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Insulin and insulin-like growth factors (IGF-1 and IGF-2) are
essential during all stages of life. They integrate the storage
and release of nutrients with somatic growth during develop-
ment and in adult life. Insulin, IGF-1, and IGF-2 promote
tissue and organ maintenance throughout life. Moreover,
they interact with other signaling systems during physiologic
response to traumatic and chronic stress.

Our classical view of insulin action focuses upon glucose
homeostasis, but the insulin signaling system has a much
broader implication for heath and disease.! Following a meal,
pancreatic f cells rapidly secrete insulin, suppressing hepatic
gluconeogenesis, and promoting glucose storage in skeletal
muscle and lipid storage in adipose tissues?®; peripheral insulin
also circulates to the hypothalamus where it informs the
central nervous system that food has been consumed.’
Dwsregulation of insulin signaling causes glucose intolerance
that progresses to diabetes when [ cells fail to secrete suffi-
cient insulin rapidly enough to maintain normal glucose
homeostasis. Moreover, as diabetes ensues, life-threatening
systemic disorders develop, including microvascular compli-
cations in the retina, renal glomerulus, and peripheral
nerves; cardiovascular disease; dyslipidemia and obesity; and
degeneration of neurons in the peripheral nervous system.*

A coherent explanation for the pathophysiology of com-
mon type 2 diabetes is complicated because many genetic
polymorphisms appear to contribute to the characteristic
pathophysiclogy. By contrast, maturity-onset diabetes of the
young (MODY), which accounts for less than 10% of the cases
of type 2 diabetes, is linked to single gene mutations that
impair p-cell function: hepatocyte nuclear factor-4o (MODYT),
glucokinase (MODY2), HNF-1e (MODY 3), Pdx1 (MODY4), or
HNE-1p (MODY 5).*% Dysregulated expression of these genes
might contribute to the progression of common type 2 dia-
betes, as some of the MODY genes can be regulated in adult
f cells through the insulin receptor substrate 2 (TRS2) branch of
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the insulin/lIGF-signaling cascade. ™' Thus, dvsregulated expres-
sion or function of MODY genes could contribute to f-cell fail-
ure and the progression toward ordinary type 2 diabetes,

_INSULIN AND INSULIN-LIKE GROWTH FACTORS _

MEMBERS OF THE INSULIN SIGNALING FAMILY

The mammalian insulin signaling system includes three well-
defined ligands: insulin, insulin-like growth factor 1 (IGF-1),
and insulin-like growth factor 2 (IGF-2)."! Worms and fruit
flies have a larger array of insulin-like peptides, revealing the
utility and flexibility of the svstem.'” In mammals, 1GF-1
and IGF-2 bind with high affinity (K, < 1 nM) to the 1GF-1
receptors (IGF-1R) (Fig. 50-1). Two insulin receptor isoforms
called IRb or [Ra bind insulin with high affinity or moderate
affinity, respectively. However, during peripheral insulin
resistance, circulating insulin concentrations can rise high
enough to activate IGF-1 receptors (K, ~ 50 nM).

The [Ra isoform is produced during tissue-specific inclusion
of exon-11 in the receptor mRNA. Exon-11 encodes 12 amino
acids at the end of the « subunit, which promotes 1GF-2 bind-
ing at the expense of moderately reduced insulin-binding
affinity.'*1* [Rb lacks this extended COOH-terminal tail
owing to omission of exon-11, which increases the affinity
and specify for insulin while reducing significantly the inter-
actionn with IGF-2 (see Fig. 50-1). IRb predominates in classi-
cal insulin-sensitive target tissues, including adult liver,
muscle, and adipose tissues. [Ra predominates in fetal tissues,
the adult central nervous svstem, and hematopoietic cells.!*-18

Proper regulation of exon-11 splicing is important.
Dysregulated splicing alters fetal growth patterns and con-
tributes to rare forms of insulin resistance in adults.'*1* Severe
insulin resistance occurs in patients with mvotonic dystrophy
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Figure 50-1 The insulin/insulin-like growth
factor family. The insulin/IGF family consists of
three hormones; insuling insulin-like growth
factor 1 (IGF-1), and insulin-like growth factor
2 (IGF-2). These peptide ligands bind as
indicated in the figure to five distinct receptor
isoforms that generate cytoplasmic signals:
two insulin receptor isoforms, IRa and 1Rb; the
insulin-like growth factor receptor, IGF-1R;
and two hybrid receptors, IRa:;:IGF-1R and
IRb::IGF-1R. IGF-2 also binds to the
mannose-6-phosphate receptor, which
mediates its endocytosis and degradation.
The insulin receptor is the primary target for

st

insulin throughout development and life. The
IGF-1 receptor is the primary target for 1GF-1.
IGF-2 binds to the insulin receptor primarily
during embryonic development, and binds
the IGF-1 receptor throughout life. IGF-2 also
binds to the mannose-6-phosphate receptor,
which targets the IGF-2 for degradation
instead of signaling. Activation of the insulin
receptor or the IGF-1 receptor mediate signals
primarily via the cytoplasmic proteins IRS1
and IRS2, which mediate somatic cell %
growth and metabolism. o

type 1, because a genetic alteration in RNA splicing causes the
accumulation of type A receptors in adult skeletal muscle.'
Cell-based experiments suggest that IRb displays greater
insulin-stimulated tvrosine kinase activity and ability to
phosphorylate insulin receptor substrates (IR5)-proteins, and
may influence the timing of the insulin signal needed to
properly regulate cell growth or differentiation.™

The selectivity for insulin and the insulin-like growth factor
signaling is further complicated by posttranslational assembly
of hybrids between the IGF-1 receptor and the insulin recep-
tor isoforms.”™ Hybrid receptors composed of an ofi-dimer
of the IGF-1 receptors and IRa (IGF-1R::IRb) selectivelv bind
IGF-1, whereas IGF-1R::IRa binds all three ligands with simi-
lar affinities.”’ The phvsiologic significance of tissue-specific
alternative splicing of insulin receptors and the assembly of
receptor hybrids needs to be resolved (see Fig. 50-1).

GHGWTH DE'I.-"ELCIFMENT AND SURWL"AL

Studies in humans and experimental anims: ili C :rfu-:rr.'mh:r.'m
elegans and Drosophila melanogaster reveal that insulin and
insulin-like growth factor signaling promotes development,
growth, function, and survival of central and peripheral
tissues. ™ Moreover, these signals coordinate nutrient
sensing and storage needed to accomplish useful work and bal-
ance longevity with reproduction. In vertebrates, homologous
IGF-1 receptors are essential during development for about
5086 of brain and body growth.®* By contrast, the insulin
receptor has its greatest impact on carbohydrate metabolism,
as the high-affinity IRb is highly expressed in liver, muscle,
and adipose tissues. IGF-1 receptors also influence carbohy-
drate metabolism especially in skeletal muscle, and through
their effects upon islet development and growth. 5%

Work with genetically altered mice reveals a more compli-
cated relation between the metabolic and growth actions of
insulin and IGF-1 than originally thought.'"™*-** Although
both receptors mediate growth in vitro, mice without insulin
receptors are nearly normal size at hirth; however, they
develop hyperinsulinemia and ketoacidosis immediately after
birth and die within 3 to 7 days.***' By comparison, mice
without 1GF-1R develop slowly, growing to 45% of normal
size at birth.** IGF-2 also promotes body growth during
development; however, it does not mmnhuh’. to growth in
the central nervous ‘\.‘_..SII:I'H. 4 In mice, IGF-2, but not insulin,

promotes embryvonic growth through its interaction with
the IGE-1R and the insulin receptor, most likely IGF-1R:IRa
hybrids.?**"* Consistent with this model, the growth defict
caused by dvsregulation of IGF-1 or IGF-1R can be corrected
by increasing the levels of circulating IGF-2. One wav
increase systemic 1GF-2 levels is by disrupting the mannose
é-phosphate receptor, which ordinar ilv ferries IGF-2 aCToss
the plasma membrane and targets it for degradation
A third homologous receptor, called the insulin rn;_n;_n_p[(:r
related receptor (IRR), is poorly investigated. The IRR is found
in the nervous system, pancreatic f cells, and testes, bul
its function in these tissues is unclear.?”* IRR contribute
to male sexual development when the insulin and IGE
receptors are dysregulated in testes.*®

Like mice, human neonates with diminished IGF-1 signal
ing are developmentally retarded; however, unlike mice
human infants bom without insulin receptors display bath
retarded development in utero together with severe fasting
hyperglycemia at hirth.*” This developmental disparity arise
apparently because insulin is produced during the last
trimester of human pregnancies, whereas in mice it is pro-
duced just prior to birth.™ Analysis of mice expressing variable
systemnic levels of insulin receptors—so-called mosaic mice—
confirms that insulin receptor signaling has its greatest effad
upon postnatal growth, probably through profound effeds
upon nutrient homeostasis, rather than direct effects upon
cell division and size.™

Work with €. elegans and Drosophila suggests that life
span is influenced by the insulin/lIGF signaling system.®#
In worms, significant life span extension occurs by partial
loss-of-function mutations in the insulin receptor gene®
Interestingly, life span can be normalized in the mutant
worms by restoring insulin cascades in various cells, suggest-
ing that a network of tissue interactions and feedback
regulation coordinates aging in C. elegans.* In mice, the con
tribution of insulin and IGF signaling to longevity is complex.
[gflr™" mice live on average 26% longer than their wild-type
littermates, perhaps owing to greater resistance to oxidative
stress.*® Whereas inhibition of the insulin/IGF-1 signaling
cascade in nematodes and flies increases life span convine
ingly, defects in insulin signaling in rodents and humans
increase the risk for age-related diseases and increased mor-
talitv. This complexity might arise from the complicated
cross-talk between peripheral and central tissues. By contrast,
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distuption of the insulin receptor in adipose tissue increases
life span; however, fat insulin receptor knockout mice also
display reduced adiposity.* It is difficult to determine
whether reduced insulin action in adipocytes or improved
systemic insulin action that accompanies a lean body mass is
responsible for the increased life span.

THE INSULIN RECEPTOR

i N i

INSULIN SIGNALING: THE BASICS

The receptors for insulin or [GF-1, like the receptors for other
mmowth factors and cytokines, are composed of an extracellular
ligand-binding domain that regulates the activity of an intra-
cellular tyrosine kinase.'4*% Most receptor tyrosine Kinases are
activated by ligand-induced dimerization that promotes tyro-
sing autophosphorvlation of the kinase activation loop (A
lop), and other sites that recruit cellular substrates.'” By con-
wast, insulin receptors reside in the plasma membrane as inac-
tvated covalent dimers, Insulin binding increases flexibility of
the A loop admitting adenosine triphosphate (ATF) to the cat-
alvtic site. Subsequent tyrosine phosphorylation of the A loop
stabilizes the active conformation and recruits substrates for
phosphorylation.*** The principal insulin receptor and 1GT-1
moeptor substrates, the IRS-proteins, are phosphorylated on
multiple tyrosine residues by the activated receptor kinases.
Various signaling proteins such as phosphatidylinositol 3-
kinase (Il 3-kinase), Grb-2, short heterodimer partner 2 (SHP2),
and others bind to the tyrosine phosphorylation sites, generat-
ing an array of cell- and tissue-specific responses. The strength
and duration of these insulin signals are modulated through
protein and phospholipid phosphatases, or direct inhibition of
B5-protein function.®** Insulin resistance develops when the
slation between these signaling pathways is disrupted, which
mogresses to glucose intolerance, diabetes, and other life-
fhreatening metabolic diseases.
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WSULIN RECEFTOR BIOSYNTHESIS
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The insulin proreceptor mBENA is the splice product of
2 exons, including the developmentally regulated exon-11,
bfa 150-kb gene on human chromosome 19,545 During trans-
lation, the proreceptor is stabilized by disulfide bonds, and the

and p subunits are generated by proteclysis (Fig. 50-24). In -

it native conformation, the mature insulin receptor is a
ketramer composed of two extracellular o subunits linked by
sulfide bonds to each other and to the extracellular portion

the transmembrane [ subunit (Fig. 50-28), The § subunit
mntains a single transmembrane spanning domain and
the intracellular tyrosine kinase.*** During sodium dodecyl
mifate polyacrylamide gel electrophoresis (5DS-PAGE), the
holoreceptor (a,f3,) has an apparent molecular mass of
350,000, larger than expected owing to glvcosylatlon of the
i and [ subunits, Under reducing conditions, the « and
gibunits migrate during SDS-PAGE at 135 kilodaltons and
%5 kilodaltons, respectively.®®37

INSULIN BINDING

The o subunit is too large to analyze by nuclear magnetic reso-
pance, and crystallization is difficult owing in part to extensive
glicosvlation; however, an approximate molecular model
gplaining insulin-binding selectivity has emerged from a vari-
&y of approaches. Tnsulin binding has been studied extensively
before and after receptor purification from various cells and tis-
sies, These initial efforts revealed complicated binding proper-
ties where one insulin molecule binds with high affinity and a
grond molecule binds with low affinity.® The creation of
chimeric molecules between the o subunits of the insulin and
IGF-1 receptors is especially informative.® High-affinity insulin

The Maolecular Basis of Insulin Action
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binding is transferred to the IGF-1 receptor by substituting
residues 64 to 137 of the insulin receptor e subunit into the
homologous positions of the TGF-1 receptor o subunit, reveal-
ing a portion of the insulin-binding domain called L1 {residues
1-149). Many other regions in the « subunit also contribute to
insulin binding, including the L2 domain (residues x-v), and
the COOH terminus (residues Thr704 and Lys718).%

The quaternary structure of the isolated complex of bio-
logically active insulin receptor (IR) and insulin is solved
approximately by three-dimensional reconstruction using low-
dose scanning transmission electron micrographs to guide the
assembly of insulin receptor subdomains into an approximate
holoreceptor complex.®® The insulin molecule has at least two
receptor-binding surfaces, called 51" and 52 (Fig. 50-2C)."
51" hinds to L1 and L2 regions in one ¢ subunit, while 52
binds to the L1 region in the adjacent o subunit (see Fig, 50-28
and ). The interaction with both o-subunits result in higher-
affinity insulin binding than either one achieves alone. The
hinding of a second insulin molecule to the complex occurs at
a lower affinity because only one contact sites is readily accessi-
ble to the second insulin molecule.® Structural approximations
place the COOH terminus near the L2 region, where it can
influence insulin binding.*’ Apparently, extending this
sequence by 12 amino acids in the [Ra reduces insulin-binding
affinity while enhancing IGF-2-hinding affinity.

The structural details that emerge from this model are largely
consistent with the biochemical and enzymatic data; the effect
of naturally occurring and site-directed mutants of insulin
and the receptor o subunits; and kinetic and ispthermal-
binding data.

THE CYTOPLASMIC DQMHIN EENERATES THE FNSUUNSFGI:ML
Biochemical studies first revealed the tyrosine kinase activity
of the insulin receptor™*; however, the cloning of the
insulin receptor cDNA greatly expanded the subsequent bio-
chemical and physiologic approaches,*** The identification
of naturally occurring mutant insulin receptors in humans
and the rational design of kinase-deficient mutants estab-
lishes that the tyrosine kinase activity is essential for biologic
activity, anticipating the deleterious consequences of its
reduction, -

There are at least seven tyrosine autophosphorylation sites
in three distinct regions of the insulin receptor B subunit,
including three in the A loop, one or two in the intracellular
juxtamembrane region, and two in the COOH terminus (see
Fig. 50-2B8).* Autophosphorylation of the A loop stabilizes
the open conformation of the catalytic sites, and creates
binding sites for other signaling proteins that modulate
kinase activity, including Grb10, autoimmune polyeglandular
syndrome (APS), and SHZB.%*""-"* Autophosphorylation in the
juxtamembrane region is essential for recruitment of [RS-pro-
teins that propagate the insulin signal. Autophosphorylation
in the COOH terminus (Tvr1314 and Tyrl328) is poorly
understood: however, it has been shown to regulate tvrosine
kinase activity and receptor internalization™7"; and under cer-
tain conditions bind PT 3-kinase.™™ The nematode and fruit
fly insulin receptor contains an extended COOH terminus that
contains several tyrosine phosphorylation sites that bind P 3-
kinase. Consequently, these orthologs activate PI 3-kinase
without requiring the expression of IRS-proteins,™

REGULATION OF KINASE ACTIVITY

The regulatory role of the A loop of the B subunit is well-
supported by biochemical studies, mutational analysis, and
the crystal structure of the B subunit.” 514 Structural stud-
ies predict that the unphosphorylated Tyr1162 of the A loop
folds into the catalytic site to prevent substrate binding.®
This configuration restricts ATP binding, which explains
the high apparent K_ for ATP before insulin stimulation.™
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Figure 50-2 5Structure of insulin and the insulin receptor. A, A linear diagram of the insulin receptor precursor showing the relative position of
important landrmarks in the o subunit, the ligand contact points L1 and L2, the cysteine-rich region (Cys-rich), disulfide bonds (w), glycosylation
sites ( 4 ) the IRa/IRb splice site, the processing site between the o subunit and the i subunit, and important landmarks in the f subunit, the
extracellular region, the hydrophobic transmembrane region, the PTB recognition motif, the ATP binding site, and the regulatory loop (A loop)
in the kinase domain. B, A diagram of the insulin receptor extracellular, transmembrane, and intracellular components composed of two
extracellular ¢ subunits and two f subunits that contain. The holoreceptor is joined by disulfide bonds between cysteine residues in the
extracellular ¢ and { subunits as well as by noncovalent interactions. The o subunit contains several regions that contribute to insulin binding,
including the L1 and L2 regions separated by a cysteine-rich region, and a 12-aminc acid alternatively spliced region encoded by exon-11. The
f subunit contains a tyrosine kinase catalytic domain with an ATP-binding site and a number of tyrosine phosphorylation sites including those in
the juxtamembrane, activation loop, and COOH-terminal regions. €, The insulin diagram shows the amino acids that compose the two surfaces
of the insulin molecule (51'™ and 52'™) and the amino acids that interact with the L1 and L2 regions of the insulin receptor. (See Color Plate.)

However, the closed A loop is in equilibrium with an alternate
conformation that allows ATP access to mediate a basal level
of A loop autophosphorvlation.® Insulin apparently shifts
the equilibrium of the A loop toward an open conformation
to facilitate ATP binding (decrease the apparent K_) and
autophosphorylation of Tyr1162 (Fig. 50-34). This maodel,
together with early biochemical studies, suggests that the
autophosphorylation cascade proceeds rapidly at Tyrl138,
resulting in a bis-phosphorylated regulatorv loop.™ The rela-
tively slow phosphorylation of Tyr1163 to generate the tris-
phosphorylated A loop is required to stabilize the open
conformation to allow unrestricted access by Mg-ATP and
protein substrates (see Fig. 50-34).

This model of kinase regulation is validated by recent struc-
tural analysis of the kinase domain obtained upon substitution
Asp1161 in the middle of the A loop with Alal161 (IRKDP) 5
IRKD"* dramatically shifts the A loop equilibrium toward
the open configuration before autophosphorvlation, which
increases Mg-ATP binding affinity by 10-fold. The kinetic prop-
erties of IRKD" after autophosphorylation are indistinguish-
able from those of the wild-type kinase™ Substitution of
Tyrll62 with Phe also increases basal autophosphorylation,
consistent with its role to stabilize the closed conformation:
however, this mutation does not increase basal IRS-protein
phosphorylation in cells, probably because phosphorylation of
the NPEY motif requires insulin binding.*

[P SR O

1l i e i




e T T e

Inactive

=R v1158
' ""”52 2 E7 cooH

|
i ':-"Q

19 4

|

i

t

i
closed open
A-loop A-loop

The Molecular Basis of Insulin Action

e e e i e e me i el i niamisaaremiieir O

B

s
pY1162

~pY1158, : 3;
. gﬁﬁ;’%i & @5

Dimeric APS SH2

Figure 50-3 The role of insulin receptor autophosphorylation. A, Structure of the insulin receptor activation loop shown as ribbon diagrams of

the kinase domain of the insulin receptor along with the side chains of important amino acids, including the three glycine residues and K1030
that comprise the ATP-binding site. The activation loop (A loop) is shown in red; the three activation loop tyrosine residues (Y1158, Y1162, and
¥1163) are shown with their side chains. In the inactive, unphosphorylated state (left parel), the activation loop blocks access by potential
substrates. Following phesphorylation (right panel), however, the activation loop moves, allowing substrates such as YMXM peptides of the
IRS-proteins (shown in green) to access the active site. B, A structural representation of the binding of dimeric AP5 5H2 domains to the
phosphorylated A loop of the insulin receptor. These structure were based on published coordinates.**#%0 (See Color Plate.)

Upon tris-phosphorylation, at least two phosphotyrosine
residues in the A loop are completely solvent- C\puwd cre-
ating sites for protein interaction (see Fig. 50-34). A region
of IR5Z, called the kinase regulatory loop binding domain,
binds to the phosphorylated A loop on the activated insulin
receptor; however, the structural basis of this interaction
remains unknown.®# These exposed phosphotyrosine
residues also interact with the Src homology-2 (SH2) domain
containing proteins that promote or inhibit access to the
catalytic site. Grb10 and several related 5H2 proteins block
the catalytic site while bound to the A loop.*” By contrast,
APS binds to the A loop from behind the catalytic domain to
stabilize the active conformation (see Fig. 50-38)." However,
disruption of APS in mice increases peripheral insulin sensi-
tivity and reduces circulating insulin levels, suggesting that
APS might have an inhibitory function, possibly indirectly
through elevated leptin and adiponectin levels.”! Another
member of the APS family, SH2B, binds via its SH2 domain
to the A loop of IR.*'"< In Chinese hamster ovary cells, sta-
ble overexpression of SH2E enhances insulin-stimulated
activation of both Erkl, Erk2, and Akt.?"™ These observations
raise a possibility that SH2B plavs a positive regulatory role
during insulin receptor activation. Consistent with this
model, disruption of the gene for SH2ZB causes insulin resist-
ance and maturity onset obesity.”? An explanation for the
distinct phenotypes of the APS- and the SH2B-~ mice will
be informative,

SUBSTRATE RECRUITMENT AND PHOSPHORYLATION
SITE SELECTION

Substrate selectivity by protein kinases, including the insulin
receptor, is a two-step process. First, a specific interaction
between the kinase and the substrate aligns potential phos-
phorylation sites with the activated catalytic domain,
Second, the catalytic domain selects and phosphorvlates spe-
cific tyrosine residues based on their amino acid contexts.

Although phosphorylation of the regulatory loop is impor-
tant to open the A loop, phosphorylation of the NPEY972
motif in the juxtamembrane region is essential for substrate
recruitment.”? The juxtamembrane region in the insulin
receptor, the polypeptide segment that connects the trans-
membrane helix to the kinase domain, is about 35 residues
long and contains two autophosphorylation sites (Tyr965
and Tyr972) (see Fig. 50-28). Unlike other receptor tyrosine
kinases, the insulin receptor kinase is not regulated by
autophosphorylation in the juxtamembrane region.*+®
However, pTyr972, which resides in the NPXY motif, 15 a
docking site for the phosphotyrosine-binding (PTB) domains
in the IRS-proteins and SHC.** In intact cells, phosphoryla-
tion of the NPXY motifl is among the first sites of insulin-
stimulated autophosphorylation, which is essential for
substrate recruitment and biclogic activity.**** The jux-
tamembrane region may compete with the A loop for access
to the catalytic site, supporting a model in which the jux-
tamembrane region is phosphorylated before tris-phosphory-
lation of the A loop. ™

The structure of the activated [ subunit reveals a mecha-
nism by which the catalytic domain selects specific motifs for
tyrosine phosphorylation.®® Substrate peptides bind as short
antiparallel B strands to the COOH-terminal end of the acti-
vation loop, allowing the hydrophobic residues in the Y+1
and Y+3 positions to occupy two small hydrophobic pockets
on the COOH-terminal lobe of the kinase (see Fig. 50-34).
Tyrosine residues lying within amino acid motifs that contain
charged or bulky side chains at the Y+1 and Y+3 positions fit
poorly in the kinase active site.® Following substrate recruit-
ment, the activated insulin receptor kKinase engages tyrosine
residues in the context of specific amino acid motifs, includ-
ing the YMXM motif, YVNI motif, and YIDL motif.*”-** Thus,

specific recruitment of cellular proteins to the activated
insulin receptor followed by the phosphorylation of specific
tyvrosine-containing motifs establishes an important level of
signaling specificity and regulation.
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After the discovery of the insulin receptor tyrosine kinase,
many groups searched for substrates that might mediate down-
stream signals.'™ '™ At first, the “substrate” hypothesis was dif-
ficult to prove for any receptor tyrosine kinase because the only
known substrates were abundant proteins of dubious physio-
logic importance, The first evidence for a cellular substrate of a
receptor tyrosine kinase came from phosphotyrosine antibody
immunoprecipitates that revealed a 185-kilodalton phospho-
protein (ppl83) in insulin-stimulated hepatoma cells.'"™ This
substrate seemed to be biologically important because it was
phosphoryvlated immediately (within 5 sec) after insulin stimu-
lation; and catalytically inactive insulin receptors failed to
phosphorvlate pp183. Importantly, a few catalvtically active
but biologically inactive insulin receptor mutants failed to
phosphoryvlate pp185.** Together these data provided the first
clue that substrate phosphorvlation together with autophos-
phorylation are important steps in signal transduction,

Purification and molecular cloning of ppl85 revealed one
of the first signaling scaffolds and the first insulin receptor
substrate, called IRS1.'™ IRS1 contains many tyrosine phos-
phorylation sites that are phosphorylated during insulin and
IGF-1 stimulation (Fig. 50-4). Many of these tyrosine phos-
phoryvlation motifs are recognized binding sites for the SH2
domains in various signaling proteins.” '™ For example, the
interaction between [RS1 and p&5 activates the class 1A PI 3-
kinase, revealing the first insulin signaling cascade that could
be reconstituted successfully in cells and test tubes.'™

PTB Domain

PH-Domain

IRS

SHC

APS

SH2B

PH Domain

GAB1

Figure 50-4 Diagrams {not drawn to scale)
of various scaffold proteins that are reported
to interact with the insulin receptor. The
relative locations of protein interaction
domains are shown: pleckstrin homology
(PH), phosphotyrosine binding (PTB), src
homology (5H2). Various amino acid
sequence motifs are also shown: tyrosine
phosphorylation sites, proline rich motifs
(pro-rich), and acidic motifs.
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Many cellular substrates of the insulin receptor have now
been identified, suggesting that insulin receptor signaling
diversity arises from the assembly of signaling complexes
around tyrosyl phosphorylated scaffolds. In addition to TRS-1
and its homologues (IR52, IRS3, and IRS4), the insulin recep-
tor phosphorvlates other proteins in various contexts, includ-
ing Shec, APS and SH2ZBE, Gabl and 2, Dock 1 and 2 and Chl
{see Fig. 50-4).""11 Although the role of each of these sub-
strates merits attention, work with transgenic mice reveals
that many insulin responses, especially those that are associ-
ated with somatic growth and carbohydrate metabolism
are mediated largely through TR51 and IRS2, with minor con
tributions from IR53 and IRS4.!

IRS-PROTEIN STRUCTURE AND FUNCTION

[RS-proteins are composed of multiple interaction domains and
phosphorylation motifs (Fig. 50-5). At least three IRS-proteins
occur in mice and people, including IRS1 and TRS2 that are
widely expressed, and TR54 that is limited to the thymus, brain,
kidney, and J cells."™ Rodents also express 153, which is largely
restricted to adipose tissue where it displays activity similar to
[R51.%" Mice lacking IR51 are small and insulin-resistant, but
generally fail to develop diabetes owing to persistent compen-
satory hyperinsulinemia.!"!'" By contrast, mice lacking IRS2
develop diabetes between 6 and 10 weeks of age owing to
peripheral insulin resistance and [ecell failure.' Additional
metabolic or genetic stress can cause diabetes in [R51

mice, including the heterozygous disruption of the insulin
receptor or IRS2.1* Although disruption of IRS3 in mice has
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small effects, mice with a combined deficiency of IRS1 and IRS3
developed severe early-onset lipoatrophy associated with
marked hyvperglveemia, hyperinsulinemia, and insulin resist-
ance.'"” Since humans do not express a functional IRS3 gene,
humans may be at increased risk for metabolic disorders !

The IRS-protein isoforms display several important similari-
ties (see Fig. 30-5). Mammalian [R51, -2, -3 and -4, and the
drosophila ortholog Chico contain an NH,-terminal pleckstrin
h--mu]u:.;-. i(PH) domain adjacent to a FTR domain (see Fig, 50-

The structures of these domains are remarkably similar®;
bﬂth appear to facilitate recruitment of 1RS-proteins to !lw
activated insulin and IGF-1 receptors.'?' Each IRS-protein
recruits and activates Pl 3-kinase during insulin stimulation,
whereas the ability to activate Erkl and -2 is variable %15
[K$5/DOK4 and IRS6/DOKS were recognized in the human
genome owing to their NH,-terminal tandem PH-PTB
domains.'**

Deletion of the PH and PTB domains in 1881 or [RS2 almaost
completely prevents insulin-stimulated tyrosine phosphoryla-
tion of the tail, even when insulin receptors are expressed at
high levels.!?* The PTE domain binds to a phosphory-
lated NPEY-motif in the [ subunit of the activated insulin
o IGF-1 receptor!21125128 & similar motif is also phosphory-
lated in the IL-4 rl_-cuplur explaining its strong recruitment
of IRS1 or IRS2.1%7 At ordinary expression levels, deletion
of the PTB domain reduces the ability of insulin to promote
tyrosine phosphorvlation of IRS1 or IRSZ2; however, overex-
pression of the insulin receptor restores phosphorylation and
signaling, suggesting that the PH domain is sufficlent.?s

The mechanism of coupling employed by the 'H domain is
not understood; however, it promotes interaction between
IR5-proteins and insulin receptors at physiologic levels. The
PH domains in PEB and PDK1 bind membrane phospholipids
with high affinity to provide unambiguous membrane tar-
geting.'?*12* However the PH domain in IRS-proteins, like PH
domains in most proteins, binds phospholipids poorly.
FH domains can be exchanged among [RS-proteins without

YASL [PTE} domains are indicated.
W ALK The relative positions of
I‘ potential tyrosine
AT phasphorylation sites are
LA CBEB indicated.

noticeable loss of bioactivity'; however, heterologous PH
domains inhibit IR51 function when substituted for the nor-
mal PH domain. " Since IRS-protein PH domains do not
bind to the insulin receptor or to phospholipids, other targets
might be involved. Yeast two-hybrid screens reveal a few
potential binding partners, including nucleolin,' However,
the interaction with nucleolin might mediate translocation of
IR51 into the nucleus rather than coupling to the insulin
receptor.!* 1 The PH domain also binds to PHIE, an unchar-
acterized conserved protein that contains a WD40 repeat and
BROMO domains, 13

The tyrosine phosphorylation sites in the COOH-terminal
end of each IRS-protein recruit and regulate various down-
streamn signaling proteins {see Fig. 50-5). IR51 and [RS2 have
the longest Lu]k containing 20 potential tyrosine phosphory-
lation sites 1.‘.:IL]'1_ ]urn"'.-.-:-r only a few sites that bind p85,
Grb2, or SHI3 have been formally identified.'™ Many of the
tyrosine residues cluster into common motifs that recruit or
activate enzymes (Pl 3-kinase, SHP2, fyn) or adapter mole-
cules {Grb2, nck, crk, SH2B) (see Fig. 50-5), Grb2 and possibly
SHP2 couple Grb2/505 to IRS-proteins, which promotes the
ras — raf cascade.'™ All IRS-proteins contain multiple p&5-
binding motifs that recruit the Pl 3-kinase, which is the best
studied insulin signaling pathway.

In addition to the tyrosine phosphorylation sites, sequence
alignment of IRS-proteins reveals several conserved motifs that
might be binding sites for other cellular proteins. IRS1, IRS2,
and Chico contains a binding site for the c-Jun N-terminal
kinase (JNK) that resembles the sites in the JNK-interacting pro-
teing {JIP1 and JIP2),"*1* During stimulation by proinflam-
matory cytokines or by insulin, activated JNK binds to IRS1 or
IR52 and promotes serine phosphorylation, which inhibits
insulin-stimulated tyrosine phosphorylation, #5141

There are many unique amino acid sequence motifs
between IR51 and IR52 that might create unique interaction
sites for other partner proteins that fine-tune the biologic sig-
nals. IR52 contains a unique region of undefined structure
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that binds to the phosphorylated regulatory loop of the
insulin receptor kinase called the kinase regulatory loop bind-
ing domain.'* The discovery of this interaction was unex-
pected, as it maps to the portion of the COOH-terminal
region between amino acid residues 591 and 786 that con-
tains tyrosine phosphorylation sites. Two tyrosine residues in
the kinase regulatory loop binding domain at positions 628
and 632 are crucial for this interaction. Phosphorvlation of
tyrosine residues in the kinase regulatory-loop binding
domain by the insulin receptor inhibits the binding to
the receptor, revealing a novel mechanism to regulate the
interaction of the insulin receptor and IRS2 that might
distinguish the signal of IRS2 from [RS1.142

Figure 50-6  Activation of intracellular signaling
pathwways by insulin, A&, There are two main

limbs that propagate the signal generated

through the IRS-proteins: the Pl 3-kinase and the
Grb2/305—ras cascade. Activation of the

receptors for insulin and IGF-1 results in tyrosine A
phosphorylation of the IRS-proteins, which bind
Pl 3-kinase and Grb2/505. The GRE2/505
complex promotes GDP/GTP exchange on
p21%, which activates the ras raf MEK ERK1/2

s ulis
Recepto

cascade. The activated ERK stimulates = RasSC . b
transcriptional activity by direct phosphoryation I 1 i

of elkl and by phosphorylation of fos through

pR0™. The activation of Pl 3-kinase by IRS Raf

protein recruitment produces PI3,4P, and
PI3,4,5P, {antagonized by the action of PTEN or
SHIPZ), which recruit PDKT and PKE to the
plasma membrane, where PKB is activated by 4'
POK-mediated phosphorydation, The mTOR ERK
kinase is phosphorylated by Rheb™", which ¥
accumulates upon inhibition of the GAP activity

of the TSC1:TSC2 complex by PKB-mediated
phosphorylation. The p704 is primed threngh
mTOR-mediated phosphondation for activation
by POK1. PRB inactivates GSK3 by
phosphordation, which leads to the activation of
glycogen synthesis and protein translation. PKE-
mediated BAD phosphorylation inhibits :
apoptosis, and phosphorylation of the forkhead <.
proteins results in their sequestration in the

cytoplasm, in effect inhibiting their

transcriptional activity. Insulin stimulates protein

synthesis by altering the intrinsic activity or

binding properties of key translation initiation

and elongation factors (elFs and eEFs, B
respectively) as well as crtical ribosornal proteins.

This occurs via phosphorylation and/or TMEuR
sequestration of repressive factors into inactive g
complexes. Components of the translational E
machinery that are targets of insulin regulation
include elF2B, elF4E, eEF1, eEF2, and the 56 i
rivosamal protein.?' B, Inhibition of IRS-protein RiF1
signaling threugh nutrient sensing. High ATP i
levels, reflecting aming acid and glucose excess,
inhibit the AMP kinase reducing its ability to
activate the AP activity of TSC1:T5C2, ‘which
mediates MTOR activity. Insulin activation of
PDKI together with mTOR leads to the
activation of various kinases that phosphorylate
IR5-protein, which targets them for poly
ubiquitinylation and degradation, AKT, product
of the akt proto-oncogene; GAP, guanosine
triphosphatase associated protein; GLUTY,
glucose transporter 4; GRB-2, factor receptor
binding pratein 2; GSK3, glycogen synthase
kinase 3; IRS1, insulin receptor substrate 1
MAPKEK, MAPK kinase; PDK, Pl-dependent
protein kinase; PH, pleckstrin homology domain;
PKC, protein kinase C; PTB, phosphotyrasine
binding domain; PTEN and SHIPZ, phospholipid
phosphatases; $09, son-of-sevenless: TSC,
tuberous sclerosis complex, See the text for
details of the signaling.
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THE PI 3-KINASE CASCADE o -
The PI 3-kinase is ubigquitous and used by nearly all receptor
signaling systems to promote cell division, survival and
growth (Fig, 50-6), During insulin and IGF si gnaling, the PI 3-
kinase cascade is accessed through tyrosine phosphaorvlation
of the [RS-proteins, IRS-proteins introduce unique specificity
and regulation upon the system for insulin and I1GF action.
specificity is accomplished by dissociating IRS PI 3-kinase sig-
naling complex from the intracellular itinerary of the insulin
receptor. Differentlal regulation of the IRS-proteins at the
level of gene expression and protein stability add an addi-
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tional level of control. One of the best examples of signaling
specificity emerges from our work in pancreatic f cells. [RS2,
but not IRS1, is strongly induced by cyclic adenosine
monophosphate (cAMID) response element binding protein
(CREB} signaling in B cells, which regulates the PI 3-kinase
Pkb/Akt cascade needed to promote growth, survival, and
function of these insulin-producing cells.’

Pl 3-KINASE

Phospholipids create platforms for cell signaling, and the
products of the PI 3-kinase, PI(3,4) P, and Pl{3,4,5) P, play
a special role. These phospholipids recruit various Serine
kinases to the inner face of the plasma membrane, where sig-
naling complexes interact and generate downstream signals
(see Fig. 50-6). Various phospholipid phosphatases, including
PTEN and SHIPZ, control the steady-state phosphorvlation
of these membrane lipids, which modulates the capacity to
recruit PDK1 and PEB/AKT and the strength of the down-
stream signals (see Fig. 50-6).

There are three types of PI 3-kinases in higher eukaryotes, but
the class [A enzymes are activated by growth factors and
insulin."** Class 14 P1 3-kinase is a heterodimer composed of a
regulatory subunit and catalytic subunit. The different isoforms
of the catalytic subunit, p110w, B, and 8 are encoded by separate
genes; and there are five regulatory subunits isoforms encoded
by three distinct genes.'* The Pik3rl gene encodes p85c, and
through the use of alternative start sites encodes pSSoce and
pS0ct®; Pik3r2 encodes p85[, which is similar in size to p83o.
The third gene, Pik3r3, encodes p55y (originally called p35 PIK),
which is homologous to p35c.™® pB5ee and p85H contain
two SH2 domains, an inter-SH2 domain that is tightly bound
to the pl10 catalytic subunit, two proline-rich regions, a bcr-
homology domain, and an 5H3 domain; p55c and p5Oa lack
the SH3 domain and Ber-homology domain, which is replaced
by a unigque 34- or f-amino acid peptide at the NH,-terminus,
respectively. The p55y also contains a unique N- terminal termi-
nus of 34 amino acids.'* Each isoform associates noncovalently
with a pl10 catalytic subunits, which protects the p110 from
proteolysis and inhibits its intrinsic catalytic activity!#71%%;
Disruption of pB5o, p55a, or pS0a decreases the pl10 protein
levels in mice leading to diminished PI 3-kinase activity.!*

The IR51 and IRSZ2 are ideal regulators of PI 3-kinase because
they contain multiple YXXM motifs that are phosphorylated
by the activated insulin receptor and bind strongly to the reg-
ulatory subunits SH2 domains.™ Occupancy of both SH2
domains by phosphorvlated YXXM motifs in IRS-proteins acti-
vates the Pl 3-kinase catalytic subunits.'®" Interestingly, phos-
phorylation of p85a at Tyro88 by Src tvrosine kinase also
relieves the inhibition of the p110 catalvtic subunit imposed by
the p&3 regulatory subunit, but this is not invelved in insulin
signaling.'*! Moreover, GTP-bound Ras binds directly to the
p110 catalytic subunit to enhance P1 3-kinase activity 1315

All five regulatory subunit isoforms (p85o, pSSc, pSOo,
p85Q, and p33y} bind to phosphorylated IRS-proteins and
mediate the activation of P1 3-kinase; however, it is very diffi-
cult to dissect unique roles for each isoform. Deletion of p85o
reduces PT 3-kinase activity by 508 to 60% in skeletal muscle
and adipocytes. Unexpectedly, insulin sensitivity increases in
these tissues and the mutant mice develop hvpoglvcemia with
hyperinsulinemia.'* Part of the dysregulation might arise
from upregulation of p50a, which has higher affinity for the
pl10.155157 Moreover, disruption of all three o isoforms (p85a,
p35a, and pi0a) causes hvpoglvcemia with hypoinsulinemia,
even though PI 3-kinase activity is reduced 80% to 90% in the
liver and muscles.'® Importantly, the activation of Akt is
nomal in the mutant mice, indicating that Akt activation does
not always follow the apparent PI 3-kinase activity, '+

It is not clear why disruption of all the pHig improves
insulin sensitivity. At least one third of the p85 regulatory
subunits exist as monomers in normal cells because they are
more abundant than either IRS1 or p110.'57 Excessive p8S
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might block formation of active catalvtic complexes by the
[RS-protein scaffolds. The p85p accounts for about 2006 and
30% of total p&5 proteins in liver and muscle, respectively,
but deletion of p85F increases insulin sensitivity in
mice.'**15 The disruption of p55y has not yet been reported,
but it is abundant in brain where it might play a special role
in neuronal function or plasticity. Clearly, different isoforms
share redundancy in regulating PI 3-kinase, while providing
unique signaling features; however, cell-based experiments
with embrvonic stem cells reveal the sensitive balance
achieved by the expression of p85 isoforms. '™

It is difficult to establish unique roles for individuoal
isoforms of the pll0 catalytic subunits in vivo, Disruption
of the pl10a is lethal to embrvo development, preéventing
the analysis of its role in insulin action.'"? Interestingly, the
pl10p is upregulated during adipose differentiation of 3T3-L1
cells, and appears to be more sensitive to Insulin than
p110e. 1% Microinjection of anti-p1 10f, but not p110w, blocks
insulin-stimulated GLUT4 translocation.'™ PPAR-y agonist
troglitazone increases the expression of p1103, which corre-
lates with the enhancement of the activation of Pl 3-kinase
and Akt and an improvement of insulin sensitivity in
humans.'** Understanding how the catalytic and regulatory
subunits modulate the insulin signal needs to be resolved.

THE PDKT/AKT SIGNALING CASCADE

The AGC (cAMP-dependent protein kinase |[’K.-ﬂl|,.lpmffln
kinase G/protein kinase C) kinase family mediates many phys-
iologic responses triggered by growth factors or insulin.!®
Members of the family that play a role during insulin action
include PDKI, "% AKT,'-1% p70 ribosomal 56 kinase
(p70eek), LD o ribosomal 56 kinase (p@0fE) 7172 angd the
serum- and glucocorticoid-induced protein kinase (SGK).'7™
PDK1 phosphorylates the A loop in these kinases, which is
essential for their activation,'™'*%1% Since PDE1 is constitu-
tively activated, regulation is achieved by controlling the
interaction of the substrates with PDK1.!7*

AKT is one of the best-characterized insulin-stimulated
enzvmes as it is broadly implicated in growth and metabo-
lism,'*%1% Three distinct AKT genes exists in people and
rodents: AKT1 (PRBa), AKT2 (PKBB), and AKT3 (PEBy)! k175177
Each isoform shares a similar structure, including an NH, ter-
minal PH domain and a COOH terminal catalytic domain
PI{3,4)P, and F1{3,4,5)P,, produced in the plasma membrane by
the activated Pl 3-kinase, hinds to the PH domain at the NH.-
terminus of AKT and PDK1, which recruits both enzymes to the
plasma membrane.'®175 At the plasma membrane, the A loop
in PEKB becomes accessible to PDE1, resulting in the phospho-
rvlation of Thr308 and activation of AKT (see Fig. 50-6).

Many studies suggest that AKLD is required for insulin-
regulated glucose homeostasis. Overexpression of membrane
targeted, constitutively active mutants of AKT promote GLUT4
translocation to the surface of the plasma membrane to stim-
ulate pglucose uptake in muscle and adipose cells 17817
Conversely, inhibition of endogenous AKTI and AKTZ by
micreinjection of an AKT substrate peptide (KRPRAATE) or
antibodies against AKT inhibits GLUT4 translocation in
response to insulin in 3T3-L1 adipocyvtes.'™ A dominant-
negative AKT mutant prevents phosphorylation of glvcogen
svnthase kinase-3 (GSK3), which inhibits insulin stimulation
of glveogen synthesis.'™ Similarly, insulin-stimulated GLUT4
translocation is blocked by expression of a dominant-negative
AKT in GLUT4 vesicles, but not by the same mutant expressed
in the cytosol, suggesting that AKT may directly target compo-
nents in GLUT4 vesicles. '™ In the liver, insulin inhibits glucose
production by suppressing the expression of gluconeogenic
enzymes, including phosphoenolpyruvate carboxykinase and
glucose-o-phosphatase. '

Akt isoforms display distinct cellular roles in response to
insulin or 1GF-1, One of the best examples is the effect of
AKT knockout upon growth and metabolism, Overexpression
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of constitutively active AKT1 increases heart size, whereas
overexpression of dominant-negative AKT1 inhibits cardiac
myocyvte growth induced by con stitutively active PI 3-kinase
in transgenic mice.'™ Consistent with its role in mediating
growth and survival signals, deletion of AKT1 causes growth
retardation in mice; AKT1-" cells are more susceptible to apop-
tosis.'™ These results are similar to the effects of Irsl knock-
out,"” and suggest functional importance of an TRS1—+Aktl
cascade with respect to growth control during IGF stimulation.
Mice lacking Akt2 develop hyperglycemia, hyperinsuline-
mia, and glucose intolerance, resembling the phenotype of
type 2 diabetes in humans.'™ Akt1l-~ mice maintain normal
blood glucose and insulin sensitivity, indicating that Aktl is
not required for metabolic effect of insulin and IGF-1."®
Recently, a mutation in the gene encoding human Akt2
explains the autosomal-dominant inheritance of severe insulin
resistance and diabetes mellitus, validating the central impor-
tance of Akt signaling to insulin sensitivity in humans.'®

SIGN’A! ING BY AGC KINASES

PDE]1 is a master regulator of many AGC Lln‘mﬂ acti m\-.-'d hx
insulin.'™ AGC kinases do not generally contain a PH domain
for recruitment to the plasma membrane, so a different mech-
anism is needed to regulate their interaction with PDEK1.
4 docking site, called the PIF pocket, is located on the small
lobe of the PDK1 kinase domain, which interacts with a
hydrophobic region in the COOH terminus of p70°*, SGK,
and pYORE IS Ser/Thr phosphorylation of the hydrophobic
motif (Phe- _\ 1a-Xaa-Phe/Tyr-Ser/Thr-P’he/Tyr) in these kinases
promotes binding to the PIF pocket of 'DK1 and phosphory-
lation of the A loop. The mammalian target of rapamycin
imTOR) can phosphorylate the hydrophobic motif of p70
S6K, promoting its interaction with PDK1'%; phosphoryla-
tion of RSK isoforms by the Erkl/Erk2 mitogen-activated pro
tein kinases (MADPKs) activates its second catalvtic domain
that phosphorylates the hydrophobic motif to promote its
interaction with PDKL*™ SGK is also activated by PDKI1-
mediated phosphorylation; however, the kinase that phos-
phorvlates the hyvdrophobic motif in SGK is unknown.'»®

AKT SUBSTRATES MEDIATED DIVERSE BIOLOGIC PROCESSES

AKT phosphorylates many substrates that regulate various
aspects of cellular activity, including CREB and FOXO proteins
(gene expression); GSK3, RAF eNOS, and TKK (cell function
and growth); p27 kip1 (cell division); RHEBE-GAP (mTOR activ-
itv): and BAD and caspase-9 (cell survival)."® ™= In many
cases, Akt phosphorylation inhibits the target protein func-
tion: Akt phosphorylation inactivates the proapoptotic protein
BAD, releasing BCL2 to inhibit apoptosis!™*™; phosphoryla-
tion of caspase-2 by AKT inhibits its protease activity, which
promaotes cell survival™; AKT phosphorylates p27 KIP1 at
Thrl57, which retains p27KIP1 in m'tcnp'aw te prevent the
inhibition of cell-cycle progression.”™ AKT *Jhmplmn I.m-\ and
inhibits serine/threonine kinases RAF and GSE3."%™ Since
GSK3 phosphorylates and inhibits glycogen synthase, AKI
promotes glycogen synthase activity by inhibiting GSK3 (see
Fig. 50-6).

FORKHEAD TRANSCRIPTION FACTORS LINK Pl 3-KINASE
PKB/Akt TO THE NUCLEUS

Among the major nuclear uxm]ﬂnn of m{t(hnll{ gene expres-
sion, the so-called forkhead transcription factors, FOXOT1,
FOX03a, FOXO4 (previously termed FKHR, FKHRL1, and
AFX1) and FOXA1, FOXA2, and FOXA3 (previously termed
HNF-3c, HNF-3p, and HNF-3y), play major regulatory roles in
many tissues, including pancreatic i cells, adipose tissue, and
liver.®™ FOXO1, FOXO3a, and FOX0O4 are phosphorylated by
AKT and SGK during insulin stimulation. AKT phosphorylates

T —

FOXOI1 at 5er2533, which facilitates the subsequent phospho-
rylation of Thr24 and Ser316, resulting in the cytosolic accu-
mulation that blocks transcriptional activity.'™ FOXAZ,
but not FOXA1 and FOXA3, contains a single threonine site
that is phosphorvlated by Akt, which also localizes it to the
cvtosol 2

FOXO1 is abundantly expressed in the liver and binds to a
CAAAA(C/TIAA motif present in hepatic enzymes required for
gluconeogenesis. *™ Phosphoenolpyruvate carboxykinase and
glucose-G-phosphatase are dramatically reduced in Foxol®
mice owing to insufficient nuclear Foxol, Conversely, over-
expression of Foxol in liver increases the levels of phospho-
enolpyruvate carboxvkinase and glucose-6-phosphatase, and
induces insulin resistance and diabetes in the transgenic
mice.®™ FOXO1 interacts with the peroxisome proliferator-
activated receptor-y coactivator (PGC)le, a transcriptional
coactivator of CREB, HNF-4r, and the glucocorticoid receptor,
to fully upregulate phosphoenolpyruvate carboxykinase *™
Association of Foxol with PGCla is prevented by Akt-medi
ated phosphorvlation, which inhibits the effect of PGClea on
gene expression."

FOXO1 also plays an important role in coupling insulin
signaling to adipocyte differentiation. FOXO1 expression is
upregulated in preadipocytes coincidently with growth arrest
and peaks at the onset of terminal differentiation. However,
constitutively active FOXO1 blocks adipocyte differentiation,
suggesting that inactivation of FOXO1 by AKT-mediated
phosphorylation is probably essential once preadipocytes are
in growth arrest. The inability to properly phosphorylate
Foxol in mice lacking Irs1 and Irs2 can explain the lipodvs-
trophic in Irs17ulrs3 © mice.'™ Disruption of the insulin
receptor also reduces adipocytes mass in mice, suggesting
that it is an essential upstream Kinase in this regulatory
mechanism. ™

MNuclear FOXO1 also inhibits f-cell function. Expression of a
constitutively active FOX1 protein causes f-cell failure that
dysregulates glucose homeostasis in mice.'"" By contrast, het-
erczygous disruption of Foxol promotes [-cell function
and survival, and P-cell function in Foxol*":Irs2° mice is
restored to normal, preventing the progression to diabetes '
Thus, in B cells, the IRS-2/PI 3-kinase branch of the insulin/IGF
signaling cascade is an important pathway FOXO1 phospho-
rylation by AKT.

THE REGULATION OF PROTEIN SYNTHESIS

TH'.E mTDR EASCADE

The mTOR cascade integrates nutrient availability with
insulin signaling to control protein synthesis and cell growth.
mTOR was originally isolated as the target of the immuno-
suppressive agent rapamycin, which binds to FKEP12 to form
a complex that inhibits mTOR activity.'® Components of the
mTOR cascade are highly conserved from yeast to mammals,
providing a common mechanism that is sensitive to the
nutrients such as amino acids and glucose, 85207

Downstream effectors of mTOR—p7 0% and 4E-BP1—control
protein synthesis and cell growth. The p70% occurs as two
isoforms called p70%%! and p70°*F2, Disruption of 56K1 gene
in mice causes glucose intolerance due to reduced size of pan-
creatic islet p cells; however, peripheral insulin action is
enhanced suggesting that p70***! contributes to feedback
inhibition of insulin signaling.*"™ p7(F**! is activated by mul-
tisite phosphorylation events from various kinase activities in
response to insulin and other mitogens when amino acids are
available.?™ Nutrient sensitivity arises because mTOR medi-
ates the phosphorvlation of the hydrophobic motif needed
for interaction of p7(F*! with PDK1 (see Fig. 50-6).

The regulation of the mTOR cascade is complex, but recent
discoveries reveal how AKT acts to regulate mTOR function

o

dw
ink
kir
Bh
val
ity
m’
TS
pl
pt
M
Iy

[

er
du

|
4l

i
G
is
m
T
ti

w D,

el I B |

Ry N A B Y S BN S -

Ui el P




A L

during insulin stimulation, and how energy depletion
inhibits mTOR through the adenosine monophosphate
kinase (AMPK). The ubiquitously expressed small G protein,
Bheb (BAS homologue expressed in brain) is an mTOR acti-
vator."*2" During GTP binding, Rheb promotes mTOR activ-
itv, whereas GTP hydrolysis inactivates Rheb-stimulated
mTOR activity (see Fig. 50-6B). GTT hydrolvsis is catalvzed by
TSC2, a GTPase-activating protein for RHEB.?® TSCZ com-
plexes with TSC1 to form a heterodimer that is essential to
prevent constitutive activation of mTOR (see Fig. 50-6B).
Mutations in TSC1 or TSC2 that dysregulate GTP hydro-
lysis cause nonmalignant tumors in various tissues called
hamartomas.*!'

TSC1:15C2 — Rheb cascade is required for mTOR to sense
energy depletion (see Fig. 50-68). Cellular AMP levels rise
during an energy deficit, which activates AMPE. 21221 During
AMP binding, the A loop of the AMPE, is accessible to the
constitutively active LKB1. Recent results suggest that Rheb-
GTPase-activating protein activity of the THC1:TSC2Z complex
is increased by AMPK phosphorylation.®'® This regulatory
model is consistent with the effects of inactivating LKB1
mutations that lead to hamartomas with similar characteris-
tics to those observed in tuberous sclerosis patients. 212213

REGULATION OF PROTEIN SYNTHESIS BY INSULIN

Insulin stimulates protein synthesis by altering the intrinsic
activity or binding properties of key translation initiation and
elongation factors (ellFs and eEFs, respectivelyl, as well as criti-
cal ribosomal proteins. This occurs via phosphorylation and/or
sequestration of repressive factors into inactive complexes.
Components of the translational machinery that are targets of
insulin regulation include elF2B, elF4E, ¢EF1, eEF2, and the
56 ribosomal protein®® The elF2ZB multi-subunit guanine
nucleotide exchange factor for elF2 is kept inactive via phos-
phorvlation of the elF2Be subunit at Ser535 by GSK3.2*
Inhikition of GSK3 during insulin-stimulated Akt phosphory-
lation reduces elF2B phosphorylation promoting the forma-
tion of elF2 GTP that recruits the initiator methionyl-tENA to
the ribosome.?'* 2" The insulin-stimulated activation of elFZB
leads to an overall increase in translation initiation.* Diabetic
rats have significantly lower elF2B activity in muscle.**"

I'he elF4F complex, including elF4A, 4G, 4E and other pro-
teins, is required for cap-dependent translation initiation.
I'he mRNA cap-binding protein, elF4E, is inactive during
association with 4E-BP1 (see Fig. 50-6). Insulin activates
elF4E by stimulating mTOR-mediated phosphorylation of
4E-BP1. Phosphoyrlated 4E-BP1 dissociates to facilitate the
interaction between elF4E and elF4G, the scaffold protein for
the elF4F complex.®' MNE, an insulin-stimulated kinase
activated through the RAS/ERK cascade, also resides in the
elF4F complex 'm'n.]'lf.‘lf:' it phosphorylates elF4E at Ser209 (see
Fig. 50-6). 12221 Phosphorylation of elF4E increases the bind-
ing affinity for mRNA caps, enhancing translation initiation.
The phosphorylation of 4E-BI'l has an important systemic
role in insulin action, as deletion of its gene increases insulin
sensitivity and dramatically decreases white adipose tissue
depots. >

Insulin also stimulates translation elongation by phospho-
rvlation of eEF1 by an as yet undetermined mechanism.
Insulin-stimulated phosphorylation of the ribosomal 56 pro-
tein by p70%* may promote elongation of specific mRNAs
corresponding to components of the translational machin-
eryv.” An elongation factor critical for ribosomal transloca-
tion along the mENA, eEFZ, is inactive when phosphorylated
at Thras by the eEF2 kinase (eEF2K). 227 Insulin stimulates

the dephosphorylation of eEF2 via a rapamycin-sensitive
route potentially involving the phosphorylation and inacti-
vation of eEF2K by p705tF 228 [n vitro, p705F phosphorylates
eEF2K at Ser3a6, a modification that greatly reduces the activ-
Activation of PKCL is also required for

ity of the kinase?®®
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insulin-stimulated protein synthesis although its downstream
effectors remain undetermined.’® Convergence between
nutritional and insulin signals ocours at th-: level of mTOR
activity regulation (see Fig. 50-68) 23521923

THE REGULATION OF GLUCOSE TRANSPORT
fain LR AL LD R

CLUCDSE TRANSFGR]"ERS

Glucose transport s rhe_ prototype |muhn response. The
molecular mechanisms linking insulin signals to increased
glucose influx into adipose and muscle has been difficult to
resolve. All cells express one or more members of the glucose
transporter family, including 12 jsoforms organized into 3
classes: class I includes the well-characterized GLUTI, GLUTZ,
GLUT3, and GLUT4 transporters; class [T includes GLUTS,
GLUT?, GLUTY, and GLUT11; and class 11l includes GLUTS,
GLUTS, GLUT10, and GLUT12.

GLUTY 15 an insulin-responsive glucose transporter found
in skeletal muscle, adipose cells, and heart. GLUT4 is glycosy-
lated in the first exofacial loop, and contains a phosphoryla-
tion site (Ser488) and a di-leucine motif in its COOH terminus
that plays a role in endocytosis.**! Before insulin stimulation,
GLUTS resides in intracellular vesicles where it is unavailable
to transport glucose across the plasma membrane. However,
insulin stimulation promotes translocation of GLUT4-
containing vesicles to the plasma membrane to increase the
rate of glucose influx (Fig. 50-7).

Insulin does not regulate the translocation of other class 1
glucose transporters, GLUTT is expressed in most cells and tis-
sues and resides permanently on the plasma membrane where
it constitutively transports glucose from the extracellular
space into the cell. Although insulin does not stimulate
translocation of GLUT1, chronic insulin treatment increases
the levels of cellular GLUT1 via the p21* — ERK kinase path-
way. P23 GLUT2 is mainly expressed in liver and pancreatic
p cells, where its relatively low affinity but high transport
capacity provides a constant flux of glucose into these organs
at physiologic plasma glucose concentrations (5 mM). In the
B cell, the uptake of glucose through GLUTZ is the first step in
the detection of circulating glucose levels needed to stimulate
insulin secretion. GLUT3 has a relatively high affinity for glu-
cose and is most abundant in the central nervous system
where glucose concentrations are lower than in the blood-
stream. GLUTS might be insulin sensitive as it contains
GLUT4-like intracellular targeting motifs and is widely
expressed in many insulin-responsive (as well as insulin-inde-
pendent) tissues™ 24 GLUT12 is expressed in pms!am small
intestine, placenta, skeletal muscle, and adi pocyvtes and might
also be insulin responsive 26257

THE REGULATION OF GLUT4 BY INSULIN

During insulin stimulation, GLUT4- ulmdirm]g vesicles move
from their intracellular storage compartment and reach the
cell surface through targeted exocvtosis (see Fig. 50-7).
Simultaneously, GLUT4 endocvtosis is repressed, leading to
an overall increase in glucose uptake ™ It is not clear whether
the effect of insulin to stimulate glucose uptake in muscle and
fat can be accounted for in its entirety by translocation, as
other factors that increase transporter activity could be
involved. Substantial evidence exists to suggest that at least
two distinet pathways mediate the effect of insulin on glucose
transport. One pathway relies on Pl 3-kinase activation of
downstream effectors, including PDK1, AKT, and atypical pro-
tein kinase C (PKC) isoforms PKCE and PKCA. 2% The PI 3-
kinase-independent pathway includes the activation of TC10,
a Eho family G protein localized to lipid rafts in the plasma
membrane.**
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Figure $0-7 A diagram of components that
mediate insulin-stimulated glucose transport, The
Pl 3-kinase sensitive branch of the pathway is
shown on the right, including IRS-proteins, AKT
and the atypical protein kinase C isoforms, and
PKCES. and PECt. The PI 3-kinase independent
branch of the pathway is shown on the left and
includes the APSChI cascade. Activation of these
pathways by insulin promotes the accumulation of
CLUT4-containing vesicle in the plasma membrane.
See the text for a detailed description of these
pathways.

ATYPICAL PROTEIN KINASE C REGULATES
GLUT4 TRANSLDCR]’JUN

FKCE and PKCA are u]'_u]'ul[cmm;l in the res,ula\mi] LJE
GLUT4 translocation in adipose tissue and muscle, 18024524
Constitutively active PKCL or PRCE promote GLUT4 transloca-
tion and glucose uptake in adipocytes and muscles in
the absence of insulin.*****7 Overexpression of inactive
PKCY inhibits insulin-stimulated activation of endoge-
nous PRCH, which inhibits GLUT# translocation and glucose, 2
Microinjection of PRC: antibodies inhibits insulin-induced
GLUT4 translocation. ** PKCE also promeotes insulin-stimulated
slucose uptake, Insulin-promoted activation of PRCC is reduced
in obese patients with insulin resistance™®; impaired PKC(
activity is associated with obesity-induced insulin resistance
in monkeys. 2530 [t will be important to understand how the
atypical PKC isoforms, PKB and other related AGC kinases,
interact with cellular components to regulate GLUTZ transloca-
tion (see Fig. 50-7).

Pl 3-KINASE-INDEPENDENT REGULATION
OF GLUT4 TRANSLOCATION |

The activation of TC10, a *.mall {_. pr-.‘:tmn r1r thi_ RHL‘J fclm]h
localized to lipid rafts in the plasma membrane ml;_,ht
also regulate GLUT4 translocation.®? Lipid rafts are micro-
domains on the cell surface containing specific glvcolipids,
sphingolipids, proteins, and cholesterol that do not mix with
other lipids within the plasma membrane. The insulin recep-
tor is localized to caveolae, a specific lipid raft subset, where
it associates with caveolin {cvn) and phosphorylates it on
tyrosine residues.®? The localization of the insulin receptor
to caveolae might be critical for the activation of the PI 3-
kinase-independent signals leading to GLUT4 translocation in
adipocytes.®®! During insulin stimulation, APS binds to the
A loop of the activated insulin receptor. Upon tyrosyl phos-
phorylation, APS recruits ¢-Cbl for tyrosine phosphorylation
by the insulin receptor.* 25 In insulin-responsive cells, c-Chl
is constitutively associated with the CAPuzflotilin com-
plex, which stabilizes the growing caveolae-localized insulin
receptor complex.®™ The tyrosine-phosphorvlated ¢Chl also

recruits the CRK 11, which constitutively binds C3G, a gua-
nine nucleotide-exchange factor that catalyzes the exchange
of GTP for GDP in the small G protein TC10."*2 The GTP-
hound and activated TC10 results from the localization of the
CRK II-C3G complex to the lipid raft microdomain where the
Praper localization to the lipid raft

small G protein resides.**
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through specific posttranslational modifications of TC10 and
its activation appears to promote insulin-stimulated Pl 3
kinase-dependent GLUT4 translocation and glucose trans-
port.** This mechanism requires careful validation, as recent
evidence suggests that depletion of Chl isoforms, CAT, or CRE
I does not impair insulin-stimulated GLUT4 translocation.®

GEMETIC, METABOLIC, AND REGULATORY ASPECTS
_OF INSULIN SIGNALING

R S e el

Insulin resistance is a common occurrence among human
populations, and its association with obesity, advancing age,
and physical inactivity is especially common in industrialized
nations.®* I[ncreased insulin secretion can compensate for
insulin resistance, but tvpe 2 diabetes occurs when sufficient
insulin is no longer secreted quickly enough.! A predominant
cause for the imbalance between insulin action and insulin
secretion in type 2 diabetes is difficult to establish, suggesting
that a combination of defects is involved, Moreover, envi
ronmental challenges owing to chronic inflammatory o
metabolic stress contribute to insulin resistance.

Polymorphisms have been identified in human genes
encoding proximal signaling components that might con-
tribute to metabolic disease. Although insulin receptor poly-
maorphisms provide important insight into receptor functian,
thev fail to uncover a general cause of type 2 diabetes
A few polymorphisms in the gene for IRS-1 have been found,
some of which are more common in tyvpe 2 diabetic
patients*’; however, they do not reveal a simple genetic basis
for insulin resistance ™® Gly972Arg mutation moderately
decreases insulin-stimulated P1 3-kinase activation in cultured
cells, 2% and associates with peripheral insulin resistance
and impaired insulin secretlon in certain backgrounds 2
Two polymorphisms in [RS2, including Glyl057Asp and
GlyB79Ser substitutions, associate in females with impaired
glucose tolerance, polycystic ovarian syvndrome, and obe
sity, 20128525 A commeon polvmorphism in p85c associates
with a moderately reduced insulin sensitivity during an intra-
venous glucose tolerance test. Similarly, mutations in AKTZ
validate the importance of this kinase for lnsulin signaling
in humans, but they do not explain insulin resistance
encountered frequently in people.'™” Thus, genetic defects
in the insulin signaling system validate the importance of
the insulin signaling cascade, but they fail to explain the
common causes of type 2 diabetes,
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LESSONS LEARNED FROM INSULIN RECEPTOR MUTATIONS

Humans with rare mutations in the insulin receptor gene con-
firm that the insulin receptor mediates critical growth and
metabolic signals. The informative polymorphisms impair
synthesis or translocation of the receptor to the plasma mem-
brane surface, insulin binding, transmembrane signaling, or
endocytosis.?*® Depending on the allele, homozygous or dou-
ble heterozygous individuals develop severe syndromes of
insulin resistance with altered growth, such as leprechaunism
or Rabson-Mendenhall syndrome ** Most affected individu-
als are heterozygous for the defective allele, but display severe
insulin resistance owing to the dominant-negative effects on
the functional receptor in covalent dimmers.”™ Interestingly,
males with severe insulin resistance owing to receptor defects
are hyperinsulinemic and usually not diabetic, suggesting
that compensatory fi-cell function is not impaired by dysreg-
ulated Insulin receptor function. Thus, insulin resistance
alone is insufficient to cause diabetes while [-cells secrete suf-
ficient insulin to compensate for the resistance, reinforcing
the role of f-cell failure in common type 2 diabetes.

Genetically altered mice reinforce these notions, and pro-
vide insight into how and where defects in insulin sensitivity
and secretion occur. Disruption of the insulin receptor gene in
mice does not significantly alter development; however, IR
mice develop hyperinsulinemia, hyperglycemia, and ketoaci-
dosis immediately after birth.* By contrast, mice lacking the
insulin receptor in skeletal muscle almost completely elimi-
nates insulin signaling and insulin-stimulated glucose trans-
port in isolated muscle; however, the mice display nearly
normal glucose homeostasis and never develop hyperinsu-
linemia or physiologic insulin resistance.**® This result con-
trasts the usual view that muscle is responsible for the vast
majority of insulin-stimulated glucose disposal in the body,
and the failure of insulin signaling in muscle in a primary
cause of type 2 diabetes in humans.2* %8 By contrast, geneti-
cally altered mice deficient in GLUT4 in skeletal muscle
develop insulin resistance and glucose intolerance 269270
Increases in 1GF-1 receptor function in skeletal muscle appar-
ently compensate in the absence of the insulin receptor
gene X!

The progression of glucose intolerance to diabetes occurs
when the p cells fail to produce enough insulin to overcome
systemic insulin resistance, Mice with B-cell-specific deletion
of the insulin receptor display a loss of first-phase insulin
secretion in response to glucose.®™? This resembles the defect
in insulin secretion observed in humans with type 2 dia-

2

betes.** Both insulin and IGF-1 receptors appears to con-

tribute to [-cell function, possibly through tyrosine
phosphorylation of Irs2,
ADIPOKINES AND INSULIN SIGNALING

Communication between adipocytes, other peripheral tissues,
and the central nervous system reveals new insight into the
relation between obesity and insulin resistance ™2™ Adipose
tissue secretes various proteins and metabolites that inhibit
insulin signaling such as free fatty acids (FFAs), tumor necro-
sis factor-alpha (TNF-rz), interleukin-é {IL-6), and resistin, or
those that promote insulin signaling such as adipocyte com-
plement-related protein of 30 kilodaltons (adiponectin) and
le-pti_n_.iv:.'.l?:'\-l:-il.l

Leptin correlates closely with fasting insulin concentrations
and the percentage of body fat, revealing leptin levels as a
marker of obesity and insulin resistance.™” Leptin binding to
the long form of the leptin receptor promotes tyrosine phos-
phorylation of the cyvtoplasmic domain and the associated
Janus kinase.®®!2% One of the phosphorvlation sites in the
leptin receptor (Tyr1138) binds STAT3, which is required for
nutrient homeostasis by promoting melanocortin signal-
ing.** Leptin might influence B-cell physiology by regulating

The Molecular Basis of Insulin Action
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levels of triglycerides and/or free fatty acids in the § cell, and
reduce insulin secretion.™ Thus, leptin signaling frames
a rational basls to link obesity to the disruption of -cell
function at the molecular level.

TNF-t is an endogenous cytokine produced by macrophages
and lymphocytes after inflammatory stimulation. Adipocytes
of obese animals and humans overexpress TNF-o in positive
correlation to body mass index and hyperinsulinemia; weight
reduction decreases TINF-ut expression. 22 TNF-¢ production
in adipose tissue arises, at least In part, from the recruitment
of macrophages.®” TNF-i treatment increases serine phospho-
rylation of IRS-proteins, which inhibits insulin-stimulated
tyrosine phosphorylation and impairs insulin  signal-
ing M85 Disruption of both TWF-ot receptor isoforms
improves insulin sensitivity.”™ Troglitazone reduces the ability
of TNF-¢t to cause Insulin resistance, providing a rational
mechanism by which thiazolidinediones might enhance
insulin action.®! Thus, localized production of TNF-o might
link obesity to insulin resistance.

Adipose tissue macrophages increase in obesity and are
responsible for significant amounts of [L-6 expression.® [L-6
derived from omental fat depots drains directly into the por-
tal venous system, which can regulate hepatic triglvceride
preduction, as well as insulin-stimulated glycogenesis,2¥2-2%4
Moreover, IL-6 treatment of primary hepatocyvtes and 3T3-L1
adipocytes impairs insulin signaling by reducing IRS-1 tvro-
sine phosphorylation and Pl 3-kinase activity, ™% ]L-g
administration into rodents and humans induces hepatic glu-
coneogenesis leading to hyvperglycemia.2* [L-6 inhibits
lipoprotein Iignse activity, which increases lipolysis and
lipodystrophy.®*~** Thus, locally produced I1-6 could regu-
late adipocyte function through an autocrine/paracrine
mechanism. Since 1L-6 is opposing the action of insulin under
these conditions, it might induce lipolvsis, at least in part, bv
inhibiting insulin action. IL-6 might cause insulin resistance
by exerting inhibitory effects on IRS-1, glucose transporter
GLUT4, and proxisome proliferation-activated receptor
(PPAR-y) gene transcription in 3T3-L1 adipocytes,™?

Adiponectin is expressed exclusively by differentiated
adipocytes.™™ Adiponectin normally circulates at a high con-
centration (1.9-17.0 pg/ml), which promotes insulin sen-
sitivity, Adiponectin levels fall during obesity, but can be
normalized upon weight loss, caloric restriction, or thiazo-
lidinedione treatment that also increases insulin sensitivity. In
general, adiponectin influences whole-body metabolism
by enhancing insulin sensitivity in muscle and liver, and by
increasing fatty acid oxidation In muscle """ Long-term
administration of adiponectin to mice fed a high-fat diet
causes profound weight loss by enhancing free fatty acid oxi-
dation in muscles without affecting food intake, Some of these
effects might be linked to the activation of AMP kinase, the
phosphorylation of acetyl coenzyme A carboxylase, increased
glucose uptake and fatty-acld oxidation, and reduced hepatic
gluconeogenesis.* Adiponectin mediates these effects during
association with membrane receptor, adipol or adipo2.®™ The
mechanism that couples these receptors to AMP kinase and
other signals is important to understand.

MULTISITE Ser/Thr PHOSPHORYLATION OF IR

A e B A

Considerable data suggests that various pathologic
associated with insulin resistance promote serine/tyrosine
phosphorylation of IRS-proteins. Stress-induced cytokines
like TINF-ix cause insulin resistance, at least in part, by serine
phosphorylation of IRS-1 and IRS-2.2#3 Disruption of the
TNF-i receptor improves insulin sensitivity and glucose toler-
ance in obese mice,*"*" Thus, the inhibitory effect of TNF-o
appears to function through serine phosphorylation of the
[RS-proteins.»*

IRS-1 and IR5-2 each contain more than 100 potential
serine/threonine phosphorylation sites; therefore, mapping
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the physioclogically relevant ones is difficult, Many Ser/Thr-
kinases phosphorylate IRS-proteins, including Raf, MEEK,
MAPE, p90™, Rho kinase (ROK-ct), JNK, and PKC isoforms,
and kinases downstream of the PI 3-kinase cascade: PDKI,
AKT, mTOR, p7(F*, GKK3p.233314 The inhibitory role of
the PI 3-kinase/AKT cascade might explain why partial inhi-
bition of PI 3-kinase activity by disruption of various
regulettm;.-' subunits increases insulin sensitivity.13/-13%313

I binde divoctly b0 1 and phocphorylater Serdl)]

which reveals a direct mechanism for inhibition of insulin
signaling.'® Ser307 phosphorylation inhibits tyrosine phos-
phorvlation of IRS1 and the ability of IRS1 to activate the P1
3-kinase/AKT pathway in response to insulin, 403 Free fatty
acids, which contribute to insulin resistance in obesity, also
promote Ser3(7 phosphorylation through the activation of
PEC.#1% The role of 5er307 phosphorylation has become a tar-
get of intense investigation by various groups.'41.315-520 Se1307
is phosphorylated in response to insulin or TNF-o in cul-
tured adipocytes and muscles from mouse, rat, and human. '
It is poorly phosphorvlated in JNK mice, suggesting that
INEK-mediated phosphorvlation of [RS1 is physiologically
important (Fig, 50-8),

kB kinase [} (IKER) cascade, which is implicated in inflam-
mation-related insulin resistance, also mediates Ser307 phos-
phorylation. > KK promotes TNF-we sighaling during
chronic obesity and trauma; heterozygous disruption of IKKp
protects against the development of insulin resistance during
high-fat feeding and in obese leptin-deficient (ob/ob) mice 1
IKKP inhibitors (aspirin and salicylates) block TNF-a-induced
Ser307 phosphoryvlation, ™! improving insulin sensitivity in
obese rodents and in type 2 diabetes patients, 22534355

The phosphorylation of other residues in IR51 also con-
tribute to inhibition of insulin signaling: Ser612, Ser632,
Serc36, Ser662, Ser73l, and S5er789.%%% Recently, PKCH was
shown to phosphorylate several serine residues that inhibit
IRS1 tyrosine phosphorylation- Ser307, Ser323, and Ser574.5%7
AMP kinase, which is activated by increased AMDP levels dur-
ing energy depletion, associates with IRS1 and phosphory-
lates 5789, which promotes insulin-stimulated tyrosine
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Figure 50-8 TMF-g-induced inhibition of IRS-protein signaling. THF-
o binding to TMFRT results in recruitment of TRAFZ/S, RIP1, and
FADD through the adaptor protein TRADD, TRAF2/5 and RIP appear
to lead to activation of the protein kinases |MK and IKE. Activated
IMK associates with IR51 and the JNK-binding LXL metif and
promates phosphorylation of Ser307. Phosphorylation of 5er307
inhibits PTE domain function and inhibits insulin/IGF stimulated
tyrosine phosphorylation and signal transduction. FADD,
FAS-associated death domain protein; IKK, kB kinase; |NE, ¢-Jun
M-terminal kinase; RIF1, receptor-interacting protein 1; TMF-c. , tumaor
necrosis factor-alpha; TMFR1, TNF receptor type 1; TRAFZ,
THF-receptor-associated factor 2.

phosphorylation. The phosphorylation of Ser302 might
prime IR51 for tvrosine phosphorvlation, revealing a positive
role for serine phosphorylation. s

Several mechanisms have been proposed to explain how
serine phosphoryvlation can regulate IRS1 signaling. Ser307
phosphorylation inhibits PTBE domain function, which
uncouples IRS1 from the insulin receptor.!**42%3% Other sites
might electrostatically block access to nearby tyrosine phos-

nhumhhun atet Sota plotshotatitie seiduet 1 10N bind

4-3-3 isoforms, which can targoet IR51 to subcellular com-
pdrtments.‘ 1 Under conditions that activate the mTOR cas-
cade, including prolonged insulin-stimulation but also other
mTOR agonists, IRS-proteins are strongly degraded by the 265
proteasome.*** [RS1 and IR52 degradation is inhibited in var-
ious cell backgrounds by rapamycin, suggesting that the
mTOR cascade plavs a central role in this process 332335
Consistent with this model, constitutive activation of the
mTOR cascade by mutations in TSC1 or TSC2 promote hyper-
phosphorvlation of TRS1 and IRS2, leading to their degrada-
tion and insulin resistance (see Fig. 50-68).** Degradation of
IRS-proteins through the L'LmstiTuTﬁfllj» activated mTOR cas-
cade reveals a potential explanation for the inhibitory effect
of excess nutrients upon insulin signaling, and the positive
effects of adiponectin upon insulin action (see Fig 50-68).

SOCST- AND SOCS3-MEDIATED IRS-PROTEIN DEGRADATION

Whereas Ser/Thr phosphorylation is a reversible processes
that might be ideal for short-term negative regulation of
insulin action, proteolysis of IR51 and IR52 causes long-term
inhibition. In cultured cells, degradation of IRS1 and RS2 is
stimulated by TNF-@, interferon-y, insulin, IGF-1, osmaotic
shock, platelet-derived growth factor, endothelin-1, free fatty
acids, PMA, and inhibitors of serine/threonine phosphatase;
and the degradation is blocked by 263 proteasome
inhibitors.*** In addition, ubiquitinylation of IRS-proteins is
increased in response to chronic insulin and IGF-1, indicating
that the ubiquitin/proteasome system is involved,¥743%

Ome way that [RS-proteins are recruited to the elongin B/C-
based ubiquitin-ligase is through SOCS1 or SOCS3 (Fig. 50-9).%%
These S0OCS isoforms are cytokine-inducible gene products that
suppress activity of various cytokine receptors by binding via
their SH2 domain to the associated Janus kinase tyrosine
kinases. ™ Overexpression of SOCS1 or SOCS3 also promotes
ubiquitinylation and degradation of IRS1 and IRS2.4% These
SOCS isoforms are composed of an SH2 domain that binds to
IR51 ar IRS2, and a BC box within the canonical SOCS box that
binds to elongin C. Elongin C is a component of an E3-ubigui-
tin ligase that includes elongin B, a cullin family member, and
Rbx-1.%" This complex also associates with an ubiquitin-conju-
gating enzvme (E2) that catalyzes the transfer of ubiquitin from
the ATP-dependent ubiguitin-activating enzyme (E1) to the
SOCS-targeted protein.* Ubiquitin, a Y6-amino acid peptide
can also be ubiquitinylated on Lysd8, forming polyubiquitin
chains that target [RS-proteins for proteasome degradation.
SCHCS1 or SOCS3 mutants that fail to bind elongin BC-based
ubiguitin ligase prevent ubiquitinylation and degradation of
IR51 and IRS2. The expression of recombinant 50C51 in mouse
liver by adenovirus-mediated gene transfer dramatically
reduces hepatic IRS1 and IRSZ, causing insulin resistance
whereas dysfunctional 50OCS1 mutants have no effect. ™ Thus,
one mechanism of [RS-protein degradation is through SOCSE-
or SOCS3-mediated recruitment of a be-based ubiquitin ligase
{see Fig, 50-9,

PHOSPHOTYROSINE PHOSPHATASE 18

R N i RO R R T B M

Phosphotyrosine phosphatase 1B (PTP1B) directly dephospho-
rylates the insulin receptar, so it has a major effect on strength
and duration of the insulin response.*’*2 PTP1B might also
dephosphaorvlate 1RS-proteins during their interaction with
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Figure 50-2 A potential
mechanism of cytokine-
induced insulin resistance

R based on the induced

expression of 30C51/3. Most
proinflammatorny cytokines
that cause insulin resistance
also induce the expression
of 50C5 famllz'

members. #4325 50CS family
memkbers contain an NH_-
terminal SH2 domain and a
COOH-terminal 30C5

fpoax, #4435 S300CS proteing
might target proteins for
ubiguitinylation and
degradation, because the
conserved S50CS box
associates with elongin BC-
containing ubigquitin ligase
_____ E3.386-358 biquitinylation is
] expected to promote
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the insulin receptor, as PTP1E exhibits the highest activity
toward IRS-1 among four other candidate protein-tyrosine
phosphatases (PTP1B, SHP2, LAR, and LRP).** Overexpression
of FIP1B inhibits insulin-stimulated phosphorylation of the
insulin receptor and IRS-1, whereas neutralization of PIP1E by
antibodies enhances insulin signaling 3435 PTP1B~- mice dis-
play increased insulin sensitivity as revealed by enhanced
phosphorylation of the insulin receptor and IRS-1 in muscle
and liver.* PTP1B also plays a role in hypothalamic sensing of
nutrient homeostasis, as PTP1B~~ mice are resistant to diet-
induced obesity and insulin resistance; and energy dissipation
in the PTPIB~- mice Is increased.®* In obfob or db/db
senetic background, reduction of PTP1B using antisense
oligonucleotides improves insulin sensitivity in liver and fat,
normalizing hyperglycemia,**

I'IP1B has broad substrate specificity, but disruption of the
FTP1B gene has its greatest effect on the insulin receptor
The functional specificity toward the insulin receptor appears
to be determined by a combination of PTP1B targeting and the
itinerary of the activated insulin receptor. Although PTP1B
dephosphorylates epidermal growth factor (EGF) and platelet-
derived growth factor (PDGF) receptors, they are largely
degraded on internalization so dephosphorylation might not
be important physiclogically. By contrast, the insulin recep-
tors are recvcled to the plasma membrane so inactivation
might be more dependent on dephosphorylation.
Consistent with this hypothesis, PTP1B associates rapidly with
activated insulin receptor, as revealed by bioluminescence res-
onance energy transfer.*® This approach to measure protein-
protein interactions is very sensitive and reveals an almost
immediate association between the activated insulin receptor
and PTP1B. Transient interactions also occur before insulin
stimulation suggesting that PTP1B might be important for
maintaining the insulin receptor in an unphosphorylated
inactive state. The insulin receptor associates most strongly
with endoplasmic reticulum assoclated PTP1B, suggesting that
internalization of the insulin receptor is an important step in
its inactivation by the constitutively active PTF1B.#%+*

PTEN was identified as a tumor suppressor located at 10q23.350
PTEN contains a phosphatase domain at its N terminus

deqgradation of IR5-protein
through the 265
proteasome.

and C2 domain and a PDZ-binding motif at the C terminus.
The C2 domain might mediate its interaction with membrane
lipids, whereas the PDZ-binding motif may bind to PDZ
domain-containing proteins that associated with actin
cytoskeleton to localize PTEN at plasma membrane subdo-
mains. PTEM inhibits accumulation of both PI3,4)P, and
PI(3,4,5)P, induced by both constitutively active plld
and insulin stimulation.*! Since PTEN efficiently dephospho-
t¥lates phosphoinositide at the 3 position both in vitro and
in wivo, it Is a negative regulator of PDE1, AKT, and their
downstream targets (see Fig. 50-6)%1%32353 Consistent with
this conclusion, AKT activity is elevated in PTEN hypomorphs
in accordance with the elevated PIi3,4,5)P,. PTEN""- mice die
before birth, and PTEN™" mice display increased tumor inci-
dence,

The expression of PTEN in 3T3L1 adipocytes inhibits
insulin-stimulated phosphorylation and activation of Akt
and p70 56K; and it inhibits GLUT4 translocation and glucose
uptake in response to insulin. As expected, PTEN does not
inhibit tyrosine phosphorylation of IRS1 or its associated Pl 3-
kinase.** By contrast, inactive PTEN mutants enhance
insulin-stimulated accumulation of PIi3, 4P, and PIi3.4, ’ﬁ:ll"
activation of Akt and glucose uptake in 3T3-L1 adipocytes, sl
In addition, specific inhibition of PTEN expression by anti-
sense oligonucleotides normalized blood glucose concentra-
tions in db/db and ob/ob mice, dramatically reduced insulin
concentrations in ob/ob mice, and improved glucose toler-
ance of db/db mice.**® Thus, PTEN activity downregulates
insulin pathways and may contribute to insulin resistance
and f-cell failure in diabetes.”

IR5-2 SIGNALING AND THE COMMON PATH TO DIABETES

Mice lacking the gene for IRS17- or IR52-" show marked
effects of insulin resistance, including impaired peripheral
glucose uftilization.'1%*%7%% However, metabolic dvsregulation
is more severe in IR52-~ mice owing to excessive gluconeoge-

nesis, decreased hepatic glycogen synthesis, and unsup-
pressed plasma free fatty acid/glycerol levels during the
hyperinsulinemic-euglycemic clamp.® Progression to dia-
betes also depends on failure of pancreatic p cells to secrete
sufficient insulin quickly enough to maintain normal serum
Slucose levels relative to the prevailing insulin sensitivity.
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The insulin/IGF-1/IRS2 pathway has a major role in f-cell
development and survival, especially during compensation
for peripheral insulin resistance.!' The progeny of inter-
crossed mice heterozygous for null alleles of 1GF-1R and [R52
reveal that IGF-1 receptors promote f-cell development and
survival through the IRS2 signaling pathway.'”” Targeted
deletion of the IGF-1R in f-cells promotes age- depcmltm glu-
cose intolerance owing to decreased glucose- and arginine-
stimulated insulin release; however, there is no effect on
B-cell growth, 3" Thus, the effect of IGF-1 on IRS2-medited
B-cell growth and survival might not be p-cell autonomous,
but might be more closely related to the growth and
differentiation of precursors.

Many factors are required for proper B-cell function, includ-
ing the homeodomain transcription factor PDXI1, PDXI
mutations cause autosomal forms of MODY, because
PDX1 regulates downstream genes needed for f-cell growth
and function (see Fig. 50-1).*1%2 PDX1 is reduced in TRS2-"
islets, and PDX-1 haploinsufficiency further diminishes the
function of B cells lacking IRS2,'%3% Unexpectedly, transgenic
PDX1 expressed in IRS27" mice restores f-cell function and
normalizes glucose tolerance for at least 20 months.
Moreover, transgenic upregulation of IRSZ in wild-type or
IRS2- islets increases PDX1 levels, supporting the hypothesis
that PDX1 s regulated by IR32 signaling cascades in f cells
iFig. 30-10).%

Some strains of CS7BlI/6 IRS27- mice express sufficient
PDX1 to prevent diabetes without additional genetic manip-
ulations.** This apparent rescue might arise from natural
variations in B-cell gene expression that increases the appar-
ent activity of signals lying downstream of IR52. For example,
Foxol haploinsufficiency upregulates PDX1 in IR52
islets/p-cells and prevents diabetes in the IR52™" mice (see
Fig. 50-100.1" Similarly, haploinsufficiency for PTEN also pre-
vents diabetes in [RS2~" mice, owing to the simulation of
the P1 3-kinase PKB/Akt cascade that upregulates PDDX1 (see
Fig. 50-10). Thus, variations of downstream [RS2-mediated
signals, through natural genetic drift or directed genetic
manipulations, strongly compensate for IRS2 deletion and
restore glucose tolerance,

Activation of signals upstreamn of IRS2 only temporarily
restores the function of [ cells lacking IRSZ. As outlined pre-
viously, inhibition of PTPLE improves systemic insulin sensi-
tivity and reduced systemic adiposity.**” Moreover, disruption
of the PTP1B gene temporarily restores [-cell function in

Figure 50-10 A potential pathway linking IR52

signaling to the expression and function of the insulin
homeodomain transcription factor PDX1, The diagram

shows the relation between the MODY genes,

especially PDX1, and the IRS2 branch of the \
insulin signaling pathway 3% Drugs that promote IR52

signaling are expected to promote PDK1 function in

[ cells, including the phosphorylation of BAD and

FOXO1, which will promote f-cell growth, function,

and survival, Induction of POXXT promotes the PC1/3
expression of genes products that enhance glucose

sensing and insulin secretion. Activation of the cAMP Glut?
CREB cascade induces IR52 expression in [i-cells,

revealing a mechanism that promaotes f-cell growth, GCK

function, and survival. (Mody2)
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[BS52-- mice; however, compound IRS2--:PTP1B~~ mice ever.
tually develop glucose intolerance and die when the f cells
fail to compensate for age-related increases of insulin resist
ance.” These results suggest that IRS2, rather than the
upstream receptor kinases, could be the “gatekeeper” for f-cell
plasticity and function.

The discovery that cAMP agonists upregulate IRS2 reveals
an unexpected mechanism to promote the growth function
and survival of a variety of tissues. GLP1 secreted from the
intestinal L cells during meals promotes f-cell function and
peripheral insulin sensitivity in diabetic patients.®* GLP
promotes cAMP production and upregulates IRS2 in islets,
hepatocytes, brain, and probably other tissues. Thus, inhibi-
tion of cAMP-regulated gene expression in [ cells with a
transgenic ACREB, a dominant-negative form of the cAMP
response element binding protein (CREB), strongly sup-
presses IRS2 expression and causes f-cell apoptosis and glu
cose intolerance by 15 weeks of age.*™ We hypothesize that
IRS2 is upregulated in B-cells and other tissues during the §
counterregulatory phase, which ensures B-cell function and
peripheral insulin sensitivity during the next meal (see
Fig. 50-10). Similar mechanism might occur in the brain and
liver.

Finally, IRS2 signaling reveals a molecular link between obe-
sity and peripheral insulin resistance. Dysregulated signaling,
rather than antidotal consumption of high-calorie diets,
might contribute to the early development of obesity that pro-
aresses to diabetes, 3357358 Insulin, leptin, and adiponectin are
important peripheral signals that inform the brain of shor-
and long-term nutrient availability.****" Pharmacologic inhi-
bition of insulin signaling in the hypothalamus increases food
intake, and conditional knockout of the insulin receptor in
the brain causes obesity in mice on high-fat diets.¥71=™ Leptin
secreted from adipocytes promotes satiety and energy utiliza-
tion, at least in part, by promoting alpha melanocyte-stimu-
lating hormone (o-MSH) production in the hypothalamus,*
Mutations that disrupt neuronal leptin or melanocortin sig
naling increase food intake, body weight, and peripherl
insulin resistance in mice and people that progresses to di-
betes if P-cell function also deteriorates.®* %7 Adiponectin,
another adipocyte-derived hormone, enhances hepatic and
muscle insulin action and promotes energy expenditure
through signaling in the hypothalamus® % however,
adiponectin is reduced in obese people and rodents which
might promote disease progression, ™
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The Molecular Basis of Insulin Action

Previous work suggests that IRS2 signaling plays an impor-
tant role in the central nervous system for brain growth, female
fertility, and nutrient homeostasis.*™ Since IRS2 is highly
expressed in the hypothalamus, its signaling cascade could
integrate central control of nutrient homeostasis and appetite
regulation with peripheral insulin action and p-cell function.®
Female IRS2™" mice, which develop diabetes more slowly that
male mice, are hyperphagic and obese until severe diabetes
causes weight loss.* To test the role of selective IRS2 dysregu-
lation in obesity and diabetes, we flanked the IRS2 gene with
loxP recombination sites (flrs2) and crossed these mice
with transgenic mice (TgN[Ins2Cre]25Mgn) expressing Cre
recombinase under control of the rat insulin-2 promoter.
Cre recombinase is expressed strongly in B cells and weakly in

certain brain regions of these transgenic mice (cr® mice) includ-
ing the hypothalamus. ! Thus, our strategy strongly deletes
flrs2 alleles from [ cells, and weakly deletes them from brain
and certain neurons of the hvpothalamus.,

Owur results suggest that partial dysregulation of IRS2 signaling
in p cells and brain (hypothalamus) can explain the close asso-
ciation between obesity, peripheral insulin resistance, and f-cell
failure that characterizes type 2 diabetes.™ Whether dysregula-
tion of RS2 signaling contributes to tvpe 2 diabetes and obesity
in humans is unknown. However, many mechanisms are
described that dysregulate RS2 signaling in various tissues.
Strategies to promote IRS2 expression in [§ cells and hypothala-
mus, or alleviate inhibition of RS2 signaling in these tissues
could be a rational approach to prevent or cure type 2 diabetes.
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