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INTRODUCTION

Insulin is a peptide hormone that plays critical roles in the regulation of growth,
differentiation, and metabolism. The physiological importance of insulin is underscored
by the fact that the insulin receptor has been evolutionarily conserved and is found in
organisms ranging from Drosophila to humans. Furthermore, insulin-dependent diabetes
mellitus, a disease characterized by absolute insulin deficiency, was a uniformly fatal
condition before the advent of insulin therapy. Like other circulating polypeptide hor-
mones, insulin initiates its biological actions by binding to specific cell-surface receptors.
The molecular cloning of the insulin receptor led to the discovery that it belongs to a
large family of ligand-activated receptor tyrosine kinases (RTKs) that includes receptors
for many other growth factors (/—5). Many of the molecules involved with the transduc-
tion of signals from a multitude of RTKs also participate in insulin signaling. One of
the central puzzles in the field of signal transduction is understanding how signal
specificity is achieved after the interaction of the ligand with its receptor since so many
postreceptor events seem to be shared in common by a variety of different RTKs. In
this chapter, we briefly review the current understanding of how insulin receptor signal-
ing follows a general paradigm for RTK signal transduction. Particular emphasis is
given to signaling pathways related to glucose transport since this is among the most
important physiological actions of insulin and is a specialized metabolic function that
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distinguishes the insulin receptor from other RTKSs. Finally, we discuss several potential
mechanisms for achieving signal specificity that are illustrated by recent studies relevant
to insulin signaling.

INSULIN SIGNALING FOLLOWS PARADIGM
FOR RTK SIGNAL TRANSDUCTION

As illustrated in Fig. 1, the propagation of information resulting from the binding
of insulin to its cell surface receptor follows a general paradigm for RTK signal
transduction that ultimately culminates in multiple biological effects, including increased
glucose transport, gene and enzyme regulation, and mitogenesis, that are important for
the regulation of metabalism and growth.

Ligand Binding and Receptor Dimerization

The first step in initiating signal transduction by an RTK involves the specific binding
of a ligand to the extracellular portion of its cognate cell-surface receptor. In the case
of monomeric receptors such as the epidermal growth factor (EGF) receptor, ligand
binding results in receptor dimerization, a necessary first step in signal transduction
(4,6,7). The insulin receptor has a heterotetrameric structure (actually, a dimer of of3
heterodimers) consisting of two extracellular o-subunits and two transmembrane [3-
subunits joined by disulfide bonds (8). Thus, even in the absence of ligand, the insulin
receptor exists in a dimeric form. The o-subunit of the insulin receptor contains fibronec-
tin III repeats and cysteine-rich domains that are also found in several other RTKs.
Insulin binds with high affinity to specific regions of the o-subunit (including the
cysteine-rich domain), resulting in a rapid conformational change in the receptor (9,10).
In the absence of ligand, the oi-subunit of the insulin receptor appears to exert a tonic
inhibitory influence on insulin receptor function because insulin receptors that have
had the o-subunit removed by trypsin digestion or expression of the cytoplasmic domain
of the insulin receptor alone results in constitutive activation of receptor signaling
(11,12).

Receptor Autophosphorylation and Activation of Intrinsic Tyrosine Kinase

Ligand binding and receptor dimerization result in activation of the RTK. The kinase
region of all RTKs shares substantial homology in both the adenosine triphosphate
binding site and the catalytic domain (4). The kinase of one half of the receptor dimer
phosphorylates cytoplasmic tyrosine residues on the other half of the receptor dimer.
This mutual transphosphorylation event is known as receptor autophosphorylation and
results in a large increase in the catalytic activity of the receptor. The B-subunit of the
human insulin receptor contains tyrosine residues distal to the catalytic domain at
positions 1158, 1162, and 1163 (in the so-called activation loop) that undergo autophos-
phorylation and are important for enhancing the tyrosine kinase activity of the recep-
tor (13-15).

Tyrosine Phosphorylation of Cellular Substrates
and Recruitment of Distal Signaling Molecules

Activation of the RTK leads to tyrosine phosphorylation of cellular substrates that
propagate signaling. In addition, receptor autophosphorylation enables the RTK to
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directly engage signaling molecules via interactions between phosphotyrosine motifs
on the receptor and src homology-2 (SH2) domains on downstream molecules. SH2
domains are protein domains of ~100 amino acids that share homology with a noncata-
lytic region of the src protooncogene product. Many molecules involved with RTK
signaling, including src, phosphatidylinositol 3-kinase (PI3K), growth factor receptor-
bound protein 2 (GRB-2), SH2-containing phosphatase-2 (SHP-2), GTPase-activating
protein (GAP), and phospholipase C-y (PLC-y), contain SH2 domains. Motifs defined
by the three amino acid residues on the C-terminal side of the phosphotyrosine residue
provide specificity for interaction with particular SH2 domains (1/6,/7). In the case of
receptors for EGF and platelet-derived growth factor (PDGF), the particular phosphotyr-
osine sites that engage specific SH2 domains of various signaling molecules have been
well mapped (18,19).

Although the autophosphorylated insulin receptor -subunit is capable of directly
interacting with molecules such as PI3K, SHP-2, and GAP (20-22), direct binding of
phosphotyrosine motifs on the insulin receptor with SH2 domain-containing molecules
does not appear to be the major pathway for insulin signal transduction. Instead, there
are substrates of the insulin receptor tyrosine kinase such as insulin receptor substrate-
1 (IRS-1), IRS-2, IRS-3, IRS-4, SHC, and GRB-2-associated binder-1 (GAB-1) that
provide an interface between the insulin receptor and downstream SH2 domain—
containing molecules (23—29). The IRS family of proteins contain a number of conserved
regions including a pleckstrin homology (PH) domain and a phosphotyrosine binding
domain that are important for the ability of the autophosphorylated insulin receptor to
interact with and phosphorylate IRS molecules (23,30,37). In addition, these insulin
receptor substrates contain multiple phosphotyrosine motifs that can bind to SH2
domains and may serve as docking molecules that mediate the formation of signaling
complexes consisting of several SH2 domain—containing proteins.

Signaling Proteins Containing SH2 and SH3 Domains

Many of the signaling molecules participating in RTK signal transduction pathways
contain SH2 and/or SH3 domains that mediate protein-protein interactions. As men-
tioned previously, SH2 domains interact specifically with phosphorylated tyrosine
motifs. SH3 domains bind with high affinity to particular proline-rich sequences (4).
Some SH2 domain-containing proteins (e.g., SHP-2, PLC-y) are effector molecules
that possess intrinsic catalytic activity that is regulated or localized by interactions of
the SH2 domain of the effectors with phosphotyrosine motifs on other proteins (e.g.,
IRS-1). Other SH2/SH3 domain-containing proteins (e.g., GRB-2, Nck, and the p85
regulatory subunit of PI3K) are known as adaptor proteins because they have no intrinsic
catalytic activity and their function involves forming specific signaling complexes
mediated by the simultaneous interactions of multiple SH2/SH3 domains on the adaptor
protein with both upstream and downstream signaling molecules. Activation of Ras
and PI3K, two major effector pathways common to a number of growth factor receptors
including the insulin receptor, fit this latter pattern. For example, GRB-2 is normally
prebound to SOS (a guanine nucleotide exchange factor) via interactions of the two
SH3 domains of GRB-2 and proline-rich regions of SOS. When phosphotyrosine motifs
on IRS-1 and Shc interact with the SH2 domain of GRB-2, activation of the prebound
SOS promotes formation of the GTP-bound form of Ras, leading to activation of Ras.
Similarly, the p85 regulatory subunit of PI3K is normally preassociated with the p110
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catalytic subunit. Insulin stimulation results in the interaction of phosphotyrosine motifs
on IRS proteins with SH2 domains on p83, leading to activation of the prebound p110
catalytic subunit (for reviews see refs. 32 and 33).

Downstream Phosphorylation Cascades

Distal RTK signaling pathways are difficult to dissect cleanly because multiple
branching pathways begin to emerge from single effectors. Adding to the complexity,
multiple upstream inputs often converge on single branch points. Furthermore, negative
feedback mechanisms sometimes exist that lead to downstream signals affecting
upstream components. However, it is clear that various serine/threonine phosphorylation
cascades contribute to the propagation of signaling from the cell surface to the nucleus.
These phosphorylation cascades seem to be common to signaling for many growth
factors including insulin. For example, Ras directly activates Raf, a serine/threonine
kinase that phosphorylates and activates MEK, which in turn phosphorylates and acti-
vates mitogen-activated protein kinase (MAPK), leading to induction and activation of
early immediate genes such as the protooncogenes c-jun and c-fos. Insulin signaling
mediated by PI3K pathways also involves downstream serine/threonine kinase cascades.
For example, phospholipid products generated by PI3K activate PDK1, a serine/threo-
nine kinase that phosphorylates and activates Akt (another serine/threonine kinase),
which in turn phosphorylates and inactivates glycogen synthase kinase-3 (GSK-3)
(34-36). This process results in activation of glycogen synthase and the stimulation of
glycogen synthesis.

Protein Tyrosine Phosphatases

Since tyrosine phosphorylation is critical to initiating and propagating signaling by
RTKSs, it is not surprising that dephosphorylation of tyrosine residues by protein tyrosine
phosphatases (PTPases) contributes to the regulation of signaling. The number and
diversity of PTPases rivals that of the RTKs (37,38). PTPases are generally subdivided
into a family of nontransmembrane proteins containing a single catalytic PTPase domain
and a family of transmembrane receptor-like PTPases that typically contain tandem
PTPase domains. The transmembrane PTPases (also known as receptor-like PTPases)
have been further categorized into eight groups based on shared structural features
of various extracellular domains (38). The large number of PTPases discovered and
characterized to date suggests that each PTPase plays a specific role in modulating
signaling by RTKs. PTPases such as SHP-2 contain SH2 domains that confer specificity
whereas the receptor-like PTPases have extracellular domains that presumably interact
with specific ligands. In addition, subcellular localization of particular PTPases may
contribute to their specificity. Although all of the determinants of PTPase specificity
are not understood, there is evidence that particular PTPases show selectivity for specific
RTKs (39).

In the case of signaling by the insulin receptor, the transmembrane PTPases, PTP-
o, PTP-¢, and LAR, have all been implicated as modulators of insulin action (40-42).
In particular, LAR has been shown to interact with and dephosphorylate the insulin
receptor in intact cells (43). In addition, the expression and level of activity of LAR
in insulin targets such as muscle and adipose tissue is increased in insulin-resistant
states such as obesity and diabetes (44,45). Among the nontransmembrane PTPases,
PTP1B and SHP-2 have both been shown to modulate insulin signaling. PTP1B dephos-
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phorylates the insulin receptor both in vitro and in intact cells (39,46,47). In addition,
PTP1B regulates both mitogenic and metabolic actions of insulin (4/,48,49). In tissue
culture models, an increase in the level and activity of PTP1B has been associated
with insulin resistance induced by exposure to high glucose levels. In addition, the
level and activity of PTP1B in human skeletal muscle is positively correlated with in
vivo measures of insulin sensitivity (50-52). Binding of the SH2 domains of SHP-2
to phosphotyrosine motifs on either the insulin receptor or IRS-1 results in activation
of SHP-2 PTPase activity (53,54). Interestingly, a number of studies have shown that
SHP-2 participates in Ras- and MAPK-dependent pathways as a positive mediator of
mitogenic actions of insulin and other growth factors (55-58).

INSULIN SIGNALING PATHWAYS THAT
REGULATE GLUCOSE TRANSPORT

A primary metabolic function of insulin that distinguishes it from other growth
factors is the promotion of whole-body glucose utilization and disposal. The rate-
limiting step in glucose utilization under normal conditions is glucose transport into
cells. The insulin-responsive glucose transporter GLUT4 is expressed at high levels
almost exclusively in classical insulin targets such as muscle and adipose tissue (for
a review see ref. 59). Insulin stimulates increased glucose transport in these tissues by
causing the redistribution of GLUT4 from an intracellular pool to the cell surface,
where it acts as a facilitative transporter to enhance entry of glucose into the cell
(60-62). This redistribution of GLUT4 is due largely to insulin increasing the rate of
exocytosis of GLUT4 (insulin may also have a minor effect in decreasing endocytosis
of GLUT4) (63-65).

Although the tissue-specific distribution of GLUT4 and the effects of insulin on the
subcellular localization of GLUT4 have been known for some time, elucidation of
metabolic insulin signaling pathways has lagged behind other areas of insulin signal
transduction for several reasons. First, although muscle and adipose tissue normally
express high levels of GLUT4 and are extremely responsive to insulin stimulation, the
ability to apply modern molecular methods such as transfection of recombinant DNA
to these terminally differentiated tissues has been limited. Second, tissue culture models
of muscle and adipose cells that are easier to manipulate (e.g., 3T3-L1 adipocytes, L6
myocytes, or C2C12 cells) do not always faithfully reflect important characteristics of
bona fide insulin target cells. For example, the relative levels of expression of IRS-
1, -2, and -3 are quite different in primary adipose cells and 3T3-L1 adipocytes
(25,66,67). Third, the requisite cellular machinery for appropriate subcellular trafficking
of GLUT4 seems to be lacking in commonly used tissue culture cells such as NIH-
3T3 fibroblasts, Chinese hamster ovary cells, or COS cells, which do not normally
express GLUT4. Therefore, even when recombinant insulin receptors and GLUT4 are
stably expressed in these cells, they are much less responsive to insulin than muscle
or adipose cells (68).

The recent use of electroporation to transfect adipose cells in primary culture in
conjunction with quantitative methods for assessment of cell surface GLUT4 has led
to a clearer understanding of metabolic insulin signaling pathways (4/,69-75). In
addition, transgenic mice that have had key signaling molecules either knocked out or
overexpressed have provided valuable insights (76—80). Finally, microinjection or viral
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transfection strategies in differentiated 3T3-L1 adipocytes along with semiquantitative
methods for assessing cell surface GLUT4 have also been informative (8/-85). Figure
2 summarizes some of what is currently known about insulin signaling pathways related
to the translocation of GLUT4 in adipose cells.

Since insulin receptor autophosphorylation and enhancement of RTK activity are
among the earliest known events in insulin signaling, one might predict that RTK
activity is necessary for most, if not all, biological actions of insulin including metabolic
actions such as recruitment of GLUT4 to the cell surface. This idea was supported by
the identification of kinase-deficient insulin receptor mutants in some patients with
syndromes of extreme insulin resistance (86). Direct evidence that insulin RTK activity
is important for mediating the effect of insulin to stimulate translocation of GLUT4
in insulin target cells has been obtained using transfected rat adipose cells in primary
culture (Fig. 3) (70). Cells overexpressing wild-type insulin receptors showed a marked
increase in cell surface GLUT4 in the absence of insulin when compared with control
cells transfected with an empty expression vector. In contrast, cells overexpressing a
kinase-deficient mutant insulin receptor had an insulin dose-response curve similar to
that of the control cells. Taken together, these data suggest that intact RTK activity is
necessary to mediate signaling from the insulin receptor to translocation of GLUT4.
Furthermore, it is likely that unoccupied insulin receptors have a low level of intrinsic
tyrosine kinase activity whose signal is proportional to the amount of receptors
expressed. Additional evidence that the insulin RTK is important in metabolic signaling
comes from studies on PTPases such as LAR and PTP1B that are known to dephosphory-
late the insulin receptor. Both of these PTPases have been implicated in the negative
regulation of metabolic signaling by insulin (39,41,43,45-47,49). In particular, overex-
pression of PTP1B in rat adipose cells leads to a significant decrease in the level of
GLUT4 at the cell surface in both the absense and presence of insulin (4/). The fact
that PTP1B decreases cell surface GLUT4 in the absence of insulin provides further
support for the idea that a small signal is generated by the intrinsic tyrosine kinase
activity of unoccupied receptors.

Downstream from the insulin RTK, a number of insulin receptor substrates play roles
in insulin-stimulated translocation of GLUT4. Overexpression of IRS-1 in transfected rat
adipose cells leads to an increase in cell-surface GLUT4 in the absence of insulin
similar to that seen with overexpression of the insulin receptor (7/). Interestingly,
transfection of adipose cells with an antisense ribozyme against IRS-1 results in a
decrease in insulin sensitivity without a decrease in maximal responsiveness with respect
to translocation of GLUT4 (7/). Thus, although IRS-1 is capable of mediating the
effect of insulin to stimulate translocation of GLUT4, other parallel pathways are
probably involved. Indeed, the fact that transgenic IRS-1 knockout mice are only mildly
insulin resistant provides unequivocal evidence that IRS-1 contributes to metabolic
actions of insulin but is not absolutely required for insulin-stimulated glucose uptake
(76,77). Overexpression of IRS-2 (74) and IRS-3 (/43) in rat adipose cells also leads
to translocation of GLUT4 in the absence of insulin, suggesting that these substrates
may also contribute to metabolic actions of insulin. Of note, in adipose cells, the time
course for the association of IRS-3 with the p85 regulatory subunit of PI3K in response
to insulin stimulation is much more rapid than for IRS-1 (87). In addition, the magnitude
of the association between IRS-3 and p85 in response to insulin seems to be greater
than for IRS-1. Furthermore, in transgenic mice lacking IRS-1, IRS-3 is the insulin
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Fig. 2. Insulin signaling pathways that contribute to translocation of GLUT4 in adipose cells. Interestingly, although activation of PI3K is
necessary for insulin-stimulated translocation of GLUT4, it does not appear to be sufficient because activation of PI3K by PDGF is without
effect on translocation of GLUT4 when PDGF receptors are expressed at physiological levels.
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Fig. 3. Insulin RTK activity is important for insulin-stimulated translocation of GLUT4. Rat adipose
cells were cotransfected with an epitope-tagged GLUT4 and wild-type human insulin receptors (A),
tyrosine kinase—deficient mutant insulin receptors cells (H), or an empty expression vector (control)
(@). Cell-surface concentrations of epitope-tagged GLUT4 are shown as a function of insulin
concentration (expressed as a percentage of the maximally stimulated control cells) (70).

receptor substrate in adipose cells responsible for the majority of activation of PI3K
in response to insulin (87,88). Since PI3K is necessary for insulin-stimulated glucose
transport (see the next paragraph), these data suggest that IRS-3 may be a major insulin
receptor substrate mediating metabolic actions in vivo.

As already mentioned, two major insulin signaling pathways downstream from the
receptor substrates are the PI3K- and the Ras-dependent pathways. Overexpression of
constitutively active mutants of either PI3K or Ras in adipose cells leads to massive
recruitment of GLUT4 to the cell surface in the absence of insulin (72,89). However,
overexpression of recombinant proteins can sometimes lead to effects that do not occur
under physiological conditions. Interestingly, when dominant inhibitory mutants were
used to knock out either endogenous PI3K or Ras in adipose cells, overexpression of
the PI3K mutant resulted in a nearly complete inhibition of insulin-stimulated transloca-
tion of GLUT4 (Fig. 4) whereas overexpression of the Ras mutant did not cause a
significant change in the insulin dose-response curve (72). Thus, even though constitu-
tively active PI3K and Ras are both capable of stimulating the recruitment of GLUT4
to the cell surface, it appears that only PI3K plays a necessary physiological role in
this process. However, PI3K activity per se is not sufficient to cause translocation of
GLUT4 because stimulation of PI3K activity in adipose cells using other growth factors
such as PDGF does not result in translocation of GLUT4 (73,90).
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Fig. 4. PI3K is necessary for insulin-stimulated translocation of GLUT4. Rat adipose cells were
cotransfected with an epitope-tagged GLUT4 and either a dominant inhibitory mutant of the p85
regulatory subunit of PI3K (A) or an empty expression vector (control) (@). Cell-surface concentra-
tions of epitope-tagged GLUT4 are shown as a function of insulin concentration (expressed as a
percentage of the maximally stimulated control cells) (72). Data represent insulin dose response for
an average of four experiments.

There are several effectors downstream of PI3K that may play a role in insulin-
stimulated translocation of GLUT4. Akt is a serine/threonine kinase that is activated
by insulin via lipid products of PI3K binding to the PH domain of Akt, and phosphoryla-
tion of critical serine and threonine residues on Akt by phosphoinositide-dependent
kinase-1, another kinase downstream of PI3K that is activated by lipid products of
PI3K (34,91,92). Like PI3K and Ras, overexpression of constitutively active mutants
of Akt in rat adipose cells or 3T3-L1 adipocytes leads to massive recruitment of GLUT4
to the cell surface (75,84). However, in contrast to PI3K, dominant inhibitory mutants
of Akt that are kinase deficient only partially inhibit insulin-stimulated translocation of
GLUT4 in adipose cells (Fig. 5). This suggests the possibility that multiple downstream
effectors of PI3K contribute to mediating the translocation of GLUT4. For example,
the atypical PKC isoform PKC-C is a good candidate for another downstream effector
of PI3K that may contribute to metabolic signaling by insulin. In 3T3-L1 adipocytes,
overexpression of a constitutively active PKC-{ mutant increased glucose transport
whereas overexpression of a dominant inhibitory PKC-{ mutant decreased insulin-
stimulated glucose transport (93).

In addition to the progress being made by tracing signaling pathways starting from
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Fig. 5. Physiological role for Akt in insulin-stimulated translocation of GLUT4. Rat adipose cells
were cotransfected with an epitope-tagged GLUT4 and wild-type Akt (@), a kinase inactive mutant
Akt (A), or an empty expression vector (control) (O). Cell-surface concentrations of epitope-tagged

GLUT#4 are shown as a function of insulin concentration (expressed as a percentage of the maximally
stimulated control cells) (75).

the insulin receptor, progress has also been made in understanding the molecular
mechanisms underlying the subcellular trafficking of GLUT4 from an intracellular
compartment to the cell surface in response to insulin. Mechanisms common to vesicular
trafficking during regulated exocytosis of synaptic vesicles in neurons also apply to
the subcellular localization of GLUT4. In general, vesicle docking and fusion to the
plasma membrane is mediated by specific interactions of soluble N-ethylmaleimide-
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sensitive factor attachment protein receptors (SNARESs) (94). v-SNARE proteins are
localized to the vesicle membrane and t-SNARE proteins are localized to the target
plasma membrane. There is good evidence that specific isoforms of v-SNARE and t-
SNARE molecules are involved with GLUT4 trafficking (for a review see ref. 95). For
example, VAMP2 (a v-SNARE) is localized to GLUT4-containing vesicles in adipose
cells and appears to participate in insulin-stimulated exocytosis of GLUT4 (96-98).
Syntaxin 4 (a t-SNARE) binds specifically to VAMP2 and is localized to the plasma
membrane in muscle and adipose cells. Furthermore, insulin-stimulated translocation
of GLUT4 in 3T3-L1 adipocytes can be blocked by using antibodies against Syntaxin
4 or overexpressing the cytoplasmic tail of Syntaxin 4 (98-700). Presumably, the
signaling pathways leading from the insulin receptor interface at some point with the
vesicular trafficking machinery for GLUT4. An important goal of current investigations
related to metabolic actions of insulin is to identify and characterize direct interactions
between signaling proteins and trafficking machinery.

MECHANISMS FOR ACHIEVING SPECIFICITY

Although insulin signaling follows a general paradigm for signaling by RTKs and
many downstream signaling components are shared in common with other RTK signal-
ing pathways, the biological actions resulting from insulin stimulation such as increased
glucose transport are quite specific and distinctive. At each step in the signal transduction
pathway, there are opportunities and potential mechanisms for incorporating signal
specificity. Here we briefly discuss selected examples that illustrate potential mecha-
nisms that may be used to achieve specificity in insulin signaling.

Specificity at the Receptor Level

The binding affinity between insulin and its receptor is quite high and provides an
obvious first determinant of signal specificity. However, insulin is also capable of
binding and activating other related receptors such as the insulin-like growth factor-1
(IGF-1) receptor. Similarly, IGF-1 is capable of binding and activating the insulin
receptor (/01 ). Furthermore, because the insulin receptor and IGF-1 receptor are homolo-
gous, the formation of hybrid receptors with an insulin receptor o-subunit joined to
an IGF-1 of3-subunit can occur. These hybrid receptors are capable of undergoing
transphosphorylation and may generate unique signals. Since the relative amounts of
insulin receptors and IGF-1 receptors differ in particular tissues, the numbers of pure
receptors and hybrid receptors may vary from tissue to tissue. Although the binding
affinities of insulin and IGF-1 for the heterologous receptor are approx 100-fold less
than for their own receptor, the integration of multiple signals at different amplitudes
may contribute to the determination of specific effects. For example, in vascular endothe-
lial cells that normally express 10 times as many IGF-1 receptors as insulin receptors,
stimulation with insulin at concentrations sufficient to saturate both IGF-1 and insulin
receptors results in the production of nitric oxide at a level twice that seen with
stimulation by IGF-1 at comparable concentrations (/02). Additional evidence that the
binding interaction between ligand and receptor affects signaling specificity comes
from studies with point mutants of insulin molecules that have been designed to have
higher binding affinities for the insulin receptor than the native insulin molecule. For
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example, the Asp B10 insulin mutant has a much higher binding affinity than native
insulin for the insulin receptor and appears to favor mitogenic rather than metabolic
actions of insulin (/03). Another feature of insulin binding to its receptor that may
affect signal specificity is the fact that insulin binding exhibits negative cooperativity
(104). That is, the binding affinity of insulin for its receptor decreases with increasing
insulin concentrations. Thus, the dynamics of intracellular signaling events in response
to a particular insulin secretory profile may encode some specificity. Finally, integration
of signals generated by cross talk between different types of receptors may contribute
to the specificity of insulin signaling. For example, in addition to the well-known cross
talk that occurs between insulin and IGF-1 at the receptor level, there is evidence for
cross talk between insulin and PDGF signaling with respect to interactions between
IRS-1 and PI3K (/05). Furthermore, recent evidence suggests that activation of G-
protein-coupled receptors such as the angiotensin II receptor can influence insulin
signaling through interactions with IRS-1 and -2 (106-108).

Specificity at the Receptor Substrate Level

The existence of multiple substrates of the insulin receptor also provides opportunities
to incorporate specificity. Members of the IRS family of substrates contain multiple
phosphotyrosine docking sites for SH2 domain—containing proteins. The number of
these docking sites and the particular SH2 domains with which they interact vary among
the different IRS proteins. That is, the combination of downstream signaling molecules
engaged by an IRS protein as well as the relative affinities of particular downstream
effectors for each substrate are unique for each IRS protein. Thus, tissue-specific
differences in the relative expression levels of these IRS substrates may result in
formation of distinct signalling complexes in particular tissues and help explain why
some actions of insulin predominate in certain tissues (66,/09). In addition, in some
downstream signaling molecules containing tandem SH2 domains (e.g., SHP-2 and the
p85 regulatory subunit of PI3K), the spatial relationship between these SH2 domains
provides an additional level of specificity. That is, the geometry of multiple phosphotyro-
sine motifs on a particular substrate is important for optimal binding and activation of
proteins with tandem SH2 domains (//0,/11). Similarly, the relationship of SH2 and
SH3 domains in various adaptor or effector molecules may impose physical constraints
on the formation of signaling complexes that are important for signal specificity.

In addition to members of the IRS family, there are other substrates of the insulin
receptor that are also expressed in a tissue-specific manner and may contribute to
specificity in insulin signaling. For example, there is a family of M, 120,000 integral
membrane glycoproteins that are phosphorylated by the insulin receptor. pp120/HA4
was the first member of this family to be identified as a substrate for the insulin receptor
(112—-116). Based on the sequence flanking the tyrosine phosphorylation site in pp120/
HAA4, Najjar et al. (//7) predicted that the protein would bind to the SH2 domain of
SH2-containing phosphotyrosine phosphatases. Subsequently, two other laboratories
identified two homologous glycoproteins (SHP substrate-1 [//8] and signal-regulatory
protein [SIRP] [119]) that were phosphorylated by the insulin receptor and other tyrosine
kinases. Furthermore, the phosphorylated proteins did indeed bind to SHP-1 and SHP-
2, and served as substrates for these two phosphotyrosine phosphatases. Moreover,
SIRP was demonstrated to exert an inhibitory effect on signaling through RTKs.
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Subcellular Compartmentalization of Signaling Complexes

Signal specificity may also be determined by localization of signaling complexes to
particular subcellular compartments. For example, in adipose cells, there is evidence
that insulin stimulation results in the localization of IRS-1/PI3K complexes to GLUT4-
containing vesicles (/20). The subcellular targeting of PI3K by insulin may help explain
why activation of PI3K by insulin results in translocation of GLUT4 but similar
activation of PI3K by PDGF does not (73,90). The fact that PDGF stimulation of
adipose cells overexpressing PDGF receptors results in translocation of GLUT4 is
consistent with the idea that overexpression of proteins may lead to aberrant localization
of signaling molecules in compartments where they would normally be excluded (73).

Another subcellular compartment that may contribute importantly to organizing
microdomains of signaling complexes are caveolae (small invaginations in the plasma
membrane that contain scaffold-like proteins such as caveolins) (/2/,/22). Caveolae
are quite abundant in terminally differentiated cell types such as muscle, endothelial,
and adipose cells. Furthermore, growth factor receptors such as PDGF and EGF as
well as other signaling proteins such as Ras, MAPK, phosphoinositides, G-proteins,
calmodulin, and nitric oxide synthase have all been localized to caveolae (some of
these interact directly with caveolin) (/23-126). Recently it was shown that all the
necessary factors for PDGF-stimulated MAP kinase activation (including the PDGF
receptor, Ras, Rafl, Mekl, and Erk2) are localized and functionally active in
caveolae (/23). Interestingly, in 3T3-L1 cells, insulin stimulates the phosphorylation
of caveolin only when the cells are differentiated into adipocytes, but not in the fibroblast
form (/27). Furthermore, in endothelial cells, the interaction of caveolin with nitric
oxide synthase is modulated by tyrosine phosphorylation (/28,1/29). Therefore, it is
conceivable that some of the specificity in insulin signaling is determined by the
organization of signaling complexes in caveolae or other similar subcellular compart-
ments.

Tissue-Specific Expression of Key Effectors

Specific biological responses to insulin may also be determined, in part, by tissue-
specific expression of signaling and effector molecules that are necessary for particular
actions of insulin. For example, in the case of insulin-stimulated glucose transport,
GLUT4 is the major insulin-responsive glucose transporter that is recruited to the cell
surface in response to insulin. Since GLUT4 is predominantly expressed in skeletal
muscle and adipose tissue, the effect of insulin to increase glucose transport occurs
mostly in these tissues. However, transfecting other cell types (e.g., fibroblasts) with
GLUT4 and insulin receptors is not sufficient to make cells as responsive to insulin with
respect to glucose transport as classical insulin target cells. Thus, there are presumably
additional tissue-specific signaling elements important for insulin-stimulated glucose
transport besides the insulin receptor and GLUT4.

Another example of the importance of tissue-specific expression of key effectors is
demonstrated by the recent finding that caveolin is tyrosine phosphorylated in response
to insulin stimulation only in differentiated 3T3-L1 adipocytes, not in undifferentiated
3T3-L1 fibroblasts (/27). The phosphorylation of caveolin can be mediated by the
kinase fyn, which is thought to be activated by the binding of phosphorylated c-cb/ in
response to insulin stimulation. Interestingly, although the insulin receptor, c-cb/, fyn,
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and caveolin are all expressed in both 3T3-L1 fibroblasts and adipocytes, insulin
stimulation results in phosphorylation of c-cb/ only in the differentiated 3T3-L1 adipo-
cyte (130). This implies that the kinase responsible for phosphorylation of c-cb/ in
response to insulin (or some other upstream component) is expressed only in the
adipocyte, not the fibroblast form of 3T3-L1 cells, and may explain why caveolin is
phosphorylated in response to insulin only in adipocytes.

The existence of multiple isoforms of key signaling molecules may also be important
for signal specificity. For example, PI3K is essential for insulin-stimulated glucose
transport. However, multiple isoforms and splice variants of both the regulatory p85
and catalytic p110 subunits of PI3K that have differential responses to insulin have
been discovered (/3/-137). Each of these isoforms may generate a distinct pattern of
lipid products that have specific roles in signaling. The lipid products of PI3K are
known to bind to PH domains of downstream effectors, resulting in activation or
regulation of these PH domain—containing molecules. Recently, different lipid products
of PI3K were shown to have differential binding affinities for particular PH domains
from various signaling molecules (/38). Thus, the combination of different isoforms
of regulatory and catalytic subunits of PI3K in conjunction with tissue-specific expres-
sion and localization to subcellular compartments may result in the generation of a
particular profile of lipid products that interact in specific ways with downstream
effectors that determines the biological response to insulin stimulation.

Feedback Regulation

The function of end products to dampen signals from one pathway while amplifying
signals from others is a common mechanism used in the regulation of enzymatic
pathways. It is possible that specificity in RTK signal transduction is also determined,
in part, by positive or negative feedback. In the case of insulin signaling, it was recently
shown that GSK-3 (a downstream metabolic effector of insulin inactivated by Akt)
can phosphorylate IRS-1 on serine/threonine residues and inhibit insulin RTK activity
(139). Similarly, PI3K (downstream from IRS-1) has serine/threonine kinase activity
in addition to its lipid kinase activity and phosphorylates IRS-1 on serine residues,
which may result in modulation of IRS-1 function (/40). In addition, there is evidence
that PI3K has functional interactions both upstream and downstream from Ras, suggest-
ing another feedback loop that may be involved with insulin signaling (/41,142).

Modulation of Signal Frequency and Amplitude

Cellular signals generated by changes in ion fluxes or membrane potential often
encode information in the modulation of the signal frequency and amplitude. It is
conceivable that the dynamics of signaling by RTKs also encode specific information
by modulation of the frequency and amplitude of various phosphorylation cascades.
For example, it was recently shown that the time course for association between PI3K
and IRS-3 in rat adipose cells in response to insulin stimulation is faster than for IRS-
1 (87). Furthermore, in the same study, the amount of PI3K associated with IRS-3 in
response to insulin stimulation was also greater than for IRS-1. This difference in the
time course and amplitude of PI3K activation may help distinguish signals that are
mediated by IRS-1 from those by IRS-3 and ultimately result in different biological
effects.
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SUMMARY

The molecular mechanisms of insulin action follow a general paradigm for RTK
signal transduction. As a result, significant progress has been made in recent years to
elucidate the insulin signaling pathways involved with the promotion of glucose uptake
and metabolism, one of the most distinctive and important biological actions of insulin. A
fundamental challenge for future investigations is to understand how specific biological
actions of insulin are determined using signaling molecules that are common to signaling
pathways used by many other growth factors and cytokines. Convergence and divergence
of multiple branching pathways, subcellular compartmentalization, tissue-specific
expression of key effectors, and modulation of signal frequency and amplitude are
among the potential mechanisms underlying specificity in insulin signaling.
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To date, no AF-1 specific coactivator has been isolated. This will clearly be of great
interest, because partial agonists of estrogen and progesterone are believed to exert
their actions through this domain. SRC-1 has been reported to interact with both the
AF-1 and AF-2 domains, and may contribute to the AF-1 effect in at least some cases
(94). Thus, there may be coactivator or modulator proteins that interact with AF-2,
AF-1, or both domains. A novel hinge domain—binding coactivator, L7/SPA, has been
isolated from HeLa cells, and increased the partial agonist activity of TAM-bound ER
and RU486-occupied PR (76).

In general, unliganded ER does not bind to corepressors such as silencing mediator
of retinoid and thyroid hormone receptors (SMRT) and nuclear receptor corepressor
(NCoR), which bind to the hinge region of nuclear receptors, such as the thyroid
hormone receptors and RARs, and prevent binding of the LBD regions to coactivators
(41). In these receptors, the corepressor proteins invoke a receptor conformation that
actively represses transcription, owing partially to histone acetylase activity of the
coactivator proteins. Specific conformations of ER, resulting from binding to receptor
antagonists, may result in corepressor recruitment to the liganded receptor complexes.
For example, in HepG2 liver cells, in which tamoxifen is a partial agonist, exogenous
SRC-1 enhanced E and TAM-stimulated transcription, whereas overexpression of the
corepressor SMRT strongly reduced basal and TAM-mediated transcription with no
effects on E activity (86). Similarly, PR bound to antiprogestins of the partial agonist
class binds more effectively to corepressors N-CoR and SMRT than does PR bound
to other ligands (76,95), and this association can be suppressed by treatment of cells
with cAMP (95). Unliganded PR may bind to corepressors, and additional corepressors
with more complicated or specific receptor requirements may exist. For example, human
ER LBD bound to antiestrogens such as tamoxifen, but not bound to E, associates with
at least one nuclear protein capable of acting as a corepressor (96). Such molecules
would not be isolated using only ligand-bound receptors as bait in typical two-hybrid
or other protein interaction assays. Additional studies will undoubtedly focus on the
types of accessory proteins bound to specific receptors with various ligands, as well
as modifications of those proteins by intracellular signaling cascades.

SUMMARY

Overall, several factors including the character of the ligand, the steroid receptor
isoform expressed in a specific cell type, and intracellular signaling pathways activated
in a given cell or tissue may all be important in determining the character of partial steroid
antagonists. At least some of these responses are directly related to the complement of
coactivators and corepressors associated with ligand-bound receptor within a given
context. As we have discussed, the levels of individual coactivators and corepressors
may be modulated physiologically, and it is likely that posttranslational modifications
will also occur in response to signaling cascades by growth factors and other bioactive
peptides. Individual ligand binding to specific receptor isoforms confers distinct confor-
mational changes and contours to the receptors, capable of interacting with the cellular
accessory proteins. Based on both the identity and levels of coactivators and corepres-
sors, the resulting receptor protein complex will have either a stimulatory or suppressive
conformation and a resulting effect on model gene transcription. An additional layer
of diversity will then be provided by the specific ERE or responsive promoter region
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in the cellular target genes, since the receptor conformation may be altered as it binds
to different DNA sequences, or contacts different proteins at nearby promoter regions.
These interactions can alter the essential character of a given ligand, from antagonist
to agonist or the reverse. Current and future studies will be focused on the essential
mechanisms underlying such diversity and specificity, and how these processes can be
regulated or manipulated for a given positive biological outcome.
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Androgen insensitivity, 353—358; see also
Testicular feminization
Androgen receptor mutations, 352-358,
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Tamoxifen and Type I antagonist action,
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RU486 and Type Il antagonists, 416
Structural consequences of receptor bind-
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Bone morphogenic proteins in reproduction,
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Breast cancer
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Ets transcription factors, 54, 55
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cAMP, see cyclic adenosine monophosphate
{cAMP)
Cell cycle regulators and DNA repair, 195,
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Cervical cancer
Ets transcription factors, 55
Coactivators, see steroid receptors
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Ets transcription factor binding sites,
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Steroid receptors, 393
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promoter, 290-292, 298
Expression of variants during spermato-
genesis, 330-333
Gene knock-out, 328
Gene structure and splicing, 282, 327
Phosphorylation and gene activation in
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Cyclic AMP response element modulatory
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Gene knock-out, 328
Gene structure and alternative splicing,
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Cyclic AMP response element modulatory
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Gene knock-out models, 185, 186
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DAX-1 (dosage-sensitive sex-reversal
adrenal hypoplasia congenita critical
region of the X chromosome 1)

Endocrine organ development, 158-160,
172

Interactions with SF-1, 161163

Structure, 154

DAX-1 human mutations and clinical

manifestations

Adrenal hypoplasia congenita, 156, 157,
159

Dosage-sensitive sex-reversal syndrome,
157160

Hypogonadotropic hypogonadism, 156,
157, 159

Diabetes mellitus, 17, 22

E

Early growth response protein-1 (Egr-1),
170, 171, 262
Early growth response protein-1 gene knock-
out, 244, 263
Estrogen receptor (ER )
ERa gene knock-out model, 187, 188,
197,410
ERa gene knock-out and reproductive
dysfunction, 240, 410
ER¢ gene mutation in humans, 410
ERP gene knock-out and reproductive
function, 410
Phosphorylation and ligand-
independent activation,
395-399, 411, 412
Structure of isoforms,
409
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Tissue distribution of isoforms, 410

Estrogen-related receptor 3 gene knock—out
and placental abnormalities, 188, 316

Ets transcription factors

DNA binding, 40, 42

Gene knockout and infertility, 52

Integration of hormonal signaling, 4851

Involvement in carcinogenesis, 52—56

Pituitary and hypothalamus, 42—48

Structure of family members, 41

F

Follicle, see Ovarian follicle
Follicle-stimulating hormone (FSH)
Activin effects, 182, 183
GnRH effects, 226
Inhibin effects, 182
Steroid effects, 226
FSHf gene knock-out, 180,
197, 262
FSHP gene promoter, 224
FSH gene regulation, 226
FSHp human gene transgenic mice,
225,226

G

Gene knock-out (gene inactivation)
technology, 172-175
GHF-1; see Pit-1
Glucocorticoid receptor
Interactions with molecular chaperones,
90-92
Non-consensus negative gene response
elements, 93, 94
Nuclear transport 87, 88
Nuclear export, 89, 90
Phosphorylation, 399
Unique genomic sites and protein-protein
interactions, 92, 93
Glucose transport
Insulin responsive glucose transporter
(GLUT4), 2228
Gonadal development, 156—160,
170-172
Gene knock-out models and developmen-
tal defects, 155157,
179-187
Gonadotropes
Absence in SF-1 knock-out mice, 156,
157, 169

Targeted ablation, 228, 228
Gonadotropins, see also Luteinizing hor-
mone and follicle-stimulating hormone
Cell lines, 223
Common a-subunit promoter mapping,
219-222
Common «-subunit promoter regulation,
222,223
Common a-subunit promoter placental
expression, 220, 221
Gene knock-out of common c-subunit,
180, 228, 229
Gonadotropin receptors and signaling, 281,
324-326
Gonadotropin-releasing hormone (GnRH)
Gene deletion and hypogonadism, 168
GN and GT-1 cell lines, 223
Granulosa cells
Development in follicle, 240
Gene expression during estrous cycle,
284
Steroidogenic enzymes, 242
Growth defects
Laron syndrome in humans 8, 9
Gene mutations in animal models, 70, 71
Growth hormone (GH)
Clinical antagonists, 11
Deficiency, 9-11, 70, 71
Developmental expression, 67, 68
Genes activated by GH, 7, 8
Peptide and nonpeptide mimetics 11, 12
Promoter and modulation by Pit-1, 75, 76
Target tissues, 2
Variant in placenta, 309
Growth hormone releasing hormone
(GHRH, or GRF), 1
GHRH expression in placenta, 314
GHRH receptor mutation, 9, 10
Growth hormone releasing peptide (GHRP),
1
Growth hormone receptor
Antagonist, 11
Defects, 9—11
Dimerization, 3,4
Gene knock-out in mouse model,
10, 11
Gene knock-out comparison with STATS
knock-out, 10
Signal termination, 8
Signaling through JAK/STAT pathway,
4,5
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Signaling through MAPK pathway, 5-7
Structure, 2, 3

H

Homeobox genes
Gene knock-outs and reproductive
deficiencies, 177, 178, 191, 192
LIM homeobox genes, 177, 178
Hypopituitarism and Pit-1 mutations, 70, 71
Human chorionic gonadotropin (hCG) sub-
unit genes and expression in placenta,
310,311
Hypothalamus
Development, 170
Development, SF-1 and Dax-1
expression, 156-159, 175, 176
Gene knock-out models and deficiencies
in reproductive function, 169,
175-177, 194

I

Inducible cAMP early repressor (ICER)
Alternate splicing product, 282, 283
Comparison to testicular I-CREB, 331
Expression in ovary, 295, 296
Regulation of inhibin gene in ovary, 297,

298

Infertility, see reproductive deficiencies

Inhibin
Expression in ovary and regulation by

gonadotropins, 288290
Gene knock-outs, 182185, 195-197
Promoter regulation by cAMP, CREB,
ICER, 296298
Subunit gene promoters, 290, 291
Subunit gene structures, 286

Insulin
Cell-specific effects, 28-30
Secretion and signaling modulation,

31
Stimulation of gene activities, 47

Insulin-like growth factor-1 (IGF-1)

Decreased levels in growth hormone

deficiency, 10

Gene knock-out mouse model, 185, 186

Role in ovarian development, 250-254

Stimulation of gene activities, 47

Insulin-like growth factor receptor,

association with insulin receptor,
28,29

Insulin receptor
Autophosphorylation, 18
Recruitment of distal signaling mol-
ecules, 18-20
Signaling through SH2 and SH3 domain
proteins, 20, 21
Signaling and protein tyrosine phos-
phatases, 21, 22 '
Signaling pathways through PI3K and
ras-dependent pathways and glu-
cose transport, 22-28
Structure and dimerization, 18, 19
Insulin receptor substrate (IRS) proteins,
20-23, 29, 31
IRS-1 gene knock-out, 23
IRS-1 phosphorylation by growth
hormone, 6
IRS-3 and major role in in vivo metabolic
signaling 2325
Insulin resistance
Decreased tyrosine phosphatase activity
in obesity and diabetes,
21,22
Insulin receptor mutations, 23

IRS gene knock-out and overexpression,
23

L

Luteinizing hormone (LH)
LH hypersecretion in ER o knock-out
mice, 187
LH hypersecretion in polycystic ovarian
disease, 230, 231
Luteininzing hormone  gene
Gene regulation, 223, 225
Promoter stuctures, 224
Requirement for LIM proteins,
177,217
Requirement for SF-1, 178, 224, 225

8]

Ovarian cancer
Ets transcription factors, 52
Ovarian failure
Zfx gene model, 193
Ovarian follicle
Checkpoints revealed by gene disruption,
240
Developmental stages, 240, 241
Development in rat model, 278, 279
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steroidogenic enzymes and
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Ovarian gene disruption effects

Corpus luteum, 266, 267

Early follicle organization, 259, 260
Gametogenesis, 238, 259

Large antral and Graafian follicles,
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Isoform expression, 417

Phosphorylation and ligand-independent
activation, 397400

Prolactin

Expression in developing pituitary, 67, 68

Gene knock-out mouse model, 181, 195

Modulation by GHF-1/Pit-1, 44-48, 76,
77

261-263 Promoter structure, 42, 43
Luteinizing hormone-responsive follicle, Regulation by Ets factors, 4446
263 Regulation by growth factors, 46-48
Ovulation, 263-265 Prolactin receptor gene knock-out mouse
Tertiary follicle, 260, 261 model, 181, 197, 263
Zona pellucida, 265 Proliferin expression in placenta, 308, 309
Ovary growth factors, 254-258 Prophet of Pit-1 (Prop-1)
Gene expression, 70
P Mutations in humans with combined
hormone deficiency, 71
RAHCHS . o Prostaglandins and ovarian function, 266,
Pancreatic cancer and Ets transcription 267
factors, 52

Prostaglandin synthesis and COX2 gene,
245, 264
Prostate cancer
Androgen receptor expression levels, 360
Androgen receptor mutations, 386388
Androgen receptor polymorphisms, 361

Pit-1 (also called GHF-1)
Expression in pituitary development and
specific cell types, 68, 69
Expression in placenta, 315
Mutations and hormone deficiencies, 9,

. 10,71 . , Ets transcription factors, 55
Pit-1 gene expression and modulation,
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Gene knock-out models and infertility,
189, 190, 196

Heterodimers with thyroid hormone
receptors, 136, 138

Reproductive deficiencies

Enzyme deficiencies and female
reproduction, 205-208

Enzyme deficiencies and sperm function,

Structure and function, 69, 70
Variant expression and effects on gene
transcription, 7173
Pituitary, see anterior pituitary
Placental lactogen I expression and tran-
scription, 308, 309
Placental lactogen I promoter, 314, 316

Placental lactogen II expression, 308, 309 204. 205
Placental trophoblast transcription Gene knock-out models affecti ng both
factors,314-316 sexes, 197, 198, 245
Polycystic ovarian syndrome (PCOS) Gene knock-out models affecting only
LH hypersecretion, 230, 231 females, 195, 244
Pregnancy-specific glycoproteins in pla- Gene knock-out models affecting only
centa, 312, 313 males, 196, 198

Progesterone receptor

Naturally occurring mutations, 168
Gene knock-out models, 188, 189, 195,
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Hormonal sensitivity and spermatogen-
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Deficiency and male genital develop-
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Gene knock-out models, 378
Steroidogenic acute regulatory protein
(StAR)
Activity, 248
Cellular location, 246
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Gene mutations and knock-outs, 251, 252
Steroidogenic enzymes, 247, 250
Steroidogenic factor-1 (SF-1)
Endocrine organ developmental role,
158-160
Gene inactivation in mouse models, dys-
function of adrenal, pituitary, and
gonads, 155157, 172, 175, 192
Repression by DAX-1 interactions, 162,
163,172
Structure, 154, 162
Synergy by interactions with Egr-1 and
WT-1, 161, 162
Transcriptional targets, 160, 162
Steroid receptors
Binding of agonist versus antagonist, 346
Coactivators and corepressors, 346349
Interaction with nuclear matrix, 89
Mechanism of ligand-independent activa-
tion, 400, 401
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Structure, 100, 409
Structure of DNA binding domains, 344,
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SRC-1 gene knock-out ,189, 420
Steroid receptor coactivator-1
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roid hormone receptors (SMRT),
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T
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Androgen production, 352
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Testicular feminization, 353
Androgen receptor mutations and pheno-
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Theca cells
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Brain development, 121-123
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Thyroid hormone receptors (TRs)
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