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Introduction the B-subunit is a transmembrane peptide (Van Ob-
berghen et al., 1981). The intracellular portion of the
%-subunit contains the insulin-regulated tyrosine protein
kinase (Kasuga et al., 1983). Insulin binding activates

scription of specific genes, and modulation of ceIIuIarthe tyrosine kinase leading to autophosphorylation of ty-

growth and differentiation. Since the discovery of insu- rosine r_esidues in sevgral regions of t.he intracellular

lin 77 years ago, great pr(;gress has been made in unde'B-'SUb-unlt and the tyrosine phosphory_latlon of the_ IRS-

standing the di\'/erse signaling pathways that emanat roteins. The reade_r is rt_aferred to an m-_depth review on
. . ? ; -_the structure of the insulin receptor (White, 1997).

from the insulin receptor itself to generate the pleiotropic

actions of the hormone. Many of the molecular actions The insulin receptor substrate-1, IRS-1, was the first
; S N y . docking protein identified and serves as the prototype for
of insulin involve protein phosphorylation and dephos-

horviation. Althouah the insulin r tor ist i this class of molecules (White, Maron & Kahn, 1985;
phoryiaton. Ough the Isulin receptor ISosine gy o al., 1991). Five related proteins have recently

kinase that undergoes ligand-dependent activation, mangxpanded this family, including IRS-2 (Sun et al., 1995)
of the resulting downstream changes in pho:sphoryla—lRS_3 (Lavan, Lane ’& Lienhard 1997Smith—H5II ot '
tion/dephosphorylation occur oserine and threonine. al., 1997) IRé-4 (Lavan et al 1’99)7 Gab1 (Holgado-
Here we review the multiple signaling cascades responl—vl'a’Idruga ,et al., 1996), and p‘é’i‘ (Yamanashi & Balti-
sible for translating the binding of insulin to its receptor more, 1997) "A’\” the II,?S-proteins have the same overall
into endpoint biological responses, with specific focus Onarchit'ecture'. an Niiterminal pleckstrin homology (PH)
the molecular mechanisms med_iating stimulation of glu'and/or a phbsphotyrosine—binding (PTB) domains; mul-
coseluptake, glycoggn syntrr]]es_ls, and control of mRI\I'Atiple tyrosine residues that create SH2-protein binding
translation and protein synthesis. sites; proline-rich regions to engage SH3 or WW do-
mains; and serine/threonine-rich regions (White, 1998).
IRS coupling to the insulin receptor is provided by the
PTB domain. This domain binds specifically but weakly
to the phosphorylated NPXY motif in the juxtamem-
brane region of the insulin receptor (Kaburagi et al.,
The insulin receptor is an2/32 tetramer. The-subunit  1995). A role for the PH domain in IRS-protein binding
iS |Ocated entil’e|y at the extracellular face Of the plasqu the insulin receptor has also been proposed (Myers’ Jr.
membrane and contains the insulin binding site whereagt g|., 1995).

IRS-1 and IRS-2 are widely distributed but their
relative levels vary among different mammalian tissues.
IRS-3 expression has been demonstrated in adipose tis-
sue, fibroblasts and liver cells (Hosomi et al., 1994; Mi-
Key words: Insulin signaling — Glucose uptake — Glycogen synthe- larski et al., 1995; Zhang-Sun et al., 1996; Smith-Hall et
sis — Protein synthesis — mRNA translation al., 1997) whereas IRS-4 has so far only been observed

including stimulation of glucose uptake, glycogen, lipid
and protein synthesis, antilipolysis, activation of tran-
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in cultured cells derived from embryonic kidney (Lavan phosphorylation of phosphoinositides at the D3 position
etal., 1998). Gabl, Grb2-associated binding protein, is of the inositol ring. Current evidence indicates that class
widely expressed in mammalian tissues and is phosphorta Pl 3-kinases account for the bulk of the increase in Pl
ylated on multiple tyrosines in response to insulin (Hol- 3-kinase activity in response to insulin, for a revieee
gado-Madruga et al., 1996). (Shepherd, Withers & Siddle, 1998). The class l1a PI
Tyrosine-phosphorylated IRS-proteins generate3-kinases exist as heterodimers which consist of an adap-
downstream signals by the direct binding to the SH2tor 85 kDa subunit tightly associated with a catalytic 110
domains of various signaling proteins. Several enzymegDa subunit (Hu et al., 1993; Dhand et al., 1994). The
and adaptor proteins have been identified which associclass 1b PI 3-kinases are regulated by G-protein-coupled
ate with IRS-1 and IRS-2, including phosphatidylinositol receptors and there is no evidence that they are regulated
3-kinase (PI 3-kinase), phosphotyrosine phosphatasgy insulin (Stephens et al., 1994; Stoyanov et al., 1995).
SHP2, Grb2, Nck, and Crk (White, 1998). Although The catalytic subunit of class 1b Pl 3-kinases is homolo-
there is evidence that some degree of functional overlagoys to the catalytic subunit of class 1a Pl 3-kinases,
occurs between IRS-1 and IRS-2, these two moleculepowever, the class 1b Pl 3-kinases associate with adaptor
are not functionally interchangeable for all cellular re- \,phunits distinct from the 85 kDa class 1a Pl 3-kinases
sponses. For example, cell lines derived from IRS-1-yqant0r subunits (Stephens et al., 1997). The preferred
deficient embryos exhibit three classes of responses: (ipstrates for class 1 PI 3-kinases in vitro are phospha-
those that do not require IRS-1 (mitogen-activated proyigyinositol [PI], phosphatidylinositol 4-phosphate [P14-
tein kinase, MAPK,.a.chauon), (ii) those that are im- P], and phosphatidylinositol 4,5-biphosphate [PI(4:p)P
pf’;ured by IRS-1 deficiency qnd can b_e rgconstltgted by(Domin & Waterfield, 1997). However, in the cell they
either IRS-1 or IRS-2 (Pl 3-kinase activation and |mme—appear to preferentially phosphorylate PI(4 5jBomin

diate early gene induction), and (iii) those that are im-& W : ;

. o . aterfield, 1997). Indeed, PI(3,4,5HRs the major
paired by IRS-1 deficiency, can be reconstituted by IRS- i . ; :
1, but are not fully reconstituted by IRS-2 (mitogenesis)prOdUCt formed by PI 3-kinases activated by insulin and

) - . . many other growth factors (Nave, Siddle & Shepherd,
(Bruning et al., 1997). Additionally, in muscles derived . e
from IRS-1-deficient mice, the responses to insulin-lgg&)' Production of lipid products by class 1 PI 3-

. . e i is inhibited by wortmannin (Ui et al., 1995) and
induced PI 3-kinase activation, glucose transport, p70 S NASEs 15 In .

kinase, mRNA translation and protein synthesis are sig- ¥294002 _(Vlahos et aI.,_ 1994). Class 2 PI 3-kinases
nificantly impaired (Yamauchi et al., 1996). can be activated by insulin (Shepherd et al., 1998) but

IRS-3 undergoes tyrosine phosphorylation and bindéhey are resistant to _wortmannin (Virbas_iL_ls, Guilherme
PI 3-kinase in response to insulin, and in adipocytes IRSS ©2ech, 1996; Domin et al., 1997). Additionally, class
3, rather than IRS-2, is the major alternative pathway for? P! 3-kinases cannot use PI(4,3)Bs substrate and
PI 3-kinase activation in adipocytes from IRS-1-deficienttherefore cannot generate PI(3,4 5)@omin et al.,
mice (Smith-Hall et al., 1997). Binding of IRS-4 to P| 1997). Class 3 Pl 3-kinases only use phosphatidylinosi-
3-kinase remains to be demonstrated, but it is expectefp! @s a substrate (Shepherd et al., 1998). Hence, it is
given that it has several potential tyrosine phosphorylatnlikely that class 2 or class 3 PI3-kinases play a role in
tion sites. p62° is unique among the IRS-proteins in insulin signaling.
that it does not bind the PI 3-kinase (Yamanashi & Bal-  Several isoforms and splice variants of both the
timore, 1997). adaptor and catalytic subunits of class la Pl 3-kinases

The products of theshcgene are also substrates of €Xist. Three highly homologous isoforms of the class 1a
the insulin receptor (Kovacina & Roth, 1993). The pro- catalytic subunit have been cloned. These are p110
teins encoded by this gene, with molecular masses of 401133, and p11@, with the a and isoforms playing a
52, and 66 kDa, also contain SH2 domains and are tymajor role in insulin signaling (Vanhaesebroeck et al.,
rosine phosphorylated in response to insulin (Kovacinal997, b). The class 1a PI 3-kinases adaptor subunits are
& Roth, 1993). Shc and IRS-proteins compete for theencoded by at least three genes. Two isoforms generate
same binding site in the juxtamembrane domain of theproducts of 85 kDa, these being designatedop®sd
insulin receptor (Kaburagi et al., 1995; Isakoff et al., p853 (Dhand et al., 1994). The third PI 3-kinase adaptor

1996). subunit gene has been termed p5%r p55y because it
encodes a protein of 55 kDa (Pons et al., 1995). Further
PHOSPHATIDYLINOSITOL 3-KINASE, PROTEIN KINASE B, complexity is added by the occurrence of several splice
p70 RBOSOMAL S6 KINASE, AND ATYPICAL PROTEIN variants of the adaptor subunit. Indeed, three splice vari-
KINASE Cs ants of p8% have been reported, namely p85 p5Qx,
and p5& (Antonetti, Algenstaedt & Kahn, 1996).
Pl 3-Kinase Class la Pl 3-kinases play a major role in many

insulin-regulated responses including stimulation of glu-
One of the earliest steps in the insulin signaling pathwaycose uptake (Clarke et al., 1994; Okada et al., 1994;
is the activation of PI 3-kinase. PI 3-kinase catalyzes thel'sakiridis et al., 199&; Yeh et al., 1995), general and
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growth-specific protein synthesis (Mendez et al., 1997) activation (James et al., 1996; Alessi et al., 1997; Stokoe
membrane ruffling (Kotani et al., 1994; Tsakiridis, et al., 1997). It is now accepted that the primary mecha-
Vranic & Klip, 19950), and cell growth and proliferation nism for the activation of PKB by insulin is phosphory-
(Jhun et al., 1994; Mcllroy et al., 1997). Class la Pllation on two sites (Thr 308 and Ser473 in P&B
3-kinases also participate in regulating expression of keyPhosphorylation at Thr308 (PKB, Thr309 (PKB) and
genes in metabolism. For example, insulin attenuationhr305 (PKBy) is achieved by the recently cloned PDK1
of phosphoenolpyruvate carboxykinase (PEPCK) (Agati(phosphoinositide-dependent protein kinase) (Walker et
Yeagley & Quinn, 1998) and glucose-6-phosphataseal., 1998). The kinase responsible for Ser473 phosphor-
(Dickens et al., 1998) gene expression is Pl 3-kinaseylation has not been cloned yet, but has been tentatively
dependent. Additionally, induction of hexokinase Il named PDK2 (Alessi & Cohen, 1998). Taken together,
(Osawa et al., 1996), glucose-6-phosphate dehydrogdhe accepted mechanism for PKB activation involves in-
nase (Wagle et al., 1998), and GLUT4 gene expressioteraction with PI(3,4,5)Pand/or PI(3,4)R through its
(Valverde et al., 1999) requires PI 3-kinase. ActivationPH domain. This interaction with phosphoinositol lipids
of class 1a PI 3-kinases by insulin is achieved throughrecruits PKB to the plasma membrane and results in
binding of SH2-domains of adaptor subunits to phos-conformational changes in PKB so that Thr and Ser be-
phorylated YMXM motifs in IRS-proteins (Giorgetti et come accessible to phosphorylation by PDK1 and PDK2,
al., 1993). Several enzymes appear to carry the signakspectively (Alessi et al.,, 1996; Kohn, Takeuchi &
initiated by PI 3-kinase activation to its final destination. Roth, 199®; Andjelkovic et al., 1997). One of the well-
PKB, p70 S6 kinase, and atypical PKCs are thought to beharacterized substrates of PKB is glycogen synthase
downstream of Pl 3-kinase and have been implicated irkinase-3 (GSK-3) (Cross et al., 1995).
various insulin responsesde below

p70 S6 Kinase

PKB The p70 ribosomal S6 kinase is a serine/threonine kinase.

Full activation of p70 S6 kinase requires phosphorylation

Protein kinase B, PKB, is the cellular homologue of theof at least eight sites (Pullen & Thomas, 1997). There is
transforming oncogene v-Akt (Belacossa et al., 1991)mounting evidence that activation of PI 3-kinase and the
The catalytic domain of PKB is most similar to that of subsequent activation of PKB patrticipate in the initial
protein kinase A (PKA) and protein kinase C (PKC), stimulation of p70 S6 kinase. Inhibitors of Pl 3-kinase
findings that gave rise to its three names: PKB (betweerblock the early p70 S6 kinase activation (Cheatham et
PKA and PKC), RAC (related to A and C kinase), andal., 1994; Chung et al., 1994). Further, expression of
cAkt (Coffer & Woodgett, 1991). PKB is a PH domain- constitutively active class 1a Pl 3-kinases increase basal
containing serine/threonine kinase (Kohn, Kovacina &p70 S6 kinase activity (Weng et al., 1995; Klippel et al.,
Roth, 1995). Three isoforms of PKB have been identi-1996). PKB may also be involved in the activation pro-
fied. PKBa is the major isoform activated by insulin in cess since expression of constitutively active PKB ren-
muscle, hepatocytes and adipocytes (Walker et al.ders p70 S6 kinase active (Burgering & Coffer, 1995),
1998). PKB3 is activated is adipocytes (Walker et al., and a mutant PKB in which Thr308 and Ser473 are re-
1998). PKBy is not activated by insulin in muscle, he- placed by alanine (PKB-AA) inhibits the insulin activa-
patocytes, or adipocytes, but is activated by insulin intion of p70 S6 kinase by175% in CHO cells andB0%
cell culture models (Walker et al., 1998). The activationin 3T3-L1 adipocytes (Kitamura et al., 1998). However,
of class 1a Pl 3-kinase has been shown to be both necio direct phosphorylation of p70 S6 kinase by PKB has
essary and sufficient for the activation of PKB. Inhibi- been demonstrated. Interestingly, PDK1 directly phos-
tors of Pl 3-kinase block the activation of PKB (Burger- phorylates p70 S6 kinase at Thr252 (Alessi et al., 1998)
ing & Coffer, 1995; Alessi et al., 1996). Moreover, ex- and Thr229 (Pullen et al., 1998) contributing to its acti-
pression of dominant negative forms of the p85 adaptowation. Moreover, coexpression of p70 S6 kinase with
subunit of class la PI 3-kinase (Burgering & Coffer, PDK1 results in strong activation of the S6 kinase in vivo
1995), or expression of tyrosine kinase receptors thafAlessi et al., 1998). Pl 3-kinase-independent processes
lack the ability to bind PI 3-kinase block the stimulation must also be involved in p70 S6 kinase activation.
of PKB (Burgering & Coffer, 1995; Franke et al., 1995). Indeed, insulin is still capable of activating p70 S6 kinase
Expression of a constitutively active PI 3-kinase inde-in CHO cells overexpressing dominant negative class la
pendently promotes PKB activation (Didichenko et al., Pl 3-kinase adaptor subunits (Hara et al., 1995). In L6
1996; Klippel et al., 1996). muscle cells, p70 S6 kinase can be activated by insulin

Earlier reports have suggested that phosphoinositalvhile Pl 3-kinase and PKB are inhibited by wortmannin,
lipids bind PKB resulting in its activation (Frech et al., albeit with a delayed response (Somwar et al., 1998).
1996; Franke et al., 1997; Klippel et al., 1997). OtherTherefore, insulin appears to use an early Pl 3-kinase-
reports, however, have demonstrated that binding oflependent and a delayed Pl 3-kinase-independent path-
PI(3,4,5)R or PI(3,4)R is not the direct means for PKB ways leading to p70 S6 kinase activation.
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Insulin that phosphorylates and activates RKi@ the PI 3-ki-
Receptor nase signalling pathway, both in vitro and in human em-
“ bryonic kidney 293 cells (Chou et al., 1998; Le Good et
Class 1a PI I I Ras al., 1998). However, the fact that ectopic expression of
Wortmannin _3-Kinase - constitutively activated PKCdoes not stimulate p70 S6
LY294002
@CD Rlaf kinase indicates that Pl 3-kinase/PDK1 represent a bifur-

i cation in the insulin signaling pathway, one branch lead-
ing to PKC and one leading to PKB- mTOR - p70

/\ PDK2 — IR {MEK S6 kinase (Mendez et al., 199&egFig. 1).
‘4 l The insulin-stimulated activation of PRs also Pl
.\ MAPK 3-kinase-dependent. Indeed, endogenous or transfected
v

PDK1 i PKC\ in 3T3-L1 adipocytes or CHO cells have now

v 90 rsk been shown to be activated by insulin in a manner sen-
_ v P sitive to wortmannin and to a dominant negative mutant
—Rapamyein | mTOR| of class 1a Pl 3-kinase (Kotani et al., 1998). However,
the insulin-elicited signals that pass through Pl 3-kinase

p70 S6 kinase subsequently diverse into a PKB pathway and a RKC

pathway éeeFig. 1), since a mutant PKB (PKB-AA,
Fig. 1. The insulin signaling pathway. The insulin receptor is a tyro- discussed above) does not inhibit the insulin-induced ac-
sine kinase that undergoes autophosphorylation which increases thgvation of PKQ\ (Kotani et al., 1998).
kinase activity of the receptor. The activated receptor phosphorylates
IRS-proteins and Shc resulting in the activation of the Grb2/Sos and
Ras/Raf/MEK/MAPK pathway. Phosphorylated IRS-proteins activate Ty MAP KINASE CASCADE
P1 3-kinase and its downstream targets, namely, PKB, mTOR, p70 S6

kinase and atypical PKCs (PKGind PKQ\). The sites inhibited by . L . . .
wortmannin, LY294002, rapamycin, and PD098059 are indicsed.  AS mentioned above, following insulin stimulation, IRS-

text for details. proteins and Shc bind to the SH2-domains in several
small adaptor proteins such as Grb2 (Skolnik et al.,
1993). Flanking its SH2-domain, Grb2 contains two
The activation of p70 S6 kinase is also prevented bySH3-domains that associate constitutively with proline-
rapamycin suggesting that mTOR (mammalian target ofich regions in mSos, a guanine nucleotide exchange fac-
rapamycin) is one of the pathways leading to this enzyméor that stimulates GDP/GTP exchange on Ras (Skolnik
(Sehgal, 1995). Recent reports have demonstrated th&t al., 1993,b). Activated Ras recruits the serine/threo-
PKB lies upstream of mTOR since activating PKB mim- hine kinase Raf to the plasma membrane via a direct
ics insulin by increasing the kinase activity of mTOR interaction with its effector region (Pronk & Bos, 1994).
(Scott et al., 1998), and dominant negative mutants oRRaf activation results in the activation of MEK by phos-
PKB block the insulin-mediated phosphorylation of 4E- phorylation on two serine residues (Dent et al., 1992).
BP1 (Gingras et al., 1998), a substrate of mTOR (BrunrMEK is a dual specificity kinase that activates MAPK
et al., 1997). Thus, the activation of p70 S6 kinase carfmitogen-activated protein kinase) by both tyrosine and

be accessed by a variety of routse¢Fig. 1). threonine phosphorylation (Crews, Alessandrini & Erik-
son, 1992). Several isoforms of MEK and MAPK have

been identified (Cobb & Goldsmith, 1995). MAPK ac-
tivation results in the phosphorylation of p90 ribosomal
S6 kinase (p90 rsk), phospholipasg(RLA,), and many

It is now apparent that PI 3-kinase can contribute to theranscription factors including the ternary complex factor
activation of PKQ and PKQ,, atypical PKC enzymes p62'“F (Fingar & Birnbaum, 1994; Gille, Sharrocks &
which are not activated by diacylglycerol or phorbol es-Shaw, 1992). Although the MAPK pathway is a well-
ter. The insulin-stimulated activation of PKGs  characterized insulin signaling cascade, it is not very
blocked by PI 3-kinase inhibitors (Bandyopadhyay et al.,sensitive to insulin and, as discussed below, is not in-
1997a; Standaert et al., 1997). Furthermore, PI(3,435)P volved in many of the important metabolic responses of
and PI(3,4)R directly stimulate PKG enzyme activity in  the hormone. The MAPK pathway may interact with the
vitro to levels similar to those observed by insulin in vivo Pl 3-kinase pathway since activated GTP-loaded Ras can
(Standaert et al., 1997). Additionally, activation of interact directly with Pl 3-kinase (Rodriguez-Viciana et
PKC{ is lost in cells that express IRS-1 mutants lackingal., 1994). However, it is still unclear whether PI 3-ki-
PI 3-kinase-binding sites, and it is fully restored whennase acts upstream or downstream of Ras since both
those sites are reexpressed (Mendez et al., 1997). Twoossibilities have been proposed (Hu et al., 1995; Rod-
recent reports have also identified PDK1 as the kinaseiguez-Viciana et al., 1996; Marte et al., 1997).

PKG{ and PKQ\
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TYROSINE PHOSPHATASES AND receptors mutated in the ATP-binding site of the tyrosine
SERINE/THREONINE PHOSPHATASES kinase domain are defective in stimulation of glucose
transport (Quon et al., 1984 IRS-1 is also utilized in
Insulin can simultaneously stimulate the phosphorylationinitiating GLUT4 translocation since antisense ablation
of some proteins and the dephosphorylation of othersof IRS-1 in rat adipocytes results in a shift in the insulin
Although a great deal of effort has concentrated on undose response curve to the right (a reduction of insulin
derstanding the kinases responsible for phosphorylatiorgensitivity), although the maximal level of stimulation of
little is known about phosphatases. One tyrosine phostransport activity is unaltered (Quon et al., 18R4The
phatase, PTPase 1B, has emerged as a possible candidetéstence of an IRS-1-independent pathway leading to
for a negative regulator of insulin action because of itsGLUT4 translocation and glucose transport has also been
ability to dephosphorylate the insulin receptor in vitro suggested, however, since microinjection of anti-IRS-1
(Tonks, Diltz & Fischer, 1988). Additionally, microin- antibodies (Moris et al., 1996), or a decrease in IRS-1-
jection of PTPase 1B intXenopusoocytes blocks insu- associated Pl 3-kinase activity in 3T3-L1 adipocytes
lin-stimulated maturation (Cicirelli et al., 1990). How- (Staubs et al., 1998) were without effect on GLUT4
ever, little is known about the role of PTPase 1B in thetranslocation or glucose transport. Furthermore, trans-
metabolic actions of insulin in vivo. genic mice lacking IRS-1 retain a significant capacity to
Another tyrosine phosphatase that may play an imregulate blood glucose levels in response to insulin
portant role in insulin action is the SH2-containing phos- (Araki et al., 1994; Tamemoto et al., 1994). In addition,
phatase SHP2 (also known as Syp or SH-PTP2). Thigyerexpression of IRS-2 in rat adipocytes stimulates the
phosphatase associates with tyrosine-phosphorylategansiocation of GLUT4 in the absence of insulin (Zhou
IRS-proteins via its SH2 domains (Kuhne et al., 1993).¢t 5], 1997). A direct role of other members of the IRS-
SHP2 can diminish the tyrosine phosphorylation of IRS-tamily has not been fully evaluated. These results sug-
1, providing a mechanism to attenuate certain signalgest that one or more members of the IRS-family are in
(Arrandale et al., 1996). However, it was also suggesteghe pathway leading to stimulation of glucose uptake.
that SHPZ plgys a positive role in msulm_sgnqlmg SiNCé A key player in insulin’s ability to promote glucose
catalytically inactive mutants of SHP2 inhibit insulin- uptake into cells is Pl 3-kinase. Wortmannin and

stimulated MAPK andc-fos transcription in intact cells P
: . . ) . LY294002, two structurally unrelated inhibitors of PI
(Milarski & Saltiel, 1994; Yamauchi et al., 1994). 3-kinases, inhibit insulin action on glucose transport in a

Protein pho_sphatase_ (PP.)'l is a sgrine_/threoningvide range of cell lines (Cheatham et al., 1994, Clarke et
phosphatase activated by insulin and is primarily respon| 1994 Okada et al. 1994 Tsakiridis et al 1895
sible for the regulation of glycogen metabolisse¢ be- Y(.E'h et aI’ 1995) Wort.r’nannir; has been showﬁ’ to block
low). Activation of PP-1 has been suggested to be down- N '

insulin’s ability to stimulate the rate of exocytosis of
stream of p90 rsk (Dent et al., 1990). A summary of the T .
insulin signaling pathway is shown in Fig. 1. GLUT4 with little effect on the rate of endocytosis

(Yang et al., 1996). The effect of insulin on GLUT4 and
glucose transport is also abolished in cells expressing
Signaling Pathways Leading to Specific dominant negative mutants of pg¥Hara et al., 1994) or
Endpoint Responses in cells microinjected with mutant p85constructs that
fail to bind to the p110 catalytic subunit (Kotani et al.,
1995); supporting the notion that class 1la Pl 3-kinases
STIMULATION OF GLUCOSE UPTAKE are required. Furthermore, overexpression of constitu-
tively active forms of Pl 3-kinase elevate glucose uptake
Insulin-stimulated glucose transport can be accounted foand GLUT4 translocation in adipocytes, albeit not to the
primarily by translocation of glucose transporters, same extent as insulin (Katagiri et al., 1996; Tanti et al.,
mainly GLUT4, from intracellular pools to the plasma 1996). Although necessary, activation of Pl 3-kinase
membrane (Cushman & Wardzala, 1980; Suzuki &may not be sufficient to stimulate glucose uptake since
Kono, 1980; Slot et al., 19%lb; Tsakiridis, Vranic &  several growth factors activate Pl 3-kinase to a degree
Klip, 1994; Guma et al., 1995). The transporters cycle tosimilar to that achieved by insulin but fail to stimulate
and from the cell surface in the basal state. Insulin proglucose transport (Isakoff et al., 1995; Wiese et al.,
motes their rate of exocytosis and diminishes their rate 0.995). Hence, mechanisms additionahttivationof Pl
endocytosis (Czech & Buxton, 1993; Yang & Holman, 3-kinase are necessary. It was recently reported that the
1993; Yang et al., 1996). Many advances have beewellular localization of Pl 3-kinase catalytic activity is
made in elucidating the intermediate signals which leadaffected differently by insulin and other growth factors.
to glucose transport stimulation and GLUT4 transloca-Insulin decreases the content of Pl 3-Kinase in the cyto-
tion. Clearly, the tyrosine kinase activity of the receptorsol and increases it in intracellular membranes (Nave et
is essential for glucose transport since human insuliral., 199&; Ricort et al., 1996; Yang et al., 1996). More
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specifically, Pl 3-kinase activity has been shown to in-tani et al., 1998). Hence, atypical PKCs appear to par-
crease in intracellular compartments containing GLUT4ticipate in the insulin-elicited signals to stimulation of
(also called GLUT4 vesicles) (Heller-Harrison et al., glucose uptake.
1996), an event that requires intact actin filaments (Wang  In contrast to the possible functions of PKB and
et al., 1998). atypical PKCs, p70 S6 kinase is not required for the
The elements downstream of Pl 3-kinase regulatingnsulin-stimulated glucose uptake or GLUT4 transloca-
GLUT4 translocation and glucose uptake are starting tdion as rapamycin has no effect on these responses (Fin-
be unveiled. An involvement of PKB has been sug-gar etal., 1993). Nonetheless, the mTOR/p70 S6 kinase-
gested based on the following observations: (i) Overexfapamycin sensitive route mediates some of the long-
pression of wild-type or constitutively active PikRre-  term effects of insulin such as the synthesis of the
sults in upregulation of glucose transport and redistribu-GLUT1 glucose transporter in both L6 (Taha et al., 1995,
tion of GLUT4 to the plasma membrane in muscle and1997) and 3T3-L1 cells (C. Taha and A. Klipnpub-
fat cells (Kohn et al., 199§ Tanti et al., 1997; Cong et lished observations o
al., 1997; Hajduch et al., 1998; Ueki et al., 1998), and (i) It IS also unlikely that the MAPK pathway is in-
insulin increases the association of PK®&ith GLUT4-  Vvolved in the rapid GLUT4 translocation or glucose
containing vesicles (Calera et al., 1998). However, dransport stimulation based on the following observa-

more definitive role of PKB can only be ascribed using tions: (i) In 3T3-L1 adipocytes, microinjection of acti-
specific inhibitors of PKB or using dominant negative vated Ras does not stimulate GLUT4 translocation, and

forms. No specific inhibitors of PKB have been de- agents that antagpni_ze Ras fail to bIOCk..thiS event
scribed yet. Attempts to express a kinase-inactive mu(Haussdorff, Fr_anglom & Bwnbaum, 1994), (ii) expres-
tant of PKB that has a point mutation in the ATP-binding S/ of a constitutively active form of Raf does not du-
domain, resulted in only a minor reduction (20%) in plicate insulin stimulation of GLUT4 translocation (Fin-
insulin-stimulated GLUT4 translocation in rat adipose gar &_Blr_nt_)aum, 1994), and (i) treatrr_]en_t W'Fh th(_e
cells (Cong et al., 1997). A mutant PKE(PKBa-AA) MEK inhibitor, PD098059, does not inhibit insulin
g N i « stimulation of glucose transport (Lazar et al., 1995). An

in which the phosphorylation sites (Thr308 and S(_:‘r‘w?’)exception to these observations has been reported for

f[arge.ted .by insulin are replaced by a"”?”'”e did not affecEardiomyocytes in which microinjection of activated Ras
insulin-stimulated glucose uptake in either CHO cells Ofincreases glucose transport (Manchester et al., 1994).

3T3-L1 adipocytes (Kitamura et al., 1998). In contrast, aHowever. it is
. . , generally accepted that the MAPK path-
kinase-dead and unphosphorylatable RKBansiently .. hag no role in the rapid stimulation of glucose trans-

transfected into L6 muscle cells prevented GLUT4 trans—port in muscle and fat cells. The MAPK pathway does,

location (Wang et al., 199§. Therefore, it is possible oy ever, mediate the ability of insulin to elevate the
that different cell types rely on PKB to different extents synthesis of GLUT3 glucose transporter in L6 muscle

for the stimulation of glucose uptake. cells following prolonged insulin treatment (Taha et al.,
Atypical PKCs are other elements downstream of Pliggs, 1997).

3-kinase that have been suggested to play a role in stimu- Finally, participation of the tyrosine phosphatase
lation of glucose uptake. Insulin increases the enzymati§Hp2 in GLUT4 translocation has also been ruled out
activity of PKC in L6 muscle cells and 3T3-L1 fibro-  considering that microinjection of SHP2 SH2-domains,
blasts and adipocytes (Bandyopadhyay et al., 2997  or antibodies to SHP2, into 3T3-L1 cells blocks insulin-
Standaert et al., 1997). Moreover, expression of wild-induced mitogenesis but not insulin-stimulated GLUT4
type PKQ increases GLUT4 translocation and elevatesiranslocation (Hausdorff et al., 1995). A summary of the
basal and insulin-stimulated glucose transport (Bandypathways leading to GLUT4 translocation and the bio-
opadhyay et al., 1997 Standaert et al., 1997). Consis- synthesis of GLUT1 and GLUT3 is shown in Fig. 2.
tent with this observation, overexpression of a dominant

negative PKC mutant leads to partial inhibition of

GLUT4 recruitment to the plasma membrane and a deSTIMULATION OF GLYCOGEN SYNTHESIS

crease in glucose uptake in adipocytes and L6 muscle

cells (Bandyopadhyay et al., 199H; Standaert et al., Skeletal muscle is the major site of insulin-stimulated
1997). Additionally, overexpression of kinase-deficientglucose uptake, and most of the glucose that enters hu-
mutants of PKQ reduces insulin-induced glucose up- man muscle fibers in response to insulin in deposited as
take by[b0-60% and inhibits translocation of GLUT4 to glycogen. Insulin causes stable activation of glycogen
the plasma membrane (Kotani et al., 1998). In contrastsynthase by promoting dephosphorylation of multiple
a PKQ\ mutant that lacks the pseudosubstrate domainsites in the enzyme (Lawrence, Jr. & Roach, 1997). To
when expressed in quiescent 3T3-L1 adipocytes resultthis day, however, debate continues over the molecular
in GLUT4 translocation and stimulation of glucose up- mechanism(s) by which insulin activates glycogen syn-
take to an extent similar to that achieved by insulin (Ko-thase.
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Fig. 2. Signaling pathways leading to stimulation of glucose uptake. PI

3-kinase and its downstream targets PKC, RKahid PKG. play a key Fig. 3. Signaling pathways leading to stimulation of glycogen synthase

role in the stimulation of GLUT4-containing vesicles from an intracel- ar(igl);c:gser;t?;r;tze%se. Igzlsjllrllgre?;ic;snpf:)t;rylla t:os aer;dsthﬁiﬁgzeaig\éifis
lular pool to the plasma membrane. The mTOR/p70 S6 kinase pathwa? ycog Y . phospnory glyeog y

does not participate in GLUT4 translocation, but is involved in GLUT1 fom activation of PP1G and inhibition of GSK-3. Although p90 rsk

biosynthesis. The Ras/Raf/MEK/MAPK pathway is not needed for &T;Ehozlﬁgs ?1:13 di?;t::\slai;essulm’jslgbillri‘t vlgoécl:i\;zt:nl;ks(l)y é?\a; t:_e
GLUT4 translocation but participates in GLUT3 biosynthesis. P y y glycog y

thase. Inactivation of GSK-3 is mediated via Pl 3-kinase and PKB. The
role of mMTOR/p70 S6 kinase appears to be cell type-specific.

The muscle isoform of glycogen synthase has elabo-
rate regulatory properties. It is subject to phosphoryla-
tion at nine or more sites by many protein kinasesphatase but could result from inhibition of a kinase. The
(Roach, 1991). Two sites, sites 2 and 2a, are very closenzyme GSK-3 (glycogen synthase kinase-3) has been
to the NH2-terminus. At least seven more sites (sites 3agne of the best-studied kinases for glycogen synthase
3b, 3c, 4, 5, 1a, and 1b) are located in the COOH-egulation. Insulin phosphorylates and thereby inacti-
terminus of the molecule (Lawrence, Jr. & Roach, 1997).vates GSK-3 in several cell types (Welsh & Proud, 1993;
In rat skeletal muscle, insulin causes a decrease in th€ross et al., 1994; Welsh et al., 1994). There is evidence
phosphorylation state of sites 3a, 3b, and 3c and site that the inhibitor effect of insulin on GSK-3 is mediated
(and/or 2a) (Lawrence, Jr. et al.,, 1983; Smith & by Pl 3-kinase and its downstream targets PKB and
Lawrence, Jr., 1985; Skurat, Wang & Roach, 1994; SkumTOR/p70 S6 kinase as follows: (i) both wortmannin
rat & Roach, 1995), resulting in increased catalytic ac-and LY294002 block insulin stimulation of glycogen
tivity. The phosphatase thought to be responsible for desynthesis and activation of glycogen synthase (Cross et
phosphorylation of glycogen synthase is PP1G, the glyal., 1994; Welsh et al., 1994; Shepherd, Nave & Siddle,
cogen-bound form of protein phosphatase 1. PP1G itself995; Yamamoto-Honda et al., 1995), (ii) expression of
contains several phosphorylation sites and insulin hasonstitutively active PKB induces glycogen synthesis in
been reported to augment the phosphorylation and acti-6 muscle cells, but not in 3T3-L1 cells (Ueki et al.,
vation of PP1G (Dent et al., 199). p90 Ribosomal S61998), and (iii) rapamycin, a potent inhibitor of
kinase 2 (p90 rsk2) was subsequently identified as thenTOR/p70 S6 kinase, partially inhibits the activation of
kinase phosphorylating PP1G, thus linking the MAPK glycogen synthesis and glycogen synthase in 3T3-L1
pathway to glycogen synthase activation (Dent et al.adipocytes (Shepherd et al., 1995). However, rapamycin
1990). Although this model gained widespread accepdoes not antagonize glycogen synthase activation or
tance, recent evidence argues against it. For exampl&SK-3 inactivation in hepatocytes (Peak et al., 1998), rat
incubating 3T3-L1 adipocytes, L6 muscle cells, or ratskeletal muscle and adipocytes (Cross et al., 1997), or L6
diaphragm with the MEK inhibitor PD098059 blocked muscle cells (Cross et al., 1994). Therefore, despite
the activation of MAPK and p90rsk2 without blocking long-standing recognition that insulin activates glycogen
the insulin-stimulated activation of glycogen synthasesynthase by promoting its dephosphorylation, the under-
(Lazar et al., 1995; Azpiazu et al., 1996). lying mechanisms at the molecular level are still being

The dephosphorylation and activation of glycogendebated. A summary of the pathways involved in the
synthase need not involve the direct activation of a phosregulation of glycogen synthesis is shown in Fig. 3.
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STIMULATION OF PROTEIN TRANSLATION AND from dephosphorylation upon treatment with rapamycin
PROTEIN SYNTHESIS (Hara et al., 1997; von Manteuffel et al., 1997). Further-

_ . _ ~ more, mTOR, but not p70 S6 kinase, directly phosphor-
Insulin plays an important role in the overall regulation ylates 4E-BP1 in vitro (Haystead et al., 1994; Brunn et
of protein synthesis. Some of the effects of the hormoneil., 1997). Hence, the two mTOR targets, p70 S6 kinase
involve changes in mRNAs abundance, but insulin alsaand 4E-BP1, are regulated in parallel rather than in se-
has important effects on the translation process itselfquence. Although MAPK can phosphorylate 4E-BP1 in
Indeed, several initiation and elongation factors are reguyitro, recent in vivo evidence has ruled out a role of the
lated by the hormone, often as a consequence of changg@gaPK cascade in this phenomenon (Lin et al., 1995;
in their states of phosphorylation. von Manteuffel et al., 1996).

Translational initiation begins with the recog_niti_on Insulin also activates mRNA translation by increas-
of the mRNA cap structure by the mRNA cap-binding jnq the phosphorylation of elF-4E itself (Flynn & Proud,
protein elF-4E (eukaryotic initiation factor-4E). elF-4E, 199a) which is believed to increase the affinity of elF-
together with elF-4A (an RNA helicase) and elF-4G (a4 tg the mRNA cap structure (Minich et al., 1994).
bridge between elF-4E and elF-4A), form the elF-4F gz 4F i phosphorylated in vivo on a single site now

initiation complex (Tahara, Morgan & Shatkin, 1981; |\, 1o be Ser209 (Flynn & Proud, 1995; Joshi et al.,
Edery et jé’B]gSg)' In mam”}als’_l thef ehIF'4E'b'n%'n91995). The insulin signaling pathway(s) resulting in elF-
proteins (4E-BPs) comprise a family of three mem ere phosphorylation remain unresolved. Flynn and Proud

termed 4E-BP1 (Lin et al., 1994; Pause et al., 1994),( o
. 199@) have shown that the MEK inhibitor PD098059
4E-BP2 (Lin & Lawrence, Jr., 1996), and the recentlyblocks insulin’s effect on elF-4E phosphorylation in

cloned 4E-BP3 (Poulin et al., 1998). 4E-BPs compete : . :
with elF-4G for interaction with elF-4E, interfering in CHO cells overexpressing the insulin receptor. The

this way with the formation of the elF-4F initiation com- newly characterized MAPK-interacting protein 1, also

plex and thereby inhibiting cap-dependent translationknOWn as MAPK signal interacting kinase 1 (MNK1)

(Haghighat et al., 1995). Upon insulin stimulation of rat might be the candidate mediating elF-4E phosphoryla-

adipose tissue, 4E-BP1 (also termed PHAS-: phosphort_|on in response to insulin (Waskiewicz et al., 1997).

ylated heat- and acid-stable protein) becomes phosphop-1 cpntrast, Mendez .et al.l(1996) reported that phosphor-
ylated and dissociates from elF-4E, thereby alleviatingylatlon of elF-4E by '”S“"T‘ depend; on Pl 3-kinase but
translational inhibition (Lin et al., 1994; Pause et al., "0t MAPK. Hence, the insulin-stimulated pathways
1994). This phenomenon also occurs in 3T3-L1 adipo/€2ding to elF-4E phosphorylation remain debated.
cytes (Lin et al., 1995; Lin & Lawrence, Jr., 1996), rat Regulation of elF-2B represents another key step in
skeletal muscle (Kimball et al., 1997), and L6 myoblastthe regula_t|on of mmayon of MRNA translation. elF-2B _
(Kimball, Horetsky & Jefferson, 1998). is a guanine nucleotide exchange factor for elF2 as it
The major signal transduction pathway leading toPromotes the release of the tightly bound GDP and al-
insulin-induced phosphorylation of 4E-BPs is the PIlows elF2 to bind GTP (Proud & Denton, 1997). elF2,
3-kinase - PKB - mTOR pathway. This is based on which binds the initiator Met-tRNA to the 40S ribosomal
the following observations: (i) 4E-BP1 phosphorylation subunit, is required for every initiation event (Proud &
is inhibited by wortmannin and is eliminated in cells Denton, 1997). elF-2B is activated by insulin (Welsh &
containing IRS-1 that lacks Pl 3-kinase-binding sitesProud, 1992) and is a substrate for GSK-3 in vitro
(Mendez et al., 1996), (i) phosphorylation of 4E-BP1 is (Welsh & Proud, 1993). PI 3-kinase appears to be re-
stimulated in cells overexpressing an activated PKB andjuired for the activation of elF-2B since both wortman-
inhibited by a dominant negative mutant of PKB (Gin- nin and dominant negative mutants of the p85 regulatory
gras et al., 1998), (iii) rapamycin abolishes 4E-BP1 phossubunit of class 1a Pl 3-kinase prevent elF-2B activation
phorylation by insulin and results in suppression of cap{Welsh et al., 1997). That study also showed that the in
dependent translation (Beretta et al., 1996; Lin &vivo activation of elF-2B by insulin correlates with the in
Lawrence, Jr., 1996; Fadden, Haystead & Lawrence, Jryivo inactivation of GSK-3, but is independent of
1997), and (iv) mTOR functions a 4E-BP1 kinase both inmTOR/p70 S6 kinase or the MAPK pathways (Welsh et
vitro and in vivo, phosphorylating 4E-BP1 at serine andal., 1997).
threonine residues identical to those phosphorylated in  Translational control at the initiation stage has been
insulin-stimulated adipocytes (Brunn et al., 1997). well described for mRNAs which contain an oligopy-
As p70 S6 kinase lies downstream of mTOR, it isrimidine tract at their transcriptional start'{8OP), most
conceivable that insulin increases 4E-BP1 phosphorylanotably mRNAs encoding components of the transla-
tion via the PI 3-kinase/PKB/mMTOR, p70 S6 kinase tional apparatus itself (e.g., ribosomal proteins and elon-
pathway. However, this possibility is excluded based ongation factors) (Jefferies et al., 1994, 1997). Regulation
the observation that expression of an active, but rapamef translation by the mTOR-4E-BP1-elF-4E pathway for
cyin-resistant, p70 S6 kinase could not protect 4E-BPIother specific mMRNAs has so far only been described for
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Insulin Receptor Summary and Conclusions

In recent years, great progress has been made in eluci-

bl

as

Class 1a PI B 4 dating the tangled web of the insulin signaling pathway.

Sriinase( p11o m@ i Activating the tyrosine kinase activity of the insulin re-

Activating Signal —p> Raf ceptor results in tyrosine phosphorylation of various
Inhibitory Signal PDKL i adaptor molecules, in particular the IRS-proteins.
PDK2 Tyrosine kinase activity of the receptor is then translated
. MEK into downstream activation of serine/threonine cascades.

Activation of class 1a Pl 3-kinases and its downstream

MAPK targets PKB, mTOR, and atypical PKCs play a much

v more important role in most of insulin’s metabolic ac-

v i tions than the Grb2/SOS/Ras and the Raf/MEK/MAPK

v MNKI1 pathway. However, many details of the insulin signaling

GSK-3 pathway remain to be elucidated. The contribution of

\ temporal and spatial parameters of signaling, and the

elF-2B  4E-BP1 P70 $6 kinase elE-4E cross-talk with other signaling pathways are also poorly

\ ue \ ¥ understood. New insights into the therapy of diabetes

| mRNA Translation and Protein Synthesis | and other states of altered insulin action will no doubt

stem from emerging concepts of the insulin signaling
Fig. 4. Signaling pathways leading to stimulation of mRNA translation Pathway.

and protein synthesis. Pl 3-kinase, PKB, and mTOR participate in the
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