduction pathways 1s
given below.

Insulin receptor substrate-l

In different types of insulin-sensitive cells (hepatoma
cells, 3T3-L1 adipocytes, rat-1 fibroblasts, CHO cells,
human epidermal carcinoma cells, rat adipocytes, etc.)
insulin was reported to induce phosphorylation of a
protein within seconds®. Since the phosphorylated protein
was found to have a molecular weight of 185 kDa, 1t
was termed as ppl85 (phosphorylated protein 185).
However, the precise role of ppl85 in insulin-induced
signal transduction remained unknown. Later on it was
reported that the mutated receptors, in which Tyr-972
(IR Tyr-972) was substituted by Phe (IR-F972) in the
juxtamembrane region, were normal for insulin binding,
autophosphorylation and Tyr kinase activation, but were
ineffective in inducing phosphorylation of ppl85 (ref.
55). The mutated receptors were also unable to mediate
insulin-induced synthesis of glycogen and DNA. These
findings were the first indication that phosphorylation
of ppl85 is essential for insulin action and insulin-
associated signal transduction.

The ppl85 was purified and partially sequenced to
obtain oligonucleotides for screening the rat liver com-
plimentary DNA (cDNA) libraries”. As a result, a
complete cDNA clone was obtained. The sequence analy-
sis indicated that the cDNA encodes an unique new
protein®®, This protein was termed as insulin receptor
substrate-I (IRS-1). IRS-1 has a molecular weight of
131,000 Da. However, unphosphorylated and phospho-
rylated IRS-1 migrate on SDS-PAGE around the
molecular weights {60,000 Da and 180,000 Da,
respectively. IRS-1 contains a consensus sequence for
a nucleotide-binding site at N-terminus, a pleckstrin
homology (PH) domain, a phosphotyrosine binding (PTB)
domain, 20-22 potential Tyr phosphorylation sites and
40 potential Ser/Thr phosphorylation sites*’". Though
both PTB and PH domains link IRS-1 with the insulin
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receptor, the PH domain forms the main link between
the insulin receptor and IRS-1 (ref. 71). Ser/Thr phos-
phorylation sites might be substrates for several kinases
(e.g., cGMP-dependent protein kinase (PKG), casein
kinase-II. calcium-dependent protein Kkinase (PKC),
cAMP-dependent protein kinase (PKA), MAP kinase,
etc.). The potential Tyr phosphorylation sites and also
the immediate surrounding amino acid sequences are
highly conserved in IRS-1 homologues. 'The immediate
amino acid sequences around the Tyr phosphorylation
sites seem to serve as potential binding sites for signalling
proteins which contain SH2 domains™. In the absence of
IRS-1, another substrate of insulin receptor called as
IRS-2 (insulin receptor substrate-2) has been reported
to interact with the autophosphorylated insulin recep-
tor and to mediate the insulin-induced signal transduc-

IRS-1 signalling complex

After identification of IRS-1, attempts were made to
identify other components of IRS-signalling complex.
Studies conducted with the help of cloning and expression
of IRS-1 have identified several signalling proteins which
interact with JRS-1 and serve as essential components
for insulin-signalling network. IRS-1 acts as a docking
protein and transmits signals via different signalling
proteins for different purposes. There are at least five
proteins (PI3-kinase, GRB2, p85a and p8583, Syp, Nck)
which interact with IRS-1 and transduce insulin-induced
signals for various cellular functions®®. A brief intro-
duction of these proteins and their role in insulin signal
transduction 1s given below.

Pl3-kinase

PI3-kinase is a heterodimeric enzyme composed of two
subunits, i.e. a regulatory subunit and a catalytic subunit.
The regulatory subunit (molecular weight: 85,000 Da) is
called as p85 and the catalytic subunit (molecular
weight: 110,000 Da) as p110 (refs 76, 77). The p8S
subunit contains two SH2 and one SH3 domains. Further,
this unit also possesses regions homologous to ‘break-
point cluster region’ (BCR) kinase and p21™-GTPase
activating protein (p21™-GAP). PI3-kinase catalyses
phosphorylation of phosphoinositides (PI), phosphatidyl-
inositol-4-phosphate (PI-4-P) and phosphatidyl-inositol-
4,5-bisphosphate (PI-4,5-P,) leading to formation of
phosphatidylinositol-3-phosphate (PI-3-P), phosphatidyl-
inositol-3,4-bisphosphate (PI-3,4-P,) and phosphatidyl-
inositol-3,4,5-triphosphate (PI-3,4,5-P,)"". Studies based
on in vitro experiments using immunoprecipitated PI3-
kinase and recombinant IRS-1 suggest that PI3-kinase
has a high affinity for phosphorylated IRS-1. Addition
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of phosphoryliated IRS-1 activates PI3-kinase®** Fur-
ther, the IR™" receptor, which has normal kinase but
fails to phosphorylate IRS-1, is unable to mediate
insulin action and in activating PI3-kinase. Recently
IRS-1 has been reported to be associated with PI3-
kinase”. The association of PI3-kinase with IRS-1 acts
as an activation step for the kinase®™. When insulin
binding stimulates Tyr kinase and phosphorylation of
IRS-1, the SH2 domains of PI3-kinase bind preferentially
to four phospho-peptide segments of IRS-1 surrounding
Tyr-460, 608, 939 and 987 (ref. 80). These findings
suggest that phosphorylated IRS-1 binds to p85 SH2
domain of PI3-kinase and activates several signalling
pathways. PI3-kinase seems to diversify the insulin-
induced signal transduction via pp70 S6 kinase, GLUT4
containing vesicles and p2l-activated kinases (PAKs)
(Figure 4). The p85 SH2 domain of PI3-kinase can also
bind directly to the insulin receptor®'. However, the
‘significance of direct interaction between p85 and insulin
receptor remains unknown.

Insulin promotes growth of mammalian cells and

oocyte maturation of Xenopus by acting via [RS-1 - PI3-
kinase pathway. Insulin stimulates tyrosine phosphory-
lation of IRS-1 by several folds in CHO cells

overexpressing the insulin receptor (CHO/IR) or IRS-1
(CHO/IRS-1) or both (CHOJ/IR/IRS-1). The level of
expression of IRS-1 has been found to be directly
correlated with the level of association and activation
of PI3-kinase’*. CHO cells expressing an antisense mRNA
and rat-1 fibroblasts microinjected with IRS-1 antibodies
have recently provided evidence for insulin-induced cell
growth via IRS-1 - PI3-kinase signalling pathway. Cells
expressing the IRS-1 antisense mMRNA exhibit significant
decrease in insulin-stimulated Tyr-phosphorylated IRS-1
and Pi3-kinase activity associated with simultaneous
decrease in insulin-stimulated DNA synthesis*?. Further,
rat-1 fibroblasts microinjected with IRS-1 antibodies do
not respond to insulin®’. As mentioned earlier, insulin
induces oocyte maturation in Xenopus. In Xenopus oocyte,
microinjected IRS-1 1s promptly phosphorylated after
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Figure 4. Schematic representation of mechanisim of insulin action. Formation ol insulin-receptor
complex seems to transmit signals via two signalling proteins, IRS-1 and She. Insulin-activated IRS-1
stimulates P13-kinase, Syp and GRB2. Activation of IP3-kinase stimulates translocation of GLUT4 to
the ccll membrane followed by glucose influx. Importance of Pl3-kinase-induced activation of PAKs
and pp70 S6 kinase remains (o be established. Stimulation ol GRB2 by active IRS-1 and/or She
activales p21™-complex which transmits signals via Rat-1-MAPKK-MAPK pathway. Activated MAPK
accelerates nuclear events and glycogen synthesis by stimulating transcription factors (c-Jun and ¢-Fos)

and/or pp90 S6 kinase. GAP = GTPase activating protein, GLUT4 =

insulin sensitive glucose tcansporter,

GRB2 = growth factor receptor bound protein 2; GS = giycogen synthase; 1P, =1nositol (risphosphate;
IRS-1 = insulin receptor substrate-1; MAPK = mitogen activated protein kinase; MAPKK = MAPK kinase;
Nck = a 47 kD adapter protein; p62 = GAP-associated protein; PAKs = p2l-activated Kinases; PhK = Phos-
phorylase kinase; Pi3-kinasc = Phosphatidyl-inositol-3-kinasc: pp70 S6 kinuse = a ribosomal protein; pp9(
S6 kinase = a ribosomal protein; PPG-1 = glycogen associated protein phosphatse- 1, Raf-1 = Setine/Alueonine
kinase, Ras Complex = p21™ + mSOS + GAP with p62; Shc=a novel transforming protein; mSON = mam-
malian homologue to thc Drosophila Son-of-sevenless protein; Syp =a protem tyrosine phosphatase
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treatment with insulin. In this case there is about 8-fold
increase in FPI3-kinase activity associated with IRS-1
(ref. 84). These findings clearly suggest that insulin
produces its effect on mammalian cell growth and
Xenopus oocyte maturation by phosphorylating IRS-1.
P13-Kinase binds to phosphorylated TRS-1 and gets
activated. The activated PlI3-kinase phosphorylates Pl,
PI-4-P, PI-4,5-P,, leading to formation of PI-3-P, PI-
34-P,, PI-345-P, (IP)), etc. These phosphorylated
compounds {mainly IP,) are supposed to act as insulin-
induced signalling molecules and stimulate mammalian
cell growth and Xenopus oocyte maturation™. Insulin
has been recently reported to activate a p2l-activated
kinase (PAK) in muscle cells via PI13-kinase®. However,
the PI3-kinase-PAK downstream signalling cascade and
its importance remain to be established.

GRB2

Insulin-activated IRS-1 also binds to a small adapter
protein called growth factor receptor bound protein 2
(GRB2). It contains SH2 and SH3 domains and binds
to phosphorylated IRS-1 at Tyr-835 after stimulation by
insulin®**, GRB2 links IRS-1 and the p21™ signalling
pathway. The SH3 domain of GRB2 non-covalently
interacts with the p21™ GDP/GTP exchange factor,
mSOS (mammalian homologue to the Drosophila Son-

of-sevenless protein) leading to increased p21™ acti-

vity">?!. Ras (p21™: a ras protooncogene product) is a
21 kD membrane-bound GTP-binding protein (G-protein).
It plays an important role in regulation of cell growth
and tumour formation. It belongs to a super-tamily of
small G-proteins which are actively involved in cell
growth, protein transport, vesicular transport, etc™ ™
The active form of p21™ is bound to GTP and 1nactive
form to GDP. However, after stimulation by insuhlin,
GDP bound to p21™ is replaced by GTP. Thus, p21™
shuttles between GDP- and GTP-bound forms. This
cycle is regulated by GTPase-activating protein (GAP)
and mSOS*?%, p21™ transforms cells by stimulating
Ser/Thr phosphorylation cascade which leads to activation
of the mitogen-activated protein kinase (MAPK) signal
transduction pathways’®. Microinjection of p21™ anti-
bodies in cells inhibits insulin-induced cell growth. In-
sulin stimulates p21™ complex through IRS-1 and GRB2
(Figure 4). For inducing cellular transformation, 1RS-]
interacts with both GRB2 and Syp (a phosphatasc)‘”.
The stimulated Ras complex has been reported to interact
with and to activate Raf-1 kinase which phosphorylates
and activates MAPK kinase (MAPKK)™'™. Then
MAPKK induces phosphorylation and activation of
MAPK''. The active MAPK phosphorylates ribosomat
protein pp90 S6 kinase leading to its activation'”. In
turn, insulin-activated pp90 S6 kinase stimulates glyco-
gen-associated protein phosphatase-1 (GPP-1). Thereafter,
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GPP-1 dephosphorylates the enzyme glycogen synthase
and makes it active. Simultaneously, GPP-1 inactivates
phosphorylase kinase (PRK) and glycogen phosphorylase
(GPR) by catalysing their dephosphorylation. Thus,
insulin-induced activation of glycogen synthase and
inactivation of PRK and GPR via IRS-1-GRB2-Ras
(p21°%)-Raf-1-pp90 S6 kinase results in acceleration of
glycogen synthesis'”.

Insulin can also stimulate p2 complex via She
without involving IRS-1. Shc is a newly discovered
novel transforming protein which is supposed to provide
an alternate pathway that links insulin-induced signals
to p21™ signalling pathway involved in mitogenic signal
transduction*®®. Shc contains a Src homology 2 (SH2)
domain and a phosphotyrosine binding domain. In this
pathway, the phosphorylated insulin receptor interacts
with and phosphorylates Shc'*>'". Interaction of phos-
phorylated insulin receptor with the PTB domain of Shc
is necessary for phosphorylation and activation of Shc'™.
The residues which control the specific binding of Sh¢
PTB domain to phosphotyrosine sites of insulin receptor
have receatly been identified'”. Further, Shc PTB domain
has been found to be essential for insulin-induced DNA
synthesis and mitogenic signalling''”. The amino terminal
domain of Shc interacts with insulin receptor in phos-
phorylation-independent manner and its importance re-
mains to be studied'’'. The SH2 domain phosphorylated
Shc provides a binding site for GRB2 and results in
the formation of a Shc—-GRB2-mSOS complex and
activation of p21™-Raf-1-MAPK-pp90 S6 kinase path-
way'"™!"  Under the influence of insulin-like growth
factor-1 (IGF-1) and epidermal growth factor (EGFK), Shc
interacts with adapter proteins (adaptins) which regulate
endocytosis of receptors''>. However, the question
whether insulin also induces interaction of Shc with
adaptins leading to internalization of its receptors remains
to be answered.

‘l ras

p85a, p85B, Syp and Nck

Since IRS-1 contains 22 potential sites (Tyr) for phos-
phorylation, it provides several binding sites for SHZ2
domain containing proteins®'"’, There are at least three
SH2 domain containing proteins other than PI3-kinase
and GRB2 which are reported to interact with IRS-1.
There are two isoforms of p83, namely p85a and p858
(ref. 114). Both the isoforms reportedly associate with
the p11Q catalytic subunit of PI3-kinase and phospho-
rylated IRS-1 (refs 115, 116). Thus, p85« and p853
can act as a chain between IRS-1 and PI3-kinase whereby
they might be diversifying the insulin-induced signalling
network.

A protein tyrosine phosphatase termed as Syp also
binds to phosphorylated IRS-1 at Tyr-1172. Syp contains
two SH2 domains''’. Syp is the mammalian homologue
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of a protein called cork screw (csw) found in Drosophila.
It 1s located downstream of tyrosine kinase receptor and
regulates Drosophila homologue of Raf-1 (refs 118,
119). Binding of Syp to IRS-1 results in its activation.
So far there is scarcity of information on exact function
of active Syp. It is supposed to be involved in the
regulation of signal transduction via Raf-1. IRS-1-Syp
Interaction might be a pathway for the multiplication
of insulin-signalling network and seems to be associated
with down regulation of the signal. A recent study on
insulin-signalling in mice expressing reduced levels of
Syp indicates that the phosphatase might be involved
in insulin-induced mitogenesis'.

IRS-1 also binds to a 47 kD adapter protein called
Nck which contains three SH3 and one SH2
domains'?"'**, Nck has recently been shown to bind
IRS-1 (ref. 123). Overexpression of Nck in NIH 3T3
fibroblasts leads to cellular transformation and cell pro-
liferation'**. Due to the presence of SH2 and SH3
domains, Nck is supposed to link IRS-1 to downstream
signal transduction pathway(s) involved in cell growth
and proliferation.

There are several other proteins (e.g., PLC-y, p21™-
GAP, etc.) which contain SH2 domains but do not
interact with IRS-1 (ref. 125). Thus, IRS-1 allows
association of distinct group of proteins with SH2
domains. It seems to act as a potential signal distributor
molecule for a wide range of insulin actions. However,
the detatls of the mode of action of IRS-1 associated
signalling proteins and their regulation in different tissues
remain to be unearthed. At present the physiological
role of IRS-1 in pathophysiology of diabetes also remains
unknown®’.

Other substrates of insulin receptors

Insulin seems to produce most of its biological effects
related to cell growth and proliferation and glucose
homeostasis mainly via IRS-1 phosphorylation. However,
recent studies indicate that there are other potential
substrates for insulin receptors which might be involved
in alternative pathways for insulin-induced signal
transduction. For example, insulin-induced Tyr phospho-
rylation of Shc (a 62 kDa protein) seems to provide
additional and/or alternative signalling pathway for
activation of p21™ complex and downstream transduction
of insulin signal independent of IRS-1. In addition to
IRS-1 and Shc, insulin also induces appearance of a
120 kD phosphoprotein band which contains two proteins:
an ecto-ATPase and an endogenous Tyr kinase (focal
adhesion kinase)'*"'*®, Insulin is also reported to phos-
phorylate a 15 kD protein termed as fatty acid-binding
protein 422 (ap2), p2l1™-GTPase activating protein
(GAP), GAP-associated 62 kD protein (p62) and pl190,
a new PI3-kinase associated ~ 60 kDa protein (p60),
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etc.'”', It, thus, seems that there are many proteins

which may act as substrates for insulin receptor, provide
alternative IRS-1-independent signal transduction path-
ways and diversify the insulin-induced signals. Recently
a protein called Ras-associated with diabetes (Rad) has
been reported to be involved in insulin-signalling'*. Rad
is composed of 269 amino acid residues having a
predicted molecular weight of 29,266 Da. It is necessary
to mention that the precise functions of these alternative
substrates remain to be explored.

Insulin action via nuclear pathway

In addition to its action via cytoplasmic proteins, insulin
also produces biological effects by activating DNA syn-
thests and gene transcription. Insulin has been reported
to stimulate transcription of a number of mRNAs. These
mRNAs encode proteins which are involved in the
regulation of cellular growth and metabolism. It seems
that insulin somehow transmits its signal to nucleus,
probably through transcription factors. Recently insulin
has been reported to stimulate phosphorylation of a
transcription factor called cAMP responsive element
binding protein (CREB)'** and a number of other DNA-
binding proteins (pp34, pp40, pp48, pp62, pp64, pp66,
pp72, pp94, etc.) in 3T3-442A adipocytes'?’. There is
direct correlation between insulin-induced phosphoryla-
tion of pp94 (nucleolin) and increase in efflux of RNA
from isolated nuclei'”’. CREB binds to cAMP responsive
element (CRE) and stimulates the process of transcription.
Insulin also induces rapid phophorylation of AP-1 family
of transcription factors composed of c-Jun and c-Fos
proteins in 3T3-442A cells'*®. These factors are involved
in regulation of transcription of a number of genes
associated with cellular growth and transformation, There
are several kinases (e.g., MAP kinase, PKC, PKA, casein
kinase-II, etc.) which can phosphorylate AP-1 transcrip-
tion factors. Since insulin stimulates kinase-like activities
in nuclear extracts", insulin can affect transcription via
kinases — AP-1 pathway. Insulin stimulates phosphoryla-
tion of c-Jun and c-Fos related proteins which are
capable of influencing the rate of transcription. Recent
studies indicate that insulin intluences gene transcription
by modulating the activity of °‘signal transducer and
activator of transcription (8TAT) 3 isoform’ in hver
cells"*'"*1 These findings clearly indicate that
insulin-induced signals are also transduced via nuclear
pathway, particularly for actions associated with nuclear
events.

Insulin and glucose transport

As mentioned earlier, insulin stimulates cellular uptake
of glucose in its target tissues. It is important to mention
HHo)
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that there are two types of glucose transporters: Na'-
dependent glucose transporters and facilitative glucose
transporters. The Na'-dependent glucose transporters
(which are found in the intestinal tract and kidney) are
not influenced by insulin. In other tissues there are
multiple types of facilitative glucose transporters. So far
at least five types of facilitative glucose transporters are
identified and are termed as GLUTI (present in blood-
brain barrier, muscle, RBC, colon, kidney, placenta,
adipose tissue, etc.). GLUT2 (present in hiver, kidney,
intestine and pancreas), GLUT3 (present in neuronal
cells, brain, placenta and kidney), GLUT4 (present in
brown and white fat, skeletal and cardiac muscle and
other insulin-sensitive tissues) and GLUTS (present 1n
the small intestine and spermatozoa)'*’, However, only
GLUT4 has been found to be regulated by insulin. In
the absence of insulin almost all GLUT4 is found in the
cytoplasmic vesicular pool. Insulin induces a rapid increase
(~ 10 fold) in translocation of GLUT4 from the cytoplasm
to the plasma membrane which results in a 20-30 fold
increase in the rate of glucose uptake™>'*,

At present it is not fully known how insulin stimulates
translocation of GLUT4 to the membrane. There is a
direct correlation between insulin-induced increase In
PI13-kinase activity and the rate of GLUT4 transloca-
tion/glucose uptake'*. In 3T3-L1 adipocytes, wortmannin
and LY294002 (specific inhibitors of PI3-kinase) have
been reported to inhibit insulin-induced PI3-kinase and
glucose uptake without affecting autophosphorylation of
the insulin receptor, phosphorylation of IRS-1 and as-
sociation of Pl3-kinase with IRS-1 (refs 147-149).
LY294002 inhibits insulin-induced glucose uptake by
inhibiting the translocation of GLUT4 containing ves-
icles"**'?. Stimulation of PI3-kinase also leads to acti-
vation of pp70 S6 kinase. While inhibitors of PI3-kinase
inhibit insulin-activated pp70 S6 kinase as well, selective
inhibition of pp70 S$6 kinase by rapamycin does not
inhibit insulin-induced glucose uptake"™'". These find-
ings strongly suggest that Pl3-kinase plays a critical
role in Insulin-induced signal transduction and translo-
cation of GLUT4 without involving pp70 S6 kinase.
Insulin-activated pp70 S6 kinase has been reported to
induce transcription and translation'?!. However, other
growth factors are reported to stimulate PI3-kinase with-
out having any effects on GLUT4 translocation? It,
thus, seems that insulin induced signals leading to
activation of pp70 S6 kinase and translocation of GLLUT4
diverge at some point between downstream of P13-kinase
and upstream of pp70 S6 kinase. As mentioned earlier,
P13-kinase catalyses the formation of PI-3-P, PI-3,4-P,
and PI1-3,4,5-P, (IP,). Since these phosphoinositides do
not act as substrates for any of the known phospholi-
pases'®’, they may act as messenger/signalling molecules
for insulin action on glucose uptake. It is noteworthy
that overexpression of the catalytic subunit pl10a of

1009
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PI3-kinase in 3T3 L1 adipocytes increases glucose trans-
port and translocation of glucose transporters'™". Further,
inhibition of the regulatory subunit p85«a of Pl3-kinase
reportedly inhibits the translocation of GLUT4™.
Recently it has been found that isolated activation of
PI3-kinase in 3T3 L1 adipocytes can initiate the signalfing
cascade leading to both actin arrangement and GLUT4
translocation'®.  Further, insulin induces PI3-kinase
targeting to GLUT4-containing vesicles. In the rat adipo-

cytes and 3T3 L1 adipocytes IRS-1-PI3-kinase complex
associates with vesicles containing GLUT4 and induces

translocation of GLUT4"’. Moreover, this association
of IRS-1-PI3-kinase with the vesicles results in accu-
mulation of 3’-phosphoinositides which are supposed to
play an important role in the membrane-associated events
which accompany the translocation of GLUT4 to the
cell surface. IP, has been reported to activate ¢-isoform
of protein kinase C (PKC-{) in virro'™*. Stimulation of
PKC-¢ is essential for oocyte maturation and growth of
fibroblasts'. It has also been found that increase in
the concentration of the phosphorylated phosphoinositides
is associated with increased cell proliferation'®. However,
the precise role of PI3-kinase products in insulin-induced
translocation of GLUT4 and glucose uptake remains to
be established.

In addition to its action via PI3-kinase, insulin might
also be affecting glucose uptake by alternative path-
way(s). While overexpression of p2[™ in 3T3-L1 adipo-
cytes results i1n increased translocation of GUT4 and
glucose uptake'®, activation of p21™-pp90 S6 kinase
pathway by epidermal growth factor (EGF) or thrombin
does not lead to increased translocation of GLUT4 or
glucose uptake'*?. Further, while p21™ is activated by
both 1nsulin and EGF, only insulin stimulates phospho-
rylation of IRS-1. In other words, activation of p21™
for stimulating glucose uptake needs siegnal transduction
via IRS-1. However, the involvement of p21™ in insu-
lin-induced glucose uptake seems to be independent of
Raf-1 and MAPK'™, and may not be sufficient for
mediating significant action of insulin on glucose uptake.
It is noteworthy that small GTP-binding proteins of Rab
family are found to be associated with GLUT4 containing
vesicles'™. However, the precise function of these G-

proteins in insulin-induced GLUT4 translocation remains
to be unknown.

Summary

Significant progress has been made towards under-
standing the structure of insulin receptor and mechanism
of insulin action. The binding of insulin to the a-subunits
of insulin receptor induces interactions among insulin
receptors leading to their dimerization/oligomerization.
As a result, the S-subunits are autophosphoryalted at
Tyr residues. Autophosphorylation of -subunits increases
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the endogenous tyrosine kinase activity of the receptors.
The autophosphorylated insulin receptors interact with
other signalling proteins and form a muliti-componential
and multi-directional signalling complex (Figure 4). In
general, the tyrosine Kinase activity of the autophospho-
rylated insulin receptors phosphorylates and activates
IRS-1. Then phosphorylated active IRS-1 acts as a
docking protein which interacts with several cytosolic
proteins {e.g., GRB2-Ras complex, PI3-kinase, Syp, Nck,
etc.) and activates a number of signal transducing path-
ways. In addition, the autophosphorylated insulin receptor
may also phosphorylate/interact with other alternative
substrates and signalling proteins (e.g., Shc, p60, p62,
etc.) directly and may transduce insulin signals via
alternative pathways. Some major actions of insulin (e.g.,
DNA synthesis, gene transcription, cellular growth/
proliferation/ditferentiation/transformation, etc.) are pro-
duced via events associated with the cell nucleus. Thus,
insulin seems to produce its wide-ranging biological
effects through a multi-componential and multi-direc-
tional signal transducing pathways. However, various
aspects of 1nsulin signal transduction via Shc, Syp, Nck,
PAKSs, adaptins, pp70 S6 kinase, STATs, transcription
factors, Rad, Rab, etc. still remain to be unravelled.
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