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ABSTRACT 

Insulin receptor substrate- I (IRS-I) protein is a major substrate of the insulin receptor 

tyrosine kinase and is essential for transducing many of the biological effects of insulin 

including mitogenesis, gene expression and glucose transport. The N-terrninus of IRS-I 

contains a pleckstrin homology (PH) domain, followed by a phosphotyrosine-binding 

(PTB) domain that have been shown to co-operatively contribute in mediating productive 

receptor/substrate interactions. The PH domain is critical for recognition and subsequent 

phosphorylation oflRS-l by the activated insulin receptor. In this thesis, the cloning and 

biochemical characterization of a novel protein, named PHIP (PH-interacting I!rotein), 

has been described. PHIP binds selectively to the PH domain oflRS-l in vitro, and stably 

associates with IRS-l ill vivo. Importantly, mutants of the IRS-l PH domain that disrupt 

the PH fold fail to bind to PHIP. Anti-phosphotyrosine immunoblots of PHIP revealed 

no discernible insulin receptor-regulated phosphorylation, suggesting that PHIP is not 

itself a substrate of the insulin receptor. By contrast to full-length PHIP, overexpression 

of the PH-binding region of PHIP has a pronounced inhibitory effect on insulin-induced 

IRS-l tyrosine phosphorylation levels. Moreover, expression of this dominant-negative 

pHIp mutant (DNIPHIP) leads to a marked attenuation of insulin-stimulated mitogen 

activated protein (MAP) kinase activity. Furthermore, overexpression of PHIP enhances 

insulin-induced transcriptional responses in a MAP Kinase-dependent manner. By 

contrast, DNIPHIP mutants specifically block mitogenic signals elicited by insulin and 

not serum. In addition, DN/PHIP mutant proteins also inhibit insulin-triggered GLUT4 

translocation to the cell surface as well as actin assembly. It is therefore concluded that 

PHIP represents a physiological ligand of the IRS-I PH domain which plays a critical 

role in insulin-stimulated biological responses mediated by IRS-I. 
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CHAPTER ONE 

INSULIN RECEPTOR SIGNAL TRANSDUCTION 

1.1 INTRODUCTION 

Insulin is an essential anabolic honnone secreted by the pancreatic ~-cells in response to 

increased circulatory glucose levels. In order to regulate the glucose concentration in the 

blood, insulin augments glucose uptake by the muscle and fat tissue and inhibits glucose 

production by the liver (Saltiel and Kahn, 2001). In muscle and fat cells, insulin 

stimulates glucose uptake by increasing the concentration of the facilitative glucose 

transporter, GLUT4, at the cell surface (Pessin et a!., 1999; Simpson et a!., 2001). While 

glucose is stored primarily as lipid in adipocytes, it is either used to generate ATP or 

stored as glycogen in muscle cells. Insulin on the other hand, impedes glucose production 

by the liver by blocking gluconeogenesis and glycogenolysis and by stimulating glycogen 

synthesis (Kulkarni et a!., 1999; Saltiel and Kahn, 2001; Spiegelman and Flier, 2001). 

Moreover, whereas the crucial role of insulin target tissues such as muscle, fat and liver 

in glucose regulation and metabolism is well recognized, recent data also provide 

evidence for the function of tissues such as pancreatic ~-cells and brain, not commonly 

considered as insulin sensitive, in glucose homeostasis (Bruning et a!., 2000; Kulkarni et 

aI., 1999). 

The breakdown or dysfunction of insulin signaling initiates a state of pathophysiological 

disorder known as insulin resistance, in which the peripheral target tissues become 
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unresponsive to the insulin actions (Hunter and Garvey, 1998; Mauvais-Jarvis and Kahn, 

2000). Progressively, diabetes ensues when the pancreatic l3-cells cannot meet the 

demands for higher insulin secretion to" compensate for high blood glucose levels and 

insulin resistance (White, 2002). 

1.2 INSULIN RECEPTOR 

1.2.1 Basic structure and physical characteristics 

The physiological actions of insulin are mediated through insulin receptor, a 

transmembrane glycoprotein belonging to the receptor tyrosine kinase superfamil y. The 

insulin receptor consists of two a and two 13 subunits, which are covalently linked 

through disulfide bonds to form heterotetrameric a2132 insulin receptor (Perz and 

Torlinska, 2001). While the two a-subunits with molecular weight of 135 KDa are 

located exclusively at the cell surface and mediate insulin binding, the 95 KDa l3-subunits 

consist of an extracellular, a membrane spanning and an intracellular domain containing 

tyrosine kinase activity. Binding of insulin to the extracellular a-subunit of the insulin 

receptor results in conformational changes leading to the activation of the tyrosine kinase 

of the l3-subunit, which in turn promotes autophosphorylation on specific tyrosine 

residues. Several of the known phosphorylated tyrosine residues located at the 

intracellular segment of the l3-subunit include Tyr960 in the juxtamembrane region, 

Tyr1l46, Tyrl150, Tyr1l51 , Tyr1l58
, Tyrl162 and Tyrl163 in the regulatory loop of the kinase 

domain, and TyrI316 and Tyrl322 in the carboxy-terminus (Hunter and Garvey, 1998; 

Myers and White, 1996). While autophosphorylation of the tyrosine residues in the 
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regulatory loop is required for full activation of the kinase activity of the insulin receptor, 

other tyrosines are often involved in association with the downstream substrate 

molecules. Unlike the majority of the growth factor receptors where downstream 

effectors are directly activated through binding to phosphotyrosine residues on the 

receptor, insulin receptor is unique in that it phosphorylates adaptor substrates such as 

Shc, Cbl and insulin receptor substrate (IRS), which function as scaffolds for the 

recruitment of signaling molecules containing Src homology 2 (SH2) domains (Ogawa et 

ai., 1998; Van Obberghen et ai., 2001)(Figure 1.1). These signaling intermediates in tum 

activate a complex network of intracellular biological cascades that cooperatively serve 

to maintain cellular functions such as growth and metabolism. 

1.2.2 Insulin receptor signaling specificity 

Insulin among other growth factors regulates cellular processes such as proliferation, 

differentiation and metabolism through activation of overlapping intermediate signaling 

molecules (Conejo and Lorenzo, 2001; Saltiel and Kahn, 2001). Yet it promotes unique 

metabolic responses in accordance with the physiological requirements of the cell, raising 

the important question of how biological specificity is maintained considering this 

apparent signaling redundancy. 

A commonly held view supports a mechanism in which specificity is achieved by 

alternate utilization of homologous molecules differentially expressed in different tissues. 

For instance, different levels of the insulin and insulin-like growth factor receptors have 

been detected in various tissues of brain, liver, ~-cell, adipose and muscle with the insulin 

sensitive tissues expressing the highest levels of the insulin receptor (Myers and White, 
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Figure 1.1. Activation of insulin receptor tyrosine kinase induces multiple signaling 

pathways. Interaction of insulin with the insulin receptors, located in different 

microdomains such as clathrin-coated pits (blue invaginations) and caveolae (gray flask

shaped invaginations) triggers tyrosine kinase activity of the insulin receptor. 

Recruitment and phosphorylation of insulin receptor substrates including IRS-I, She, and 

Cbl promotes activation of various signaling pathways leading to cellular growth, 

survival, differentiation and glucose metabolism. IRS-I is shown to be mainly localized 

to the LDM compartments and is proposed to move to the proximity of the insulin 

receptor upon insulin stimulation. LDM-associated IRS-IIPI 3-kinase and 

CAP/Cbl/CrkIIlC3GITCIO complexes are thought to cooperatively regulate GLUT4 

translocation to the cell surface, which leads to glucose uptake and metabolism. PI 3-

kinase activated AKT is also thought to regulate cell survival. Both IRS-I and Shc have 

been shown to activate MAP kinase (MAPK), hence regulate cellular growth. Actin 

cytoskeleton is shown with pink filaments, longitudinally aligned within the cell and 

aggregate upon insulin stimulation. 
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1996). This differential expression often controls the duration and the strength of the 

signal generated, by establishing certain kinetic thresholds for activation of specific 

signaling molecules. As obvious as it may seem, this argument only provides a partial 

explanation to some fundamental questions with regards to specificity. As in the case of 

IRS family of proteins, IRS-3 is mainly expressed in adipocytes while IRS-4 in kidney, 

spleen, heart and brain (Lavan et aI., 1997a; Lavan et aI., 1997b; Ogawa et aI., 1998). On 

the other hand, despite their extensive homology, IRS-l and IRS-2 are ubiquitously 

expressed often to the same levels and yet are not functionally interchangeable 

(Giovannone et aI., 2000). In the latter case, functional pleiotropism may be 

accomplished by differential phosphorylation of tyrosine residues in canonical consensus 

motifs for nucleating downstream signaling intermediates. In support of this contention, 

IRS-2 is larger and contains some unique putative phosphorylation sites potentially 

contributing to signaling specificity (Shpakov and Pertseva, 2000). Moreover, IRS-2 

contains a central region, which interacts with the kinase domain of the activated insulin 

receptor, authenticating additional regulation of IRS-2 tyrosine phosphorylation (White 

and Yenush, 1998). However, existence of multiple tyrosine phosphorylation residues in 

the conserved binding motifs for SH2 containing proteins such as PI 3-kinase, Grb2 and 

protein tyrosine phosphatase lB (PTP lB) argues against differential phosphorylation as 

the sole factor causative in the observed signaling specificity between IRS-l and IRS-2. 

An emerging view to account for the specificity of insulin signaling on glucose transport 

is that biological specificity is conferred at the level of subcellular compartmentalization 

of signaling intermediates. Indeed, subcellular fractionation studies in 3T3-Ll adipocytes 

and insulin receptor overexpressing CHO cells, revealed that activated PI 3-kinase 
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complexes are found predominant! y in the low-density microsomes (LDM) following 

insulin treatment, whereas activation of PI 3-kinase in response to platelet derived growth 

factor (PDGF) in the same cells, occurs at the plasma membrane (Clark et aI., 1998; 

Clark et aI., 2000). Analogously, differences in the pattern of intracellular distribution 

have been documented among four members of the IRS protein family and may account 

for differences in their ability to engage downstream signaling elements, which may 

ultimately contribute to their functional specificity in vivo (Anai et aI., 1998; Giovannone 

et aI., 2000; Inoue et aI., 1998). For example, while the majority of IRS-1 is found in the 

LDM compartment, IRS-2 seems to be more concentrated in the cytosol (Inoue et aI., 

1998). IRS-3, on the other hand, is mainly localized at the plasma membrane and some 

expression is observed in the nucleus, suggesting its distinct function in accordance with 

its intracellular localization (Anai et aI., 1998; Kabuta et aI., 2002). 

1.2.3 Insulin receptor subcellular distribution and trafficking 

Traditionally, it is believed that under basal conditions insulin receptors are preferentially 

associated with microvilli in the plasma membrane. Concomitant with insulin binding, 

the insulin receptor is redistributed in the plane of the membrane and progressively 

accumulates in the c1athrin-coated pits, which is eventually pinched off and internalized 

into acidic endosomal compartments through a complex set of intermediary steps 

(Carpentier et aI., 1996; Ceresa et aI., 1998). The acidic environment of the endosomal 

apparatus causes insulin dissociation and degradation followed by the recycling of the 

receptors back to the cell surface (Di Guglielmo et aI., 1998; Wiley and Burke, 2001). 

The exact molecular mechanisms governing the coordination of this multi-step process is 
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yet to be defined. Recent studies have demonstrated that insulin-dependent receptor 

endocytosis requires both the kinase activity and tyrosine containing motifs in the 

juxtamembrane region (Backer et aI., 1990; Backer et aI., 1992; Carpentier et aI., 1993). 

Several studies have demonstrated that endosomal-localized activated insulin receptor 

exhibits increased autophosphorylation and substrate tyrosine phosphorylation compared 

to plasma membrane-associated insulin receptor (Backer et aI., 1989; Khan et aI., 1989). 

Based on this hypothesis, internalized endosomal-bound insulin receptors are thought to 

be responsible for the tyrosine phosphorylation of IRS-l localized mainly in the LDM 

compartments and subsequent activation of PI 3-kinase among other intracellular 

signaling pathways. However, other studies have reported that under conditions where 

receptor endocytosis is blocked either at low temperature (4°C) or by employing 

dominant-inhibiting mutant proteins such as dynamin K44A, insulin signaling remains 

intact (Ceresa et aI., 1998; Heller-Harrison et aI., 1995). Thus, by contrast, these studies 

suggest that activation of plasma membrane-associated insulin receptor is sufficient for 

insulin-specific signaling. A proposed hypothesis commensurate with both of these 

observations suggests that localization of IRS-l to the cytoskeleton closely positioned 

underneath the plasma membrane may allow an efficient coupling of IRS-l with the 

activated insulin receptor in the clathrin-coated pits (Clark et aI., 2000). 

Recent evidence has also shown that some insulin receptors are localized in highly 

specialized lipid microdomains called rafts, also known as caveolae (Gustavsson et aI., 

1999; Watson et aI., 2001; Wu et aI., 1997). The main components of these rafts include 

lipids such as sphingolipids, glycosphingolipids and cholesterol as well as proteins such 

as caveolin (Bickel, 2002). Interestingly, treatment of 3T3-Ll adipocytes with 13-
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cyclodextrin, which disrupts lipid raft structures by extracting cholesterol from the 

plasma membrane, mitigates IRS-1 tyrosine phosphorylation and Akt activation by the 

activated insulin receptor, suggesting that the integrity of raft organization is imperative 

for IRS-1-mediated insulin action and signaling (Gustavsson et aI., 1996; Parpal et aI., 

2001). These lipid raft-localized insulin receptors have also been demonstrated to activate 

TClO, a member of the Rho family of exchange factors, and regulate GLUT4 

translocation to the cell surface in response to insulin stimulation (Chiang et aI., 2001). 

Interestingly, TC10 mutations causing its mislocalization to regions of the plasma 

membrane other than the lipid rafts disrupt insulin-mediated activation of TClO and 

GLUT4 membrane translocation in 3T3-L1 adipocytes, suggesting that spatial 

compartmentalization of this molecule allows its access to both upstream activators and 

downstream effectors required for its function (Watson et aI., 2001). 

In summary, activation of the insulin receptor located in two distinct membrane 

compartments, namely c1athrin-coated pits and caveolae seems to initiate signaling 

pathways required for ensuing metabolic responses of insulin. 

1.3 INSULIN RECEPTOR SUBSTRATE PROTEINS 

1.3.1 IRS family 

IRS proteins playa central role in propag~tjng and transducing insulin-instigated signals 

by providing multiple docking sites for the recruitment of downstream effectors. To date, 

four immediate members (IRS-1, IRS-2, IRS-3, and IRS-4) of this family have been 

discovered, which despite their highly conserved sequence and topology, differ in their 
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subcellular and tissue distribution and function (Giovannone et aI., 2000). They all share 

two highly organized structural determinants, namely pleckstrin homology (PH) and 

phosphotyrosine binding (PTB) modules in their amino(N)-terminus, in addition to 

several conserved tyrosine phosphorylation sites in their carboxy(C)-terminus (Figure 

1.2). The degree of homology is most prominent in the N-terminal domains with less 

conservation of the C-terminal region, both in size and sequence, among IRS members. 

IRS-1 is the major and best characterized of the IRS proteins. IRS-1 is a hydrophilic 

protein with a calculated molecular mass of 131 KDa. It contains over 30 putative 

serine/threonine phosphorylation sites, which when phosphorylated results in retarded 

electrophoretic migration of the protein displaying an apparent molecular mass of 165-

185 KDa in SDS-PAGE (Sun et aI., 1992). Moreover, IRS-1 contains more than 20 

putative tyrosine phosphorylation sites some of which are rapidly phosphorylated upon 

insulin stimulation and in tum allow recruitment of downstream effectors and subsequent 

activation of signal transduction pathways. Mice deficient in IRS-1 gene display insulin 

resistance in muscle and adipose tissues associated with hypertriglyceridemia and 

hypertension, supporting the physiological role of IRS-1 in insulin sensitivity for glucose 

homeostasis (Araki et aI., 1994; Tamemoto et aI., 1994). Surprisingly however, IRS-l 

knock out mice do not develop diabetes leading to the idea of alternative mechanisms 

such as other IRS family members that may compensate for the lack of IRS-l in these 

mice (Abe et aI., 1998; Tamemoto et aI., 1994). 

Cloning of IRS·-2 cDNA revealed the predicted structural moieties of the PH and PTB 

domains, which share extensive sequence homology to IRS-l (Sun et aI., 1995). Despite 

the highly similar N-terminal region and several putative conserved tyrosine 
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Figure 1.2. Schematic representation of four insulin receptor substrate (IRS) family 

members. Human (h) IRS-1 (GenBank™ accession number S62539), hIRS-2 

(GenBank™ accession number AF0733 10), hIRS-4 (GenBankTM accession number 

NM003604) and rat (r) IRS-3 (GenBankTM accession number U93880) schematic 

structures are depicted. Human IRS-3 has not yet been found. Pleckstrin homology and 

phosphotyrosine domains are shown by black boxes labeled as PH and PTB, respectively, 

at the IRS N-terminus. Various phosphorylation sites including tyrosine, serine and 

threonine are represented by "P". Same colour phosphorylation sites represent conserved 

motifs among IRS family members, while different colours show distinct motifs. 
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phosphorylation sites in the C-terminus, the central region of IRS-2 possesses a unique 

domain that interacts with the kinase domain of the insulin receptor. Moreover, IRS-2 

also contains distinct tyrosine phosphorylation motifs at its carboxy-terminus, which 

potentially distinguishes some aspects of its function from that of IRS-I. Indeed, mice 

with targeted disruption of IRS-2 gene are born with insulin resistance and progressively 

develop diabetes accompanied with reduced pancreatic p-cell mass (Withers et ai., 

1998). Unlike the mice lacking IRS-I, in which prolonged hyperglycemia promotes 

skeletal muscle insulin resistance, IRS-2 knockout mice exhibit normal insulin-induced 

glucose uptake in muscle cells isolated from animals with normal glucose levels. 

Accordingly, studies on cells isolated from IRS-l knockout mice demonstrate that IRS-2 

can compensate for lack of IRS-l function in liver and p-cells but not in muscle or 

adipocytes (Bruning et ai., 1998; Tamemoto et ai., 1994; Withers et ai., 1998; Yamauchi 

et ai., 1996). Collectively, these data indicate that whereas IRS-l plays a major role in 

skeletal muscle and fat tissues, IRS-2 appears to be important in liver and P-cells. Thus, 

IRS-l and IRS-2 are not functionally interchangeable. 

Whilst the role of IRS-l and IRS-2 in regulating insulin action has been well established, 

the function of IRS-3 and IRS-4 is less clear. The latter two proteins possess similar 

structural architecture as IRS-I and IRS-2. IRS-3 is found to be the smallest member of 

the IRS family identified to date with a very short C-terminal region (Lavan et ai., 

I997b). Previous studies have illustrated that IRS-3 and not IRS-2 provides 50% 

compensation for insulin-instigated glucose transport in adipocytes lacking IRS-I, 

intimating some regulatory role of IRS-3 in glucose homeostasis (Kaburagi et ai., 1997). 

Accordingly, overexpression of IRS-3 in rat adipocytes has been reported to increase 
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GLUT4 translocation to the plasma membrane (ZhdU et aI., 1999). Conversely, mice 

with targeted disruption of either IRS-3 or IRS-4 exhibit no detectable abnormalities, 

overshadowing the earlier in vitro data on a role of these proteins in insulin-mediated 

biological responses in vivo (Fantin et aI., 2000; Liu et aI., 1999). Interestingly, human 

IRS-3 has not yet been found, suggesting that IRS-3 function may not be required for 

insulin action in humans (Giovannone et aI., 2000). 

1.3.2 IRS-l downstream effectors 

As mentioned above, IRS-1 contains about 20 potential tyrosine phosphorylation 

consensus sites recognizable by several SH2 containing proteins such as 

phosphotidylinositol (PI) 3-kinase, Grb-2, Nck, Crk, Fyn kinase, and PTP phosphatase 

(Giovannone et aI., 2000; White and Yenush, 1998). Recruitment of these molecules 

results in their activation and galvanizes multiple downstream signaling pathways leading 

to biological insulin responses. 

PI 3-kinase is a heterodimeric complex composed of a 110 KDa catalytic subunit (p1lO) 

associated with an 85 KDa regulatory subunit (p85). While, the regulatory subunit of PI 

3-kinase contains an SH2 domain, which recognizes and interacts with multiple YXXM 

motifs within IRS-1, the catalytic subunit carries dual specificity enzymatic function 

(Myers et aI., 1994a; Myers and White, 1996). On the one hand, it phosphorylates the D3 

position of the inositol ring of phosphotidylinositol derivatives generating second 

messenger PI 3P, PI 3,4P2 or PI 3,4,5P3Iipid molecules in the cytosolic leaflet of cellular 

membranes (Shepherd et aI., 1998). On the other hand, PI 3-kinase bears serine kinase 

activity and has been known to phosphorylate IRS-1 among other molecules (Elbashir et 
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ai., 2001). IRS-I, through direct activation of PI 3-kinase is primarily involved in 

regulation of glucose metabolism (Shpakov and Pertseva, 2000). Inhibition of PI 3-

kinase catalytic activity by pharmacological inhibitors such as wortmanin and dominant

negative mutants attenuate GLUT4 membrane translocation and glucose transport, 

corroborating the role of PI 3-kinase as a central component of insulin-dependent 

metabolic responses (Okada et ai., 1994). 

Growth factor receptor binding -2 (Grb-2) is a small cytosolic adaptor protein, which 

contains SH2 and SH3 domains and has been reported to bind to phosphotyrosine within 

the context of YVNI motif in IRS-I (Valverde et ai., 2001). Grb-2 via its SH3 domains 

binds to mSos-l, a p21Ras exchange factor. mSos-1 in turn stimulates p21Ras GTP

binding and ultimately results in mitogen-activated protein (MAP) kinase activation 

leading to gene transcription and DNA synthesis (Ito et aI., 1996; Myers et aI., 1994b; 

Rose et ai., 1994; Sun et aI., 1993). 

Nck and Crk, adaptor proteins comprising exclusively of SH2 and SH3 domains, also 

associate with IRS-1 in response to insulin stimulation. Although, their functional role in 

IRS-I-mediated signaling is less clear, some data have indicated the involvement of Nck 

in NIH 3T3 cellular transformation (Chou et aI., 1992). Nck has also been implicated in 

receptor-mediated cytoskeletal organization via its interaction with N-WASP proteins in 

response to external stimuli, providing a potential mechanism through which insulin 

might regulate actin polymerization (Miki et aI., 2000; Moreau et aI., 2001; Takenawa 

and Miki, 2001). Analogously, CrkII, an alternative splice variant of Crk adaptor proteins 

has also been shown to be involved in actin cytoskeleton rearrangements and DNA 

synthesis in response to insulin and IGF-1 stimulation (Beitner-Johnson et aI., 1996; 
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Nakashima et a!., 1999). Moreover, through its interaction with C3G, a guanyl 

nucleotide exchange factor, CrklI recruits TC10 GTP-binding protein to lipid rafts upon 

insulin stimulation of adipocytes and regulate intracellular GLUT4 localization to the cell 

surface, supporting a PI 3-kinase independent glucose transport mechanism (Burkhard et 

a!., 2001; Chiang et a!., 2001) (Figure 1.1). 

Fyn is a Src-related tyrosine kinase that binds to phosphorylated tyrosine residue y
895

, in 

the context of YXX(UI) motif within IRS-1 (Sun et a!., 1996). Interestingly, it has been 

shown that Fyn might compete with Grb-2 for binding to phosphotyrosine y895 thereby 

regulating IRS-1-mediated mitogenic effects of insulin (Sun et a!., 1996; Valverde et a!., 

2001). 

Protein tyrosine phosphatase (PTP) family whose members include SHP1 and 2, are SH2 

containing tyrosine phosphatases, which are thought to negatively regulate insulin and 

IRS-1-mediated signaling by dephosphorylating tyrosine residues of both the insulin 

receptor and IRS-1 (Egawa et a!., 2001; Goldstein et aI., 2000; Ouwens et aI., 2001). 

Previous data have shown that SHP2, also known as PTP ID, functions as an adaptor 

protein which promotes insulin receptor and IRS-l interactions (Kharitonenkov et aI., 

1995). The correlation between the two apparently distinct functions is yet to be 

elucidated. Two major binding sites of PTPs have been mapped to NYIDLDII7I-1176 and 

NY ASIS 1221-1226 in the C-terminus of IRS-l (Shpakov and Pertseva, 2000). Interestingly, 

the PTP's consensus binding motif, specifically ylI72 is also shared by Fyn kinase, 

supporting a remarkable phosphorylation/dephosphorylation regulation of IRS-l by the 

competition between its binding partners (Sun et a!., 1996). 
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1.3.3 Role of IRS-l in insulin-mediated mitogenic responses 

One of the early signaling events instigated downstream of the insulin receptor is 

activation of p21RasIMAP kinase pathway leading to gene transcription and mitogenesis 

(Burgering et a!., 1991). Studies in mice with a targeted disruption of the IRS-l gene 

demonstrate severe retardation in embryonic and postnatal growth, suggesting a pivotal 

role of IRS-l in cellular growth and proliferation (Araki et a!., 1994; Tamemoto et a!., 

1994). Recent biochemical studies on fetal brown adipocytes isolated from these mice 

demonstrated a severe impairment of insulin-elicited DNA synthesis (Valverde et a!., 

2001). Moreover, unlike wild-type IRS-I, expression of an IRS-l mutant carrying a 

mutation at Grb-2 binding site, y895, could not rescue MAP kinase activation and 

subsequent mitogenesis in response to insulin in these cells, substantiating the essential 

role of IRS-lIGrb-2IMAP kinase pathway in insulin-stimulated DNA synthesis (Valverde 

et a!., 2001). The specific role of IRS-l in insulin-mediated DNA synthesis is further 

supported by studies on IGF-l receptor-deficient brown adipocytes, where an increased 

insulin sensitivity for MAP kinase activation and mitogenesis is observed due to 

enhanced insulin-promoted IRS-l tyrosine phosphorylation (Mur et a!., 2002). 

Additionally, in vitro experiments in which IRS-l proteins were overexpressed in 32D 

hematopoietic cells devoid of IRS-I, revealed enhanced mitogenesis induced by insulin, 

suggesting that IRS-l expression is sufficient in mediating the cellular growth effects of 

insulin in these cells (Chen et a!., 1995; Wang et a!., 1993). Likewise, IRS-l 

overexpression in NIH3T3 fibroblasts promotes neoplastic transformation as a result of 

activation of p21Ras signaling pathway leading to MAP kianse activation (Tanaka et a!., 

1996). By contrast, microinjection of anti-IRS-l antibodies or expression of dominant 
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inhibitory mutants of IRS-1 abolishes insulin-stimulated mitogenic responses in 

adipocytes (Morris et aI., 1996; Rose et aI., 1994; Sharma et aI., 1997). Collectively, 

these data provide strong evidence for the indispensable function of IRS-1 in insulin

induced DNA synthesis and cellular proliferation. 

1.3.4 Role of IRS-1 in insulin-mediated metabolic responses 

One of the major metabolic functions of insulin is to maintain a tight balance between the 

amount of glucose produced by the pancreatic ~-cells and its utilization by the peripheral 

target tissues (Saltiel, 2001). Considerable evidence supports the importance of IRS-l 

function in transducing metabolic signals of insulin mediated by the activated insulin 

receptor. In vitro studies have illustrated that IRS-1 overexpression in L6 myoblasts 

results in enhanced insulin sensitivity and responsiveness for both glucose uptake and 

glycogen synthesis (Hribal et aI., 2000). Moreover, recent in vivo studies have reported a 

direct positive correlation between low levels of IRS-l and insulin resistance associated 

with low glucose transporter 4 (GLUT4) translocation and impaired cellular glucose 

uptake (Carvalho et aI., 2001). Similarly, reducing IRS-1 protein levels by expressing 

antisense ribozyme generated against IRS-l leads to a significant attenuation of insulin

induced GLUT4 translocation to the plasma membrane in rat adipose cells (Quon et aI., 

1994). Given that GLUT4 membrane translocation is required for glucose uptake upon 

insulin stimulation of target cells, IRS-l regulation of this process, as demonstrated by 

these studies corroborates the crucial role of IRS-l in galvanizing components of the 

signaling pathways necessary for metabolic responses of insulin. 
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1.3.5 IRS-1 subcellular distribution and trafficking 

Several cell fractionation studies have documented that IRS-l is localized in two distinct 

pools within the cells, the cytoskeletal fraction associated with the LDM and the cytosolic 

compartment (Heller-Harrison et aI., 1995; Kublaoui et a!., 1995). In support of the idea 

that subcellular compartmentalization is central to IRS signal transduction, it has been 

demonstrated that altered trafficking and tight membrane association of CAAX-modified 

IRS-I dramatically impairs insulin signaling (Kriauciunas et a!., 2000). In particular, 

spatial arrangement of IRS-1 in the LDM compartment is thought to provide a unique 

platform in proximity of the insulin receptor for efficient generation of specific signals 

required for insulin action. Consistent with this notion, IRS-1 enriched in the LDM 

compartment is maximally phosphorylated by the activated insulin receptor in adipocytes 

(Kelly and Ruderman, 1993; Kelly et aI., 1992). Furthermore, it has been reported that 

LDM and not cytosolic-associated IRS-1IPI 3-kinase complexes are mainly responsible 

for GLUT4 transporter translocation to the plasma membrane in response to insulin 

(Kelly and Ruderman, 1993). By contrast, previous reports have shown that activation 

of PI 3-kinase in the plasma membrane by PDGF has no significant effect on glucose 

transport and glycogen synthesis (Nave et aI., 1996; Ricort et aI., 1996). Taken together, 

these data emphasize the importance of compartmentalization of IRS-1 as one of the 

mechanisms that confers biological specificity in response to insulin. 

Relatively short-term insulin treatment triggers a progressive release of IRS-l from the 

microsomal compartment into the cytosol (Clark et aI., 2000; Heller-Harrison et aI., 1995; 

Inoue et aI., 1998). This redistribution is postulated to promote attenuation of IRS-1 

signaling, presumably due to the inaccessibility of IRS-1 to the activated insulin receptor. 
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The mechanisms of IRS-l disengagement from the LDM remain elusive. One 

observation that may shed some light on this conundrum is that the release of IRS-l is 

always accompanied by a significant decrease in its electrophoretic mobility apparently 

due to an increase in serine/threonine phosphorylation (Heller-Harrison et aI., 1995). 

IRS-l contains more than 30 serine/threonine residues in consensus phosphorylation 

motifs for kinases such as casein kinase II, cAMP-dependent protein kinase, protein 

kinase C, cdc2 kinase, Map kinase, PI 3-kinase, and Akt (del Peso et aI., 1997; Sun et aI., 

1991; Sun et a!., 1995). Enhanced IRS-l serine/threonine phosphorylation has been 

shown to result in a decrease in IRS-l association with the insulin receptor and 

impairment of IRS-l tyrosine phosphorylation concomitant with IRS-l accumulation in 

the cytosol, and attenuation of insulin signaling (Paz et a!., 1997). Consistent with the 

notion that serinelthreonine phosphorylation is implicated in IRS-l cytosolic retention, it 

has recently been shown that 14-3-3, a specific phospho-serine binding protein, can 

promote displacement of IRS-l from the LDM into the cytosol following insulin 

treatment of 3T3-Ll adipocytes (Xiang et aI., 2002). Moreover, data from in vitro 

reconstitution assays have demonstrated the importance of an as yet unidentified 

serine/threonine phosphorylation event within LDM as the mechanism of IRS-l 

dissociation (Inoue et a!., 1998). Together, these studies suggest a potential cooperative 

mechanism in which serine/threonine phosphorylation of both IRS-l and other 

microsomal components that might be required for an efficient export of IRS-l from the 

LDM. 
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1.4 PLECKSTRIN HOMOLOGY DOMAIN 

1.4.1 Basic structure and physical characteristics 

The pleckstrin homology (PH) domains are small protein modules of roughly 120 amino 

acids found in various signaling molecules with diverse enzymatic and regulatory 

functions (Bottomley et aI., 1998). Those include protein tyrosine and serinelthreonine 

kinases such as l3-adrenergic receptor kinase (I3-ARK), protein kinase B (PKBI AKT), and 

phospholipase C isoforms (PLCI3, y, 8) and guanine nucleotide exchange factors such as 

Cdc25, Sos, and Dbl, GTPase activating protein Ras-GAP as well as cytoskeletal proteins 

(Blomberg et aI., 1999; Haslam et aI., 1993; Musacchio et aI., 1993). In general, PH 

domains are poorly conserved at the amino acid level. The most noticeable characteristic 

of PH domain sequences is an invariant single tryptophan residue in the distal C-terminal 

region. Remarkably however, despite the low degree of sequence conservation, the 

nuclear magnetic resonance (NMR) and X-ray crystallography analysis of various PH 

domains demonstrate a highly conserved tertiary structure reminiscent of a family of 

compact protein modules (Harlan et aI., 1995). The core structure of the PH domain 

features a l3-sandwich composed of two closely packed orthogonal l3-sheets consisting of 

seven strands and a C-terminal a-helix. All PH domains whose structure has been solved 

to date, display an electrostatically polarized surface with positively charged residues, 

located on the variable loops connecting the l3-strands, which is thought to confer binding 

to the negatively charged headgroups of phosphoinositide ligands (Harlan et aI., 1995). 

The a-helical region of PH domains is enriched in acidic residues and has been proposed 

to mediate protein-protein interactions in proteins such as I3-ARK and Bruton's tyrosine 
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kinase (Btk) (Pitcher et aI., 1995; Touhara et aI., 1994; Touhara et aI., 1995; Tsukada et 

aI., 1994). 

1.4.2 PH domain ligands 

On the basis of the structural similarity of PH domains with lipid-binding molecules such 

as retinal binding protein, fatty acid binding proteins and bilin binding protein, it was 

originally suggested that PH domains may function as lipid-binding modules. 

Subsequent in vitro binding assays using isolated PH domains from pleckstrin, Ras-GAP, 

j3-ARK and Tsk confirmed these predictions and demonstrated PH domain interactions 

with Phosphotidylinositol (PI) 4,5 phosphates (Harlan et aI., 1994). PH-phospholipid 

ionic interactions were mapped to the positively charged region of the j3-sandwich within 

the PH domain (Harlan et aI., 1995). Recently, various PH domains were reported to 

bind to the phospholipid products of PI 3-kinase, including PI3P, PI3,4P2 and PI3,4,5P3, 

which act as lipid secondary messengers in ligand-mediated signaling (Blomberg et aI., 

1999; Isakoff et aI., 1998; Lemmon and Ferguson, 2000). For example, the PH domain of 

Akt serine/threonine kinase specifically recognizes and interacts with PI3,4P2 and 

PI3,4,5P3 with high affinity (Franke et aI., 1997; Frech et aI., 1997). Moreover, binding 

of Akt to these phospholipids has been illustrated to be crucial for Akt localization to the 

plasma membrane and its subsequent activation by PDK1, highlighting the significance 

of high affinity PH-lipid interactions in promoting the physiological function of this 

protein (Franke et aI., 1997). Despite the mounting evidence of ill vitro lipid-binding 

ability of various PH domains, by far the majority of these interactions have proven to be 

of low affinity (Ko~4IlM) and weak stereospecificity. Whilst limited number of specific 
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and high-affinity PH-PI4,5P2 interactions as those observed for proteins such as PLCo 

(KD=1.7f1M) might be sufficient for membrane tethering and function of these molecules, 

non-specific low affinity interactions may require additional support to stabilize their 

interactions with membrane components for productive signaling in vivo (Bottomley et 

a!., 1998; Lemmon et a!., 2002). Indeed, while the N-terminal region of ~-ARK PH 

domain is required for binding to PIP2, the C-terminal region has been demonstrated to 

associate with the ~y dimer subunits of trimeric G-proteins (G~y) for effective membrane 

association and subsequent activation of ~-ARK (Pitcher et a!., 1995). 

Specific PH-protein interactions have been documented for various proteins. Structural 

and biochemical studies on the PH domains isolated from Dbl, ~-ARK and Btk proteins 

have demonstrated their interactions with the ~y subunits of heteroterimeric G-proteins 

with different affinities (Mahadevan et a!., 1995; Tsukada et a!., 1994; Wang et a!., 

1994). In addition, the PH domains of Btk and Rac protein kinase also interact with 

protein kinase q; (Konishi et a!., 1994; Yao et a!., 1994). Similarly, the PH domain of 

Btk was shown to mediate its localization to the filamentous actin through direct 

interaction (Yao et a!., 1999). The PH-protein interactions in the above examples has 

been shown to be critical for the function of these proteins in vivo. For instance, the 

importance of Btk PH domain interaction with the G~y subunits has been implicated in B 

lymphocytes development and function (Tsukada et a!., 1994). Interestingly, based on 

crystal structure analysis of various guanine nucleotide exchange factors (GEFs) such as 

Vav, mSos and Tiam, intramolecular interactions between the PH and the neighbOring 

Dbl homology (DH) domain has also been observed, suggesting a regulatory role of the 

PH on DH domain enzymatic function (Das et a!., 2000; Qian et a!., 1998; Starn et a!., 
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1997; Wang et aI., 1997). The relevance of some these PH-protein interactions and their 

respective lipid association in vivo is discussed later in this chapter. 

1.4.3 PH domain superfamily 

Recent structural studies have indicated that despite the lack of sequence similarity, PH 

domains adopt the same core structure as those of several protein-binding modules such 

as the phosphotyrosine binding (PTB) domain, the Ran-binding domain (RanBD), and 

the EnablediVASP homology 1 (EVH1) domain (Prehoda et aI., 1999; van der Geer and 

Pawson, 1995; Vetter et aI., 1999). Interestingly however, the modes of the interaction of 

these domains with their respective ligands differ tremendously, underlying the 

functional plasticity of the PH fold supporting a range of cellular activities. The PTB 

domain recognizes phosphotyrosine in the context of the amino acid sequence NPXY and 

participates in recruitment of host proteins to the activated receptors. Of note in this 

regard is that phosphorylation of the tyrosine residue within NPXY motif is not 

necessarily required for PTB binding. For example, while, IRS-l and Shc PTB domains 

require tyrosine to be phosphorylated in the activated insulin receptor, the PTB domains 

from Xll and Numb do not require phosphorylation of the neuronal growth factor 

receptor (NGFR) for binding (Li et aI., 1998; Zhang et aI., 1997). Several studies have 

also reported binding of the PTB domains of IRS-l and Shc to phosphoinositides, albeit 

weakly and non-specifically, the physiological implications of which have yet to be 

determined (Takeuchi et aI., 1998; Zhou et aI., 1995). 

Crystal structure studies of Ran Binding Domain (RanBD) found in the Ran-binding 

protein, a component of the nuclear transport machinery, unexpectedly displayed a stable 
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PH fold, placing this domain in the PH domain superfamily category (Vetter et ai., 1999). 

While phosphoinositide binding capacity of RanBD has yet to be investigated, recent 

studies demonstrate that the region of RanBD which confers binding to Ran GTPase 

corresponds to phosphoinositide binding region of PLCS and Btk PH domain (Vetter et 

ai., 1999). 

Finally, the third class of protein modules reported to adopt a PH-domain fold is the 

EnablediVASP Homology 1 (EVH1) domain. This domain is found in cytoskeletal 

proteins that function as adaptor proteins recruiting components of the actin assembly 

machinery in response to upstream signals. EVH1 domains have been illustrated to bind 

to polyproline rich peptides in FPPPP consensus motifs (Prehoda et ai., 1999). 

Interestingly, the N-terrninal region of Wiskott-Aldrich Syndrome Protein (WASP) 

containing the EVH1 domain has been implicated in PI4,5P2 binding, raising the 

possibility that this domain maybe capable of binding to both protein and lipid ligands 

(Miki et ai., 1996). This is analogous to the PH domain of B-ARK where simultaneous 

binding to PI4,5P2 and GBy is required for productive activation of B-ARK (Pitcher et ai., 

1995). 

Clearly, these data demonstrate the flexibility of the basic PH domain superfold in 

recognizing both phosphoinositides and protein ligands. This property might reflect the 

adaptability of the PH domain superfold by constructing a structural scaffold which 

confers multiple cellular functions. 

25 



1.4.4 PH domain functions 

The functional requirement for membrane localization of the majority of PH domain

containing proteins in addition to their ability to associate with phospholipids have 

implicated a membrane-tethering role for PH domains. Indeed, PLCIi PH domain 

interaction with the PI4,5P2 presumably targets the protein to the plasma membrane 

where it can react on its substrate, PI4,5P2 (Lemmon et a!., 1997). Analogously, binding 

of the PH domain of AKT to PI3,4P2 and PI 3,4,5P3, has been proven to sequester AKT 

to the plasma membrane thereby allowing its phosphorylation and activation by PDKI 

(Downward, 1998). Moreover, AKT activity is shown to directly correlate with the extent 

of its PH domain interaction with phospholipids in response to insulin (Klippel et aI., 

1997). 

However, despite the ability of some PH domains in recruiting host proteins to the 

plasma membrane, non-specific membrane targeting sequences such as CAAX motifs 

and myristoylation sequences do not always functionally substitute for PH domains. As 

in the case of mSosl, a Ras-specific guanine nucleotide exchange factor, addition of a 

membrane targeting signal to full-length Sos renders the protein constitutively active 

which leads to Ras-dependent transformation of NIH 3T3 cells (Quilliam et a!., 1994). 

However, a myristoylated derivative of mSosl devoid of its PH domain lacks 

transforming activity, although the protein is stable and localizes to the plasma 

membrane, suggesting a specific regulatory role of the PH domain on the mSosl function 

(Qian et a!., 1998). Consistent with the latter hypothesis, nearly all known members of 

the Dbl family of guanine nucleotide exchange factors (GEFs) contain a PH domain 

invariably located in tandem with the catalytic Dbl homology (DH) domain, lending 
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support to a functional interdependence of these two domains (Das et aI., 2000; Nimnual 

et aI., 1998; Qian et aI., 1998). Indeed, recent structural studies have verified an allosteric 

inhibitory regulation of the PH domain on mSos1 DH domain, which is presumably 

relieved upon PH domain interaction with phospholipids (Nimnual et aI., 1998). As in the 

case of Vav, binding to PI 3-kinase phospholipid products relieves PH inhibition of DH 

association with the GTPase (Das et aI., 2000). While, these studies seem to suggest that 

PH regulation of the exchange activity of the DH domain in Dbl-family proteins is 

ultimately controlled through PH/phospholipid interactions, more recent data demonstrate 

that in the case of Tiam1, a second PH domain is directing Tiam1 membrane localization 

independent of the DH neighboring PH domain (Han et aI., 1998; Worthylake et a!., 

2000). Tiam1 is a Dbl-related GEF involved in controlling actin cytoskeletal remodeling 

through Rho-GTPases, whose exchange activity does not change in response to the levels 

or composition of phosphoinositides in vitro (Worthylake et aI., 2000). Consistent with 

the notion of PH domain-mediated regulation of exchange activity independent of 

phosphoinositide binding, a DH-PH fragment of Trio displays enhanced nucleotide 

exchange activity on Rae 1, as compared to the isolated DH domain, indicating that the 

PH domain in concert with the DH domain is necessary for full exchange activity (Liu et 

aI., 1998). Moreover, a crystallographic analysis of Dbl's big sister (Dbs) interaction 

with Cdc42 GTPase illustrates a direct association of the Dbs PH domain with Cdc42 

switch 2 domain, supporting a unique mechanism of PH domain-mediated regulation of 

Dbs exchange activity (Rossman et aI., 2002). Collectively, these data suggest that PH

lipid or PH-protein interactions are highly context dependent and that the PH superfold 

forms a versatile scaffold to facilitate various cellular functions. 
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1.5 AIMS OF THIS STUDY 

Extensive analysis of IRS-1 structural and biochemical characteristics has advanced our 

understanding of the signaling pathways emanating from IRS-1/insulin receptor 

interactions. What is in dispute however is the mechanism by which LDM-tethered IRS-1 

recognizes and associates with plasma membrane-embedded insulin receptor. It is 

generally accepted that following insulin stimulation, the PTB domain of IRS-1 mediates 

direct binding to the phosphorylated tyrosine residue within the NPEY motif in the 

juxtamembrane region of the activated insulin receptor (Eck et ai., 1996; Wolf et ai., 

1995). An important question that remains is the contribution of the IRS-1 PH domain in 

promoting accessibility of IRS-1 proteins to plasma membrane-bound insulin receptor. 

Deletional analysis of the PH domain, revealed that the PH domain plays a principal role 

in promoting IRS-1 tyrosine phosphorylation following insulin stimulation in intact cells 

(Myers et ai., 1995). Furthermore, chimeric IRS-I molecules containing heterologous PH 

domains from the ~-ARK, phospholipase Cy or spectrin with a similar phospholipid 

binding profile as IRS-I, fail to functionally restore IRS-1-phosphotyrosine-dependent 

signaling (Burks et ai., 1997). Similarly, recent studies have shown that whilst mutations 

disrupting the lipid-binding properties in the IRS-I PH domain impair plasma membrane 

association, these same mutations do not appear to have any effects on IRS-I 

phosphorylation or IRS-I-associated PI 3-kinase activity, arguing against phospholipid

binding as an important component of IRS-I interactions with the activated insulin 

receptor (Jacobs et ai., 2001; Razzini et ai., 2000). Together, these data are consistent 

with the idea that the IRS-1 PH may interact with a specific cellular ligand(s) to direct 
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IRS-l to the plasma membrane-associated insulin receptor. This ligand does not appear 

to be the insulin receptor itself as in vitro binding studies and yeast two-hybrid analysis 

failed to detect a direct interaction between the IRS-l PH domain and the insulin receptor 

(Gustafson et a!., 1995; He et aI., 1996; ONeill et aI., 1994; Sawka-Verhelle et aI., 1996). 

In an attempt to identify functional partners of the IRS-l PH domain, a yeast two hybrid 

system was set uo where the PH domain of IRS-l was used as a bait to screen a mouse 

cDNA library (Farhang-Fallah et a!., 2000). A clone that displayed the strongest signal 

coded for a novel protein termed PHIP, for PH Interacting Protein, which selectively 

bound to the IRS-l PH domain in vitro. The purpose of this study was to clone full 

length mammalian PHIP and explore the molecular mechanism of PHIP action in 

modulating insulin-stimulated IRS-l pathways involved in cellular growth and 

metabolism. Specifically, I investigated the role of PHIP in mediating IRS-l tyrosine and 

serine/threonine phosphorylation by the activated insulin receptor. Moreover, the 

physiological function of PHIP in IRS-I-mediated MAP kinase and PI 3-kinase pathways 

leading to gene transcription, DNA synthesis and GLUT4 translocation in response to 

insulin was dissected (Farhang-Fallah et a!., 2002). Lastly, as studies from various 

groups have suggested the PH domain as a potential candidate in tethering IRS-l to the 

cytoskeletal component of the low-density microsomes, I also explored the role of PHIP 

in IRS-l subcellular distribution and trafficking. 
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1 PLASMID CONSTRUCTS: 

2.1.1 BTM116 yeast two·hybrid constructs - PH domains from rat IRS·l 

(residues 3·133) (Sun et aI., 1991), mouse SOSI (residues 448·577)(Bowtell et aI., 1992), 

human RasOAP (residues 464·603)(Trahey and McCormick, 1987), and mouse Ect-2 

(residues 495-621) (Miki et aI., 1993) were amplified by polymerase chain reaction 

(PCR) and fused in frame to the LexA DNA binding domain of the yeast expression 

plasmid BTM1l6. 

2.1.2 pGEX.3X1PHlpS·209 construct - the 612 base pair (bp) fragment spanning 

the IRS-l PH binding region (PBR) of the PHIP complementary DNA (cDNA) isolated 

from the yeast two-hybrid screen was subcloned in frame into the BamHIIEcoRI sites of 

pOEX-3X (Invitrogen). 

2.1.3 pCGN constructs - All of the following constructs were subcloned in 

frame with the hemagglutinin (HA)-epitope in the pCON mammalian expression vector. 

To generate a construct encoding a mutant form of IRS-l lacking the PH domain, 

pCON/IRS_l<l.PH, a 216 bp SpeIlXmnI PCR generated fragment containing a portion of 

the IRS-l PTB domain (residues 143-175), and a 4139 bp XmnIlKpnI fragment (residues 
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175-1236), cleaved from pBlueScriptlIRS-1 (a gift from Dr. White), were together 

subc\oned into the compatible XbaIlKpnI sites within the pCGN vector. The primers 

used to make the IRS-1 PTB domain containing PCR fragment were sense 5'-

AAAAAAACTAGTGAGGACTTGAGCTATGACACG-3' and anti-sense 5' -

GGAA TTCGGCAGTGATGCTCTCAGTTCG-3'. SpeI restriction site (underlined) was 

added to facilitate subc\oning into the pCGN vector. To prepare constructs encoding IRS-

1 PHWT a PCR generated fragment containing the IRS-1 PH domain (residues 3-133) was 

subcloned into SmaI and BamHI sites within the pCGN expression vector. To generate 

the IRS-I PH domain mutant constructs designated IRS-I PHWI06\ where the Trp106 

residue conserved in all PH domains was changed to Ala, and either N-terminal (PHNT, 

residues 3-67) or C-terminal (P~, residues 55-133) PH domain regions, the following 

primers were used to amplify the corresponding regions. For PHWI06A, primer (1) 5'

AAAAACCCGGGAAGCCCTCCGGATACCGATG-3', and primer (2) 5'

AAAAAAGGATCCTCAATTATGCAGCTGCAGAAGAGCCTGGTACGCGCTGTCT 

TGTTCAGCCTCG-3' (CCA is replaced with CGC); for PHNT, primer (1) and primer 

(3) 5'-AAAAAAGGATCCTCACTCGAGGGGGATCGAGCG-3'; for PHeT, primer (4) 

5'-AAAAAATCTAGAAGCTGTTTCAACATCAACAAGC-3' and primer (5) 5'

AAAAAAGGATCCTCAGCTGCAGCTACCACCGCA-3' were used. Sma!, BamHI 

and XbaI restriction sites were added (underlined) to facilitate subcloning into pCGN, 

which had been digested with the same enzymes. To generate the pCGNIHA-DN-PHIP 

mutant construct, a PCR fragment of 639 bp encompassing the IRS-I PH binding region 

of human PHlP (hPHlP; residues 4-217) was amplified using sense primer 5'

GGACTAGTGCGAGATTGGCTGTGGAAGAACTAAC-3' and anti-sense primer 5'-
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CGGGATCCTCAGCAATATCTAGTGTCATCAACTGG-3'. The PCR fragment was 

digested with SpeI and Kpn-l and subcloned into the compatible XbaIlKpnI sites of the 

pCGN vector. To generate the full-length pCGNIHA-PHIP construct, a 2271 bp 

BstEIIIBamHI fragment comprising amino acids 150-902 of PHIP was excised from the 

cDNA clone 6b-26 isolated from a human fetal brain cDNA library, and subcloned into 

the pCGNIHA-DN-PHIP vector which had been cleaved at the BstEll site within PHIP 

and Bamli within the pCGN vector. 

2.1.4 pBlueScripUPHIP vector - A 440 bp EcoRIIBstEIl fragment comprising 

amino acids 5-150 of PHIP, excised from the cDNA clone 23b-28 isolated from a human 

fetal brain cDNA library, and a 2396 bp BstElIlEcoRV fragment comprising amino acids 

150-902, excised from the 6b-26 cDNA clone were together subcloned into the 

compatible EcoRIISmaI sites in pBlueScript-KS vector. 

2.1.5 pCAN vectors - The following constructs were subcloned in frame with the 

HA-epitope in the pCAN mammalian expression vector. To create a vector encoding 

DN-PliP (residues 5-209), a 612 bp BamHIlEcoRI fragment spanning the PBR region of 

PHIP cDNA was excised from pGEX_3X1PHIPS
•
209 plasmid and subc10ned into the 

corresponding sites within the pC AN vector. To craft a vector encoding full-length 

PHIP, a 2836 bp EcoRV/SpeI PHIP fragment was excised from pBlueScriptIPHIP vector 

and subc10ned into the compatible EcoRV/XbaI sites within the pCAN vector. 
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2.1.6 Adenoviral vectors - To construct a pAdTrack vector containing full hPHIP 

encoding sequences, it was necessary to first subclone HA-PHIP into pBlueScript 

plasmid vector. To accomplish the later, a fragment containing HA-epitope and a 621 bp 

fragment comprising amino acids 5-212 of PHIP was amplified from pCGNIHA-PHIP 

with sense 5'-ATGTCGACGCCACCATGGCTTCTAGCTATCC-3' and anti-sense 5'

CTATGACGTCAGGCATATCATGGTATTT-3' primers. A SalIlBstEll fragment 

excised from the PCR fragment was subcloned into pBlueScriptJPHIP vector, which had 

been cleaved at the BstEll site within PHIP and Sail within the pBlueScript vector. To 

produce pAdTrackIHA-PHIP vector, a 2896 bp fragment comprising HA-PHIP was then 

excised from the pBlueScript/HA-PHlP by cleavage with Sail and Not! and subcloned 

into the corresponding sites within the pAdTrack vector. 

To generate pAdEasyIHA-PHlP construct, recombinants were generated by co

electroporation of pAdTrackIHA-PHIP with PmeI-digested pAdEasy shuttle plasmid 

vector into BJ5183 bacterial cells. 

2.1.7 Other constructs - The pcDNAIfHA-tagged p44 MAPK plasmid was a gift 

from Dr. J. Avruch. The pSG5p85SH2-N construct was a generous gift from Julian 

Downward (Imperial Cancer Research Fund, United Kingdom). 

2.2 YEAST TWO-HYBRID ANALYSIS: 

The PH domain from rat IRS-l (residues 3-133) was fused to the LexA binding domain 

within the BTM116 vector and used as a 'bait' in a yeast two hybrid system to screen for 

interacting clones from a mouse 10.5 day embryonic cDNA library fused with the VPI6-
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activation domain of the yeast pVP16 vector. Transformation of the yeast strain L40 

with yeast plasmids, and screening for positive colonies by ~-galactosidase assays were 

done essentially as described by Sawka-Verhelle et al. (Sawka-Verhelle et aI., 1996). A 

total of 89 positive clones were identified, most of which were represented at least twice, 

indicating that the screen was saturated. The clone, which displayed the strongest 

interaction with the IRS-l PH domain, VP1.32 was representative of 18/89 positive 

clones. 

2.3 MOUSE THYMUS AND HUMAN FETAL BRAIN eDNA LIBRARY 

SCREENING: 

Lambda ZAP mouse thymus (a gift from Dr. Muller) and Stratagene fetal brain (a gift 

from Dr. Rommans) cDNA libraries were titered by making serial dilutions of the lambda 

phage in SM buffer (5.8 g NaCI, 2.0 g MgS04. 7H20, 50 ml Tris-HCI PH 7.5,5 ml of 2% 

gelatin per liter). One million recombinants were screened by plating 50,000 plaque 

forming units (pfu)/plate. Following plaque lifting onto Hybond N membranes 

(Amersham), the filters were placed in denaturation solution (I.5M NaCI, 0.5M NaOH) 

then neutralization solution (I.5M NaCI, 0.5M Tris-HCI PH 8) for 5-10 minutes each. 

Filters were then rinsed in 2X SSC and air-dried. UV light (auto cross-link at 1200 

J/cm2) was used to cross-link DNA to the filters. 

The membranes were prehybridized in prewarmed 65°C Church's buffer (1% BSA, 7% 

SDS, 0.5M NaH2P04 PH 7) containing 200 Ilg/ml Salmon Sperm DNA for 2 hours at 

65°C. Hybridization to a 32P_Iabeled PHIP probe (Roche Random Primer Labeling Kit) 

was allowed to take place over night at 65°C in the same Church buffer used for 
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prehybridization. The filters were washed two times in buffer A (0.5% BSA, 5% SDS, 

40mM NaHzP04, 1mM EDT A) and four times in Buffer B (1 % BSA, 40mM NaHzP04, 1 

mM EDTA) for 20 minutes each at 65°C and exposed to film overnight at -SO°C. 

Positive plaques were cored and eluted from the library over night at 4°C in 1 ml of SM 

buffer and 20 !J.l of chloroform. In order to get pure phage population, this screening 

procedure was repeated two more times. 

The pBlueScript phagemids were excised from the Lambda vectors in vivo by the helper 

phage, R40S. DNA was then prepared from single colonies and analysed by sequencing. 

2.4 DNA ANAYSIS: 

2.4.1 CsCI banding of plasmid DNA - To prepare large scale purified plasmid 

DNA, bacterial cells containing the plamsid were grown in 500 ml LB (5 grams NaCl, 20 

grams yeast extract, 35 grams bactotryptone, pH 7, per one litre buffer) containing the 

appropriate antibiotics at 37°C for 16 hours with vigorous shaking. Bacterial cells were 

sedimented by spinning at 6,000 rpm at 4°C for 10 minutes. The pellet was resuspended 

in 7.5 ml of BDI (50 mM glucose, 25 mM Tris pH S, 10 mM EDTA) and 2.5 ml of 20 

mg/mllysozyme in BDl. The mixture was vortexed and incubated for 5 minutes at room 

temperature (RT). To lyse the cells, 20 ml of freshly made BDII (0.2 N NaOH, 1 % SDS) 

was added, gently mixed and incubated on ice for 10 minutes. Fifteen millilitres of ice

cold BDIII solution (3 M KOAc, 5 M OAc PH 4.S) was then added, gently mixed and 

incubated on ice for 10 minutes. To remove cellular debris, the lysate was centrifuged at 

7,000 rpm for 45 minutes. Plasmid DNA was then precipitated from the supernatant by 
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adding 28 ml of isopropanol per 42 ml of lysate. After 5-minute incubation on ice, the 

lysate was spun at 4,200 rpm at 4°C for 15 minutes. Plasmid DNA pellet was washed 

with 70% ethanol, air-dried and dissolved in 10 ml of TE buffer (10 mM Tris-HCI PH 8, 

1 mM EDTA). Ten grams of CsCI and 200 f.ll of ethidium bromide (10 mg/ml) were 

added and the sample was spun in sealed polyallomer tubes (Beckman) at 60,000 rpm for 

20 hours. Purified DNA band was extracted and diluted with three volumes of TE buffer. 

To remove ethidium bromide from DNA, equal volumes of water-saturated butanol was 

added, vortexed and centrifuged at 2,000 rpm for 5 minutes. Top red layer containing 

ethidium bromide was removed and this butanol extraction was repeated till all traces of 

red ethidium bromide were removed. Pure DNA was reprecipitated by adding 2.5 

volumes of 100% ethanol and 1110 volume of 3 M NaOAc and sedimented by spinning at 

3,000 rpm for 30 minutes. The DNA pellet was washed with 70% ethanol, air-dried, 

dissolved in 500 f.ll of 10 mM Tris PH 8, and stored at -20°C. 

2.4.2 Generation of recombinant DNA - To generate recombinant 

pAdEasy/HA-PHlP plasmid DNA, one-fifth of a minipreped AdEasy shuttle plasmid was 

digested with PmeI restriction enzyme. After digestion, DNAs were phenol-chloroform 

extracted, ethanol precipitated, and resuspended in 6 f.ll of water. To allow 

recombination to occur, a mixture of 1 f.ll of pAdTracklHA-PHIP (100 ng/ml) plasmid 

and the PmeI-digested AdEasy vector was co-transformed into 20 f.ll of electrocompetent 

E-Coli BJ5183 bacterial cells by electroporation. Electroporation was performed in 2 

mm cuvettes at 2,500 V, 200 Ohms, and 25 f.lFD in a Bio-Rad Gene Pulser 

electroporator. The transformation mixture was resuspended in 500 f.ll of LB and 
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incubated at 37°C for 15-20 minutes. The mixture was plated on 5 LB plates containing 

25 I-lglml Kanamycin and incubated at 37°C overnight. Ten of the smallest colonies were 

picked and expanded in 2 ml LB containing 25 I-lg/ml Kanamycin at 37°C for IS hours 

with vigorous shaking. DNA was prepared and digested with Pac! enzyme to identify the 

positive clones. Two of the positive clones (clones 3 and 4), which yielded a large 

fragment of near 30 kb and a smaller fragment of 3 or 4 kb were re-transformed into 

DHlOB cells. Purified plasmid DNAs were generated by CsCI-banding method as 

described in section 2.4.2 and used for viral production. 

2.5 RNA ANALYSIS: 

2.5.1 RNA isolation - RNA was prepared from different adult mouse tissues by 

the TRlzol (Gibco BRL) method. 50-100 mg of tissue samples were homogenized in 1 

ml of TRlzol reagent. The homogenized samples were incubated for 5 minutes at RT 

before 200 I-li of chloroform was added. Tubes were capped and shaked vigorously for 

15-30 seconds and incubated for 2-3 minutes at RT. The samples were centrifuged at 

12,000 rpm for 15 minutes at 4°C. Following centrifugation, the upper aqueous phase 

was transferred to a fresh tube and RNA was precipitated by adding 0.5 ml of isopropyl 

alcohol per I ml of the TRlzol reagent used for the initial homogenization. The RNA 

pellet was washed with 75% ethanol, air-dried, dissolved in DEPC (diethyl 

pyrocarbonate)-water and stored at -80°C. 
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2.5.2 Northern blot analysis - Fifteen micrograms of total RNA from various 

adult mouse tissues were resuspended in IX MOPS (20 mM MOPS,S mM NaOAc, 1 

mM EDTA, PH 7), 6.5% formaldehyde and 50% deionized formamide. The mixture was 

incubated at 55°C for 15 minutes, followed by a quick chill on ice. Loading buffer (5% 

glycerol, I mM EDTA, 0.25% bromophenol blue) was then added and samples were 

separated on a 1.2% formaldehyde-agarose gel. The RNA was transferred from the gel 

onto a Zeta-probe blotting membrane (Amersham) in lOX SSC by overnight capillary 

action. The RNA was crosslinked to the membrane using UV Stratalinker (Gibco BRL). 

The membrane was hybridized with 32P-labeled probes of interest as previously described 

in section 2.3. 

2.5.3 RT-PCR analysis - To generate cDNA from various mouse tissues, 2.5 

pmols of hexameric random primers (Promega) were added to 1 Ilg of total RNA and 

optimised to a volume of 15.5 III with DEPC-H20. The mixture was incubated at 70°C 

for 10 minutes to denature RNA and quickly chilled on ice. Optimal amounts of lOX 

PCR buffer (200 mM Tris-HCI PH 8.4, 500 mM KCt), 25 mM MgCb, 10 roM dNTPs 

mix (dATP, dCTP, dGTP, dTTP) and 0.1 M DTT was then added to achieve final 

concentrations of IX, 2.5 mM, 400 IlM and 10 mM, respectively. The reaction tubes 

were pre-warmed to 42°C for 2 minutes prior to the addition of 1 III Superscript II reverse 

transcriptase (Gibco BRL) and were subsequently allowed to proceed for 1 hour at 42°C. 

The reverse transcription reaction was terminated at 70°C for 15 minutes followed by 

addition of 1 III of RNase mix and incubation at 37°C for 30 minutes. One microliter of 

the cDNA products was used as template in various polymerase chain reactions (PCR). 
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All PCRs described in this section and section 2.6 were performed in lX PCR buffer, 200 

IlM dNTP mix, 1.5 mM MgCh, 50 pmol of each of the sense and anti-sense primers and 

5 units of Taq DNA polymerise (Roche). Each PCR was conducted in a 50 III reaction 

volume and maintained on ice prior to transfer to thermocycler (VWR), preheated at 95°C 

for two minutes. To allow cDNA template denaturation, reaction tubes were incubated at 

95°C for five minutes. Thirty cycles of PCR amplification was then performed by 

incubation at 95°C for 1 minute, 45 seconds at the appropriate annealing temperature that 

varied between different primer sets, and extension at noc for 1.5 minutes. An additional 

incubation at noc for 7 minutes was included, followed by the storage at 4°C. The PCR 

reactions, which yielded the 450 bp PIDP, 500 bp 5'UTR or 610 bp NDRP fragments 

were performed with the following sets of primers. For PIDP, primer (1) 5'

GAAATACCATGATATGCCTGACGTCATAG-3' and primer (2) 5'-CGCAATATCTA 

GTGTCATCAGCTG-3'; for 5'UTR, primer (3) 5'-GGAAAAGCTGAATAACTTTCGT 

CACTT-3' and primer (4) 5'-GTCAGGCATATCATGGTATTTCATGGT-3'; for 

NDRP, primer (5) 5'-GGACAGCAGATGCTGGAATTAACTTG-3' and primer (4) were 

used to amplify the corresponding regions. 

2.65' RACE (RAPID AMPLIFICATION OF eDNA ENDS): 

5' RACE was performed as per manufacturer's instructions (Gibco BRL). First strand 

cDNA was synthesized using 1 Ilg of total RNA prepared from adult mouse thymus and 

two and half pmol of PIDP specific primer 5' -GTCAGGCAT ATCATGGT A TTTCATG 

GT -3' as previously described in section 2.5.3. cDNA was purified using a GlassMax 

DNA isolation spin cartridge and dC-tailed with Terminal Deoxynucleotidyl Transferase 
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(TDT) enzyme. Subsequent PCR amplification of dC-tailed cDNA using an abridged 

anchor primer, 5' -GGCCACGCGTCGACTAGT ACGGGIIGGGIIGGGIIG-3' (provided 

by the kit), which binds to poly dC tail and a PHIP specific nested primer, 5'

CCTIAGTICCATCTIATGCCATGGCTG-3' allowed amplification of 5'end PHIP 

sequences. Another round of amplification was then performed with a universal primer, 

AUAP, 5'-GGCCACGCGTCGACTAGTAC-3' (provided by the kit), ant the third nested 

PHIP specific primer, 5'-CCAAGCTGAAGGCAACCACTC-3' to ensure amplification 

of PHIP specific products. The PCR products of the third amplification were subcloned 

into T A cloning vector followed by bacterial transformation into DH5a cells. DNA was 

prepared from random single transformed bacterial colonies and analysed by sequencing. 

2.7 ANTIBODIES 

2.7.1 Anti-PHIP antibody generation - GST-PHIP fusion proteins containing 

PHIP PH binding region (residues 5-209) were generated from the pGEX_3X1PHIPs.209 

plasmid previously described in section 2.1.2. The plasmid DNA was transformed into 

RRI bacterial cells and a single ampicillin resistant colony was selected and expanded to 

log phase (A600=0.9) in 500 ml LB containing 100 ).lg/ml ampicillin. Expression of the 

fusion protein was induced by incubation of the culture with 1 mM IPTG (Bioshop) for 4 

hours at 37°C with vigorous shaking. The bacteria were then pelleted by centrifugation at 

5000 rpm for 10 minutes at 4°C. The bacterial cells were resuspended in 10 ml of ice

cold PBS buffer (137 mM NaCl, 2.7 mM KCl, 8.2 mM Na2HP04, 1.5 mM KH2P04 ) 

containing 1 % tween 20, 1 % triton-X100, 10 ).lg/ml aprotinin, 10 Ilg/mlleupeptin, and 10 
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mM DIT and sonicated on ice with three strokes, 20 seconds at 40 mAmps each. To 

remove the bacterial debris, the lysate was subjected to centrifugation at 10,000 rpm at 

4°C for 10 minutes. The GST-PHIP fusion protein was purified from the clear 

supernatant using 1 ml of 50% Glutathione Sepharose bead mixture (Sigma) for 30 

minutes at 4°C. The GST-PHIP proteins bound to the beads were washed with 30 bed 

volumes of PBS and eluted with 2 mls of elution buffer (20 mM reduced glutathione, 50 

mM Tris-HCI PH 8, 150 mM NaCI). The purity and the concentration of the purified 

fusion protein were assessed by Coomassie Blue stain. The expressed fusion protein was 

approximately 45 KDa, corresponding to GST and residues 5-209 of PHIP. 

The fusion protein was injected into two SPF rabbits (A and B) to generate the rabbit 

polyclonal antisera. The rabbits were originally injected subcutaneously with 500 Iotg of 

fusion protein in Freund's complete adjuvant (Sigma) at a 1:1 volume. The animals were 

subsequently given three more injections, at monthly intervals, with 100-200 Iotg fusion 

protein in Freund's incomplete adjuvant (Sigma) at a 1:1 volume. The animals were bled 

after two weeks of every Freund's incomplete injection; serum was collected and stored 

in 1 ml aliquots at -80°C. Rabbit A anti-PHIP sera was used for all the experiments 

performed for this study. Prior to the use of every newly thawed serum vial, the crude 

serum was cleared of anti-GST antibodies by incubation with 500 Iotg of purified GST 

protein bound to the Glutathione Sepharose beads for two hours at 4°C. The serum 

containing the anti-PHIP antibodies was then used at a 1 :200 dilution in immunoblots and 

10 Iotl/mg total lysate in immunoprecipitations. 
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2.7.2 Other antibodies - Monoclonal anti-IRS-I and polyclonal anti-IRS-I PCT 

(generated against a 16 amino acid pre C-terminal polypeptide sequence) were purchased 

from Santa Cruz and Upstate Biotechnology Inc. (UBI), respectively. Anti-MAPK 

(p42/44) and anti-phosphotyrosine, PY20, antibodies were from New England Biolabs 

(NEB). Anti-HA antibodies were purchased from Babco. 

Anti-IRS-I PH (generated against the IRS-I PH domain) and anti-IRS-2 antibodies were 

gifts from Dr. M. F. White, anti-IR and anti-Shc antibodies were generously provided by 

Dr. K. Siddle and Dr. J. McGlade, respectively. 

Monoclonal anti-HA (12CA5) was from Babco and anti-Myc (9ElO) and monoclonal 

IRS-I (E-12) antibodies were from Santa Cruz Biotechnology. Anti-CAT antibodies and 

mouse antibody to BrdU were purchased from 5 prime-3 prime Inc. and Sigma, 

respectively. Rhodamine-conjugated phalloidin was obtained from Molecular Probes. 

Anti-transferrin receptor antibody is purchased from Zymed. 

2.8 IN-VITRO TRANSCRIPTIONITRANSLATION ASSAY: 

One microgram of purified EcoRI digested DNA fragment from pCANIDN-PHIP was 

used in an in-vitro transcription/translation assay (Promega TNT T7 Coupled 

Reticulocyte Lysate System). The reaction mixture contained 25 j.ll TNT rabbit 

reticulocyte lysate, 2 j.ll TNT reaction buffer, 1 /-ll T7 RNA Polymerase, 1 /-ll amino acid 

mixture lacking methionine,S /-ll e5S]Methionine (10 mCilml), 1 /-ll RNasin (40 units//-ll), 

DNA template and Nuclease-free water to volume of 50 j.ll. The reaction mixture was 

incubated at 30°C for 90 minutes. The e5S]Methionine labeled translation products were 

immunoprecipitated using preimmune serum or anti-PHIP antibodies and separated on a 
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10% SDS-polyacrylamide gel. The gel was fixed in a solution composed of isopropanol, 

water and acetic acid in 25:15:10 ratios for 30 minutes. The gel was then soaked in 

AmplifyTM (Amersham Life Science) solution for 30 minutes and dried under vacuum at 

60-80°C. The gel was later exposed to X-ray film at -80°C. 

2.9 CELL CULTURE: 

2.9.1 Cell lines - All cells were maintained in an incubator containing 5% C02 

under 80% humidity at 37°C. Rat-1 fibroblasts, 293 human embryonic kidney celis, 

NIHIlR (NIHl3T3 mouse fibroblasts stably overexpressing the human insulin receptor), 

3T3-L1 mouse preadipocytes and COS-l17 monkey kidney epithelial cell lines were 

maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% 

heat-inactivated fetal bovine serum (HI-FBS), 2 mM glutamine, 100 IV/ml penicillin-G 

and 100 Ilg of streptomycin (1% PenlStrep). The human multiple myeloma cell line 

U266 was cultured in RPMI medium 1640 supplemented with the same reagents. 

L6GLUT4myc (L6 mouse myoblasts stably overexpressing myc-tagged GLUT4 glucose 

transporter in which myc-epitope is inserted into an exofacial GLUT4 domain (Kanai et 

aI., 1993b; Randhawa et aI., 2000)) were maintained in a-Minimum Essential Medium 

(a-MEM) supplemented with the same reagents. In cases of serum starvation, cells were 

cultured in DMEM alone for 16 to 18 hours and then stimulated with the indicated doses 

of insulin (Sigma) at 37°C. L6GLUT4myc cells were often starved in a-MEM alone for 

only 4 hours. 
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2.9.2 Differentiation of 3T3-Ll cells - 4x1Os 3T3-Ll fibroblasts were seeded in 

6_cm2 dishes containing DMEM medium supplemented with 10% HI-FBS and 1 % 

Pen/Strep and incubated in a 37°C, 5% C02 humidified incubator to reach confluency 

(three days). At this point, the cell number had increased by a factor of 10 to 4x106, 

which was considered as the standard for subsequent calculations. Two days after 

con fluency, the cells media were changed to DMEM containing 10% HI-FBS, 1 % 

Pen/Strep, 390 nglml Dexamethasone (Sigma), 100 j..lg/ml IBMX (Sigma) and 5 j..lg/ml 

insulin and incubated in the same environment for another two days. Next, the cells 

media were changed to DMEM supplemented with 10% HI-FBS, 1 % PenlStrep and 5 

j..lg/ml insulin alone and continued to differentiate for another two days. Finally, the 

differentiation media was replaced by the regular growth media, DMEM containing 10% 

HI-FBS, 1% Pen/Strep, and incubated in the same environment until full differentiation 

was achieved (two-four days). Differentiation of 3T3-Ll fibroblasts into adipocytes was 

marked by the appearance of mUltiple fat droplets in the cells' cytoplasm around day 9, 

which often joined and formed bigger droplets by the end of the differentiation period 

(11-13 days). 

2.9.3 Differentiation of L6GLUT4myc cells - 4x 105 cells were seeded in 6_cm2 

dishes containing a-MEM medium supplemented with 2% HI-FBS and 1% Pen/Strep 

and incubated in a 37°C, 5% C02 humidified incubator for nine days. Media were 

changed every two days for up to 9 days. The number of cells increased by a factor 8 to 

3x 1 06 cells/plate, during this period and was considered as the standard for subsequent 
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calculations. Complete differentiation is detected by the formation of the multinuclear 

cells, which display long tube morphology packed against one another. 

2.10 IMMUNOPRECIPITATlON AND IMMUNOBLOTTING: 

Cells were lysed in PLC lysis buffer containing 50 rnM Hepes, pH 7.5, 150 rnM NaCl, 

10% glycerol, 1% NP-40, 1.5 mM MgCh, 1 mM EGTA, 10 mM sodium pyruvate, 10 

mM sodium fluoride, 10 I-lM sodium orthophosphate, 1 mM PMSF, 10 I-lglml aprotinin, 

10 I-lglml leupeptin. The extracts were clarified by centrifugation at 11,000 rpm for 10 

minutes at 4°C. Lysates were immunoprecipitated with either the corresponding 

antibodies or immobilized beads for 2 hours at 4°C, separated on SDS polyacrylamide 

gels and transferred to polyvinyJidene difluoride (PVDF) membranes and immunoblotted 

with the corresponding antibodies. Whole cell lysates (WCL) were prepared by 

harvesting cells 48 hours after transfection with hot 2X SDS sample buffer. Fifty to two 

hundred microgram of lysate was resolved by SDS-PAGE and probed with the 

corresponding antibodies as indicated. COS and 293 cell lines were transfected with the 

indicated expression plasmids using the calcium phosphate precipitation method as 

described in section 2.22.2 Rat-l cells were transfected using GenePorter 2 (Gene 

Therapy Systems) as per manufacturer's instructions. 

2.11 IN- VITRO BINDING ASSAYS: 

L40 yeast cells expressing various HA-tagged PH domains (rat IRS-I, mouse SOSI, 

human RasGAP, and mouse Ect-2) were lysed with acid-washed beads in 1 ml of 

distilled water containing 0.1 mM PMSF as previously described (Rozakis-Adcock et aI., 
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1993). Clarified cell Iysates were incubated with -5 Ilg of GST-PHIP (PBR) proteins for 

90 minutes at 4°C. For pull-down experiments with IRS-l PH domain mutants, COS-l 

cell Iysates transiently transfected with plasmids expressing HA-tagged PHWT 
, PHNT 

, 

PHCf , PHWI06A were mixed with either GST or GST-PIDP (PBR) proteins for 2 hours 

at 4°C. Proteins bound to GST or GST-PBR were resolved by SDS-PAGE and analyzed 

by immunoblotting with anti-HA antibodies. 

2.12 IN-VITRO MAPK ASSAY: 

COS cells transiently co-transfected by Calcium Phosphate precipitation method (Section 

2.22.2) with HA_p44MAPK and either pCGN control vector or pCGNIDN-PHIP, were 

stimulated with or without insulin (100 nM) for 5 minutes and lysed in PLC lysis buffer. 

Anti-HA immunoprecipitates were incubated for 20 minutes at 30°C in a 30 III reaction 

mixture containing 10 mM MgCIz, 50 mM Tris pH 7.4,2 mM EGTA, 1 mM DTT, 30 

IlM cold ATP, and 5 IlCi of [y_32PlATP. Twenty microgram of MBP (Sigma) was used as 

a substrate. The reaction was stopped by 6X SDS sample buffer and the supernatant was 

resolved by 12% SDS-PAGE. The top portion of the gel was transferred to a PVDF 

membrane for immunoblotting with anti-MAPK antibodies, and the bottom portion 

containing labeled MBP was detected by autoradiography. 

2.13 PI 3-KINASE ASSAY: 

COS cells growing in 6-cm2 tissue culture dishes were transiently transfected by Calcium 

Phosphate precipitation method (Section 2.22.2) with either pCGN control vector, 
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pCGNIDN-PHIP, pCGN-PillP or pCGN-IRS-l. Twenty-four hours after transfection, 

the cells were starved for 16 hours at 37°C incubator. Serum-starved cells were either left 

unstimulated or stimulated with insulin (100 nM) for 5 minutes and lysed in PLC lysis 

buffer. Untransfected NIHIIR cells were used as positive control for the kinase assay. 

Immobilized anti-IRS-1 PCT complexes, immunoprecipitated from the cell Iysates were 

subjected to the kinase assay. The reaction was initiated by adding 80 !-ll of the reaction 

mixture containing 55 !-ll of Kinase Buffer (10 mM Tris PH 7.5, 100 mM NaCI, 1 mM 

MgC\z, 0.1 mM Sodium Orthovanadate), 13.8 mM MgCh, 1O!-l1 Phosphatidylinositol (20 

mg/ml, Avanti Polar-Lipids Inc.), 0.156 mM ATP and 5 !-lCi e2yp]ATP, and incubated at 

30°C for 15 minutes with gentle shaking. The reaction was terminated by adding 20 !-ll of 

8 M HCI and 160 !-ll of CHCh:MeOH (1:1). Fifty microliter of the organic phase 

(Bottom portion) was spotted on a TLC plate and the lipid products were separated by 

incubation in the running solvent (CHCh: MeOH: H20: N~PH = 60: 47: 11.6: 2 (ml)) 

for 3-4 hours. The plate was dried in the fume hood and exposed in Phospholmager 

cassette over night. 

2.14 REPORTER GENE ASSAYS: 

COS-l cells growing in 6-cm2 dishes were transiently transfected by Calcium Phosphate 

precipitation method (Section 2.22.2) in triplicate samples with 5X SRE-fos luciferase 

reporter gene (5X SRE-LUC) and the indicated plasmids. Twenty-four hours after 

transfection, the cells were serum starved for 16 hours at 37°C. Serum-starved cells were 

either left untreated or treated with Mek-l inhibitor (50 !-lM, NEB) for 2 hours. Cells 

were incubated for 10 hours with or without insulin (0.2 !-lM, Sigma). Cells were then 
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rinsed with PBS and lysed in 200 III of 25 mM Tricine PH 7.8 lysis buffer (Roche) 

containing Noniodet P-40, glycerol, DTT, and EDTA for 15 minutes at RT. To remove 

cellular debris, solubilized cells were spun for 10 seconds at maximum speed. To 

measure luciferase activity, 50 Ilg of cleared lysate was added to 360 III of luciferase 

assay buffer (25 mM glycylglycine PH 7.8, 15 mM potassium phosphate PH 7.8, 15 mM 

MgS04,4 mM EGTA, 2 mM ATP, 1 mM DTT) and placed in a luminometer cuvette. 

The cuvette was placed in luminometer chamber and 100 III of diluted luciferin (Sigma) 

solution (1:5 in 25 mM glycylglycine PH 7.8) was added in dark and light output was 

immediately measured for 20 seconds at RT. Three separate measurements were taken 

for each lysate and the average was plotted on a graph. 

2.15 M1CR01N]ECTION ASSAYS: 

NIHlIR or Rat-l fibroblasts plated onto gridded glass cover slips and serum starved for 

30 hours, were microinjected with the indicated plasmids with or without 5X serum 

response element - chroramphenicol acetyltransferase (SRE-CAT) reporter gene as 

previously described (Soisson et ai., 1998). Briefly, the plasmids were resuspended in the 

microinjection buffer (20 mM Tris-acetate pH 7.4, 20 mM NaCl, 1 mM MgCIz, 0.1 mM 

EDTA, 5 mM BME, and 150 mM KCl) and injected into a total of 50 cells for each 

condition. For the reporter assay, 2 hours after injection, cells were treated with 0.5 IlM 

insulin or serum (20%) as indicated and incubated for 5 hours before fixation. For the 

mitogenesis assay, 3 hours after injection, cells were treated with 10 J-lM BrdU (Roche), 

followed by addition of either 0.5 IlM insulin or 20% serum. Cells were incubated for 36 

hours before fixation. Anti-HA and anti-CAT antibodies were utilised to detect ectopic 
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PIliP mutants and CAT expression, respectively. Anti-BrdU antibodies were used to 

monitor BrdU incorporation into the newly synthesized DNA. In DNA synthesis 

experiments, rabbit anti-rat IgG was coinjected with the indicated plasmids and was used 

to detect microinjected cells. The values represent average of 5 independent experiments. 

The results are plotted in graphs and are expressed as % of maximum, which represented 

the average number of cells either expressing SRE-CAT or incorporating BrdU upon 

serum stimulation. 

2.16 GLUT4MYC TRANSLOCATION ASSAY: 

L6GLUT4myc stable cell lines were generated as previously described (Kanai et aI., 

1993b; Kishi et aI., 1998; Mitsumoto et aI., 1991). Cells growing on cover slips were 

cotransfected with the indicated HA-epitope tagged protein encoding constructs (0.9 /lg) 

and 0.3 Ilg of enhanced green fluorescent protein (EGFP, Clontech) expressing plasmid 

according to the Effectene protocol manual (Qiagen). Forty-three hours after 

transfection, cells were deprived of serum in culture medium for 3 hours and were left 

either untreated or treated with 100 nM insulin for 20 minutes. Transfected cells were 

monitored by GFP expression. Indirect immunofluorescence for expression of cDNA 

constructs and GLUT4myc translocation was carried out on intact cells as previously 

described (Randhawa et aI., 2000). Briefly, transfected cells were rinsed three times with 

ice-cold PBSM (100 mM NaCI, 1 mM CaCh, 1 mM MgCh, 50 mM NaH2PO,JNa2HP04, 

pH 7.4) and fixed with 3% paraformaldehyde in PBSM for 2 minutes, followed by 

incubation with 100 nM glycine in PBSM for 10 minutes. Cells were then rinsed with 
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PBSM three times and blocked with 5% goat serum in PBSM for 10 minutes. The 

blocking serum was then completely removed and 50 J.lI of the primary antibody, namely, 

anti-HA (1:200) and anti-Myc (1:100) were added to detect the cDNA constructs and 

GLUT4myc expression, respectively, and incubated for I hour at RT. Cells were rinsed 

with PBSM three times and incubated with the secondary antibody (FITC-conjugated goat 

anti-mouse 1: 1000 for anti-HA and Cy3-conjugated goat anti-mouse IgG 1: 1000 for anti

Myc) in PBSM for I hour. Rinsed cover slips were mounted and analyzed with the 

Leica TCS 4D fluorescence microscope (Leica Mikroscoipe Systeme GmbH, Wetzlar, 

Germany). Several representative images of at least three separate experiments were 

quantified with the use of NIH (National Institute of Health) image software. 

2.17 ACTIN LABELING: 

Growing L6GLUT4myc cells on cover slips were cotransfected with the indicated 

plasmids and EGFP expressing construct as described in section 2.16. The cells were 

either left untreated or treated with 100 nM of insulin for 10 minutes following serum 

deprivation. Cells were rinsed with ice-cold PBSM before fixing with 3% 

paraformaldehyde in PBSM for 30 minutes (initiated at 4°C for 5 minutes and shifted 

immediately to room temperature). The rest of the procedure was performed at room 

temperature. The cells were the rinsed once with PBSM
, and unreacted fixative was 

quenched with 100 nM glycine in PBSM for 10 minutes. Permeabilized cells (0.1 % Triton 

X-100 in PBSM for 3 minutes) were washed quickly with PBSM and blocked with 5% 

goat serum in PBSM for 10 minutes. Transfected cells were monitored by GFP 

expression. To detect filamentous actin, cells were incubated in the dark with 
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Rhodamine-conjugated phalloidin for 1 hour. Rinsed cover slips were then mounted and 

analyzed with the Leica TCS 4D fluorescence microscope (Leica Mikroscoipe Systeme 

GmbH, Wetzlar, Germany). 

2.18 INDIRECT IMMUNOFLURESCENCE ANALYSIS: 

Cells growing on cover slips were rinsed with PBS twice and fixed with 4% 

paraformaldehyde in phosphate buffer PH 7.4 for 1 hr at RT. Cells were then rinsed with 

PBS three times and permeabilized with 0.2% triton X100 for 5 minutes. Following three 

PBS rinses cells were blocked with 1120 normal goat serum in PBS for 30 minutes. The 

blocking serum was then completely removed and 50 III of the primary antibody with 

appropriate dilution was added and incubated for 1 hr at RT. For polyclonal anti-PHIP 

serum and monoclonal anti-IRS-1, 1:10 and 1:100 dilutions were used, respectively. Cells 

were rinsed with PBS three times and incubated with the secondary antibody in 11200 

dilution in PBS for 30 minutes. The secondary antibodies used include Alexa 350 (blue), 

488 (green) and 546 (red) nm anti-mouse and anti-rabbit antibodies. Rinsed cover slips 

were mounted and analyzed with the Leica TCS 4D fluorescence microscope (Leica 

Mikroscoipe Systeme GmbH, Wetzlar, Germany). For negative control, either rabbit pre

immune sera were used or no primary antibody was added. 

2.19 SUBCELLULAR FRACTIONATION ASSAY: 

L6GLUT4myc cells growing in 1O-cm2 dishes (three dishes/condition) were serum 

starved for 4-6 hours and left untreated or treated with 100 nM of insulin for 20 minutes. 

Cell fractions were then prepared as previously described (Heller-Harrison et aI., 1995) 
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with slight modifications. All procedures were performed at 0-4°C. Briefly, cells were 

washed and homogenized in ice-cold buffer A containing 20 mM Tris-HCI pH 7.5, 1 mM 

EDTA, 255 mM sucrose, 1 mM PMSF, 10 mM NaP, 100 j-LM Na3V04, 1 mM NaPPi, 10 

j-Lglml aprotinin, and 10 j-Lg/ml leupeptin for twenty strokes with a motor-driven 

Teflon/glass homogenizer. The homogenate was centrifuged at 11,000 rpm for 20 

minutes. The pellet was resuspended in ice-cold buffer A and homogenized as describe 

above. The homogenate was slowly layered onto a sucrose cushion (20 mM Tris-HCI pH 

7.5, 1 mM EDTA, 1.12 M sucrose) and centrifuged at 48,000 rpm for 1 hour. The white 

plasma membrane band was then collected from the sucrose cushion interface and 

following dilution (1:5) in ice-cold buffer A was recentrifuged at 53,000 rpm for 1 hour. 

The plasma membrane pellet was dissolved in hot 2X SDS sample buffer. The 

supernatant from the original centrifugation step was centrifuged at 53,000 rpm to 

sediment the low-density membrane (LDM) pellet. The final LDM pellet was 

resuspended in hot 2X SDS sample buffer. The supernatant containing cytosolic fraction 

from the latter centrifugation step was concentrated using a UFV2BGC40 filter apparatus 

(Millipore Corp.). Fifty microgram of protein from each fraction was separated on a 

SDS-PAGE and immunoblotting with the corresponding antibody as previously 

described in section 2.10. 

2.20 IN- VIVO 35S METABOLIC LABELING OF CELLS: 

L6GLUT4myc cells growing in 10-cm2 dishes were incubated for 2 hours in DMEM 

lucking methionine amino acid (Gibco BRL) at in a 37°C, 5% C02 humidified incubator. 

Pro-Mix esS] Methionine (Amersham Pharmacia Biotech) was then added at 100 j-LCi/ml 
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and cells were incubated for 4 hours under the same environmental conditions. The cells 

were then treated with 100 nM of insulin for 10 minutes and lysed in ice-cold PLC lysis 

buffer. Immunoprecipitations with the indicated antibodies were performed as previously 

described in section 2.10. To confirm the authenticity of the anti-PIllP 

immunoprecipitated proteins, 10 fl.l of anti-PHIP serum diluted in 100 fl.l of PLC buffer 

was pre-cleared with 100 fl.g of purified GST -PHIP or control GST proteins. The 

resulting anti-PHIP pre-cleared serum was used in an immunoprecipitation assay as 

control. Preimmune serum from the same rabbit (A) was used as negative control in 

immunoprecipitation of labeled proteins. lmmunoprecipitated proteins were separated on 

a 7.5% SDS-polyacrylamide gel and processed for diphenyloxazole (PPO) fluorography. 

The gel was first rinsed and then incubated in 5 volumes of dimethylsulfoxide (DMSO) 

for 45 minutes at RT. It was then incubated in 5 gel volumes of 22% (wt/vol) PPO in 

DMSO for another 45 minutes at RT. The PPO-impregnated gel was placed under a 

gentle flow of water for 1-2 hours and subsequently dried under vacuum at 60-80°C. 

Fluorographed gel was exposed on X-ray film for 16 hours at -80°C. 

2.21 ADENOVIRUS ANALYSIS 

2.21.1 Adenoviral production - Seventy-per-cent confluent 293 cells growing in 

1O_cm2 dishes in a 37°C, 5% C02 humidified incubator, were transfected with 10 fl.g of 

purified PacI-digested AdEasyIHA-PHIP plasmid DNA from clone 3, by calcium 

phosphate precipitation method as described in section 2.22.2. Transfections and viral 

production, which was driven by CMV promoter in pAdEasy vector was monitored by 
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OFP expression. Seven to ten days following transfection, cells were scraped off the 

plates and transferred to 50 ml conical tubes. Cells were centrifuged at 2,000 rpm for 5 

minutes and the pellet was resuspended in 2 ml PBS buffer. To release the viruses, the 

cells were repeatedly frozen in dry ice/methanol bath, thawed in a 37°C water bath and 

vortexed. The samples were briefly spun and the supernatants were subsequently used to 

infect 293 cells. To amplify the virus, 70% confluent 293 cells growing in 1O-cm2 dishes 

were infected with 1 ml of viral supernatant for 30 minutes followed by addition of 9 ml 

of DMEM containing the supplements. Three to five days post-infection, when 50% of 

the cells were detached, cells were scraped and viral supernatant was prepared as 

described above. The viral supernatant was stored at -20°C. Control viruses of empty 

pAdEasy vector were prepared in the same manner. 

2.21.2 Preparation of high titre viral stocks - Twenty, 90% confluent plates of 

293 cells were infected with I ml of control or HA-PHIP viral supernatant as previously 

described in section 2.21.1. After 4-5 days, when all the cells had rounded up and 50% 

were detached, cells were harvested and pelleted. Cell pellets were resuspended in 8 ml 

sterile PBS and four cycles of freeze/thaw/vortex were performed to release the viruses as 

previously described in section 2.21.1. Cell lysates were centrifuged at 6,000 rpm for 5 

minutes to remove the cellular debris. Four grams of CsCI was added to the cleared 

lysate, mixed well and transferred to polyallomer tubes; sealed tubes were then 

centrifuged at 32,000 rpm at 10°C for 16-20 hours. The viral fraction was collected, 

mixed with equal volume of 2X storage buffer (10 mM Tris PH 8, 100 mM NaCl, 0.1 % 

BSA, 50% glycerol, filter sterilized) and stored at -20°C. To measure the viral titre, 15 
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J.l1 of virus solution was mixed with 15 J.l1 of blank solution (1.35 glml CsCI mixed with 

equal volume of 2X storage buffer) plus 100 III TE/O.l % SDS. The OD was measured at 

A z60 nm. One A Z60 unit contains -50 infectious viral particles. The titers obtained for 

control and HA-PHIP viruses were 6xlOII and 3.6x1011 pfu/ml, respectively. 

2.22 EXOGENOUS DNA INTRODUCTION INTO CELLS: 

2.22.1 Prokaryotic cell transformation - Fifty to hundred nanograms of DNA 

was added to 50 J.l1 competent bacterial cells and incubated on ice for 20 minutes. 

Bacterial cells used in this series of studies included DH5a and RR1. The samples were 

heat-shocked for 45 seconds at 42°C and placed on ice immediately. After 1 minute, ISO 

J.lI of LB was added and the cells were spread on LB plates containing the appropriate 

antibiotics. The plates were incubated at 37°C overnight to allow growth of single 

bacterial colonies carrying the plasmid of interest. 

2.22.2 Eukaryotic cell transfection - Calcium Phosphate Precipitation Method -

Ten to twenty micrograms of purified DNA was mixed with 1 ml of IX HBS (21 mM 

HEPES, 0.137 M NaCI, 5 mM KCI, 0.7 mM NazHP04, 5.5 mM glucose, PH 7) in 

polystyrene tubes. To this mixture, 50 J.lI of sterile 2.5 M CaCh was added drop wise 

with gentle shaking and incubated for 30 minutes at RT. These amounts of reagents are 
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sufficient to transfect one IO-cm2 or two 6-cm2 plates of 70% confluent adherent 

mammalian cells. One hour prior to transfection, cells media were replaced by 9 ml and 

4.5 ml of fresh medium on 10-cm2 and 6-cm2, respectively. The transfection mixture was 

then added to the cells and incubated in a 37°C, 5% CO2 humidified incubator. In the 

case of 293 cells, transfection continued for 16 hours before the transfection medium was 

replaced by fresh DMEM medium. For Cos cells, 5 hours after transfection, cells were 

shocked with 10% of DMSO in DMEM medium. Following the transfection medium 

removal, 1 ml or 2 ml of 10% DMSO solution was added to IO-cm2 or 6_cm2
, 

respectively and incubated for 3 minutes at RT. The cells were washed twice with PBS 

and fresh medium was added, followed by further incubation in a 37°C, 5% C02 

humidified incubator. 

Other methods of transfection used in this series experiments such as Effectene (Quigen), 

Geneporter (Gene Therapy Systems) or Lipofectamine (Gibco BRL) were performed as 

per manufacturer's instructions. 

2.22.3 Eukaryotic cell transduction - One day prior to infections, 4xIOs 

L6GLUT4myc myoblasts were seeded in 6-cm2 dishes containing 5 ml of media 

supplemented with 10% HI-FBS and 1 % Pen/Strep and incubated in a 37°C, 5% CO2 

humidified incubator overnight. 4xl09 control or HA-PHIP encoding adenoviral particles 

were diluted in 1 ml of a-MEM containing 2% HI-FBS and 1 % Pen/Strep to achieve an 

MOl of 5000. Growth media were removed and the viral mixtures were overlayed on the 

cells and incubated for 24 hours with gentle shaking in a 37°C, 5% CO2 humidified 

incubator. Four milliliter of fresh medium was added following by 24 hours of 
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incubation under the same environmental conditions prior to assaying. In the case of 

L6GLUT4myc myotubes or 3T3-Ll adipocytes, 4x 105 undifferentiated cells were seeded 

and allowed to differentiate as previously described in section 2.9.2 and 2.9.3. To 

achieve an MOl of 5000, 1.5-2x 1010 viral particles were added and infections were 

proceeded as described above. The efficiency of infectivity detected by monitoring the 

number of GFP positive cells was estimated over 80%. In experiments where serum 

SU!r'ration was required, 48 hours after infection of L6GLUT4myc cells or 3T3-Ll 

adipocytes, infection media were replaced with fresh media containing no supplements 

and incubated under the same environmental conditions for 3 or 16 hours, respectively, 

prior to assaying. 
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CHAPTER THREE 

ISOLATION AND INITIAL BIOCHEMICAL CHARACTERIZATION 

OFPHIP 

3.1 INTRODUCTION 

Studies have shown that IRS-l proteins are enriched in intracellular low-density 

microsomes (LDM) (Heller-Hamson et aI., 1995). An important question that remains to 

be addressed is the mechanism by which LDM-associated IRS-l interacts with the 

activated IR, an integral component of the plasma membrane. The PTB domain of IRS-l 

can bind directly to phosphorylated Tyr960 within the NPEY motif in the juxtamembrane 

region of the activated IR, ill vitro (Eck et aI., 1996; Wolf et al., 1995). However, the 

exact molecular mechanism by which the IRS-l PH domain promotes receptor coupling 

is not known. It is generally accepted that most PH domains bind to phosphoinositides 

(Lemmon and Ferguson, 1998). Given that the majority of PH domain-containing 

proteins have a functional requirement for membrane association, it has been postulated 

that the lipid-binding function of PH domains serves to recruit these signaling proteins to 

membrane compartments. However, non-specific membrane targeting sequences such as 

CAAX and myristoylation sequences cannot always substitute for PH domains. As in the 

case of IRS-I, constitutively membrane-bound IRS-l (IRS-I-CAAX) disrupts insulin

induced IRS-I-mediated signaling such as PI 3-kinase and Mitogen-activated Protein 

(MAP) kinase signaling (Kriauciunas et al., 2000), suggesting that proper membrane 

localization of IRS-l is essential for its function. Moreover, failure of heterologous PH 
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domains all known to promote plasma membrane targeting by binding to 

phosphoinositides to restore IRS-1 specific signaling suggests that the IRS-1 PH domain 

is not simply a membrane targeting device but may interact with specific cellular ligands 

(Burks et a!., 1997). Although a recent report by Burks et a!. (Burks et a!., 1998) revealed 

that the IRS-1 PH domain binds to acidic motifs in the nucleolar protein, nucleolin, 

physiological ligands for the IRS-1 PH domain have yet to be defined. In order to identify 

proteins that bind to the PH domain of IRS-1, a yeast two-hybrid screen was initially used 

in which the PH domain from rat IRS-1 was used as a bait to screen a murine 10.5 day 

embryonic cDNA library (Farhang-Fallah et a!., 2000). Sequence analysis of a cDNA 

clone, VP1.32, which displayed the strongest interaction with the IRS-1 PH domain, 

revealed an open reading frame (ORF) of 204 amino acids with no significant homology 

to any known proteins. This protein was designated as PHlP, for PH Interacting Protein. 

III vitro binding studies in yeast have demonstrated that PHIP is associated with the PH 

domain of IRS-1 and not with PH domain derivatives from unrelated signaling proteins 

such as mSos1 (Ras nucleotide exchanger), Ect-2 (Rho/Rac exchanger) and RasGAP 

(GTPase activating protein) (Bowtell et a!., 1992; Miki et a!., 1993; Trahey and 

McCormick, 1987; Trahey and McCormick, 1987), suggesting that PHIP may function as 

a specific ligand of the IRS-1 PH domain (Farhang-Fallah et a!., 2000). 

This chapter repotts the molecular cloning of the mouse and human PHIP cDNAs and 

preliminary biochemical characterization of the corresponding proteins. I have provided 

a detailed analysis of PHIP sequences and their relation to other family members. I have 

also examined the tissue and intracellular distribution pattern of PHIP expression as well 

as its ability to interact with IRS-1 both ill vitro and ill vivo. 
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3.2 RESULTS 

3.2.1 Isolation of PHIP eDNA. The longest PHIP cDNA clone (VP1.32) from the yeast 

two-hybrid analysis spanned a nucleotide sequence of 629 base pairs (bp), which was 

devoid of in-frame termination codon and an N-terminal Kozak consensus (Kozak, 

1986). 

In order to obtain full-length mouse PHIP (mPHIP) cDNA sequences, a mouse thymus 

cDNA library was screened using the 629 bp VP1.32 as a probe. Eighteen positive 

clones were obtained; twelve of the clones displaying the strongest signals were 

subsequently sequenced. Sequence analysis of the overlapping clones shaped a large but 

incomplete open reading frame. In order to obtain clones containing the carboxy-terminal 

sequences, the mouse thymus library was subsequently re-screened with a plSP'5-T7 

DNA fragment spanning a 570 bp nucleotide of the most C-terminal clone from the first 

screening attempt (pIS). Twenty positive clones were obtained, several of which were 

subsequently sequenced. The largest clone (14A-1S) extended the C-terminus by 

approximately 1.5 kilo-bases (kb) and found to contain a termination codon (TAA) and 

903 bp 3'-untranslated region (UTR) followed by a 14 nt polyadenine (Poly (A» tract. In 

order to locate the PHIP N-terminal initiating methionine, 5'RACE experiments were 

performed on total RNA isolated from adult mouse thymus tissue. Data obtained from 

these experiments identified a translational start codon (ATG) in the context of a Kozak 

consensus (Kozak, 19S6), which was preceded by a series of stop codons. An additional 
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219 bp 5'-UTR was also obtained by 5' RACE. Collectively, these results demonstrated 

an open reading frame of 2706 bp encoding 902 amino acid (aa) residues (Figure 3.1A). 

To obtain the human homologue of mouse PHIP cDNA, a human fetal brain eDNA 

library was screened using the 629 bp VP1.32 as a probe. Eighteen positive clones were 

obtained; eight of the clones displaying the strongest signal were subsequently 

sequenced. The largest clone (6b-26) contained an insert of 2784 bp, which contained 

121 bp 3' -UTR followed by 16 bp poly(A) tract. The N-terminal initiation codon was 

never found for human PHIP (hPHIP) in either of the fetal brain cDNA library screen or 

5'RACE analysis, leading to an open reading frame of 2694 bp encoding 898 aa residues 

(Figure 3.lB). Interestingly, one of the clones (l9b-4) from the human fetal brain eDNA 

library screen identified a large insert of 2839 bp, which extended hPHIP N-terrninus by 

498 bp but was devoid of any initiation methionine (Figure 3.2). BLAST analysis using 

the latter sequence detected a second member of the PHIP family, encoding neuronal 

differentiation-related protein (NDRP) (Kato et aI., 2000) (Figure 3.3). A full length 

NDRP eDNA contains an open reading frame of 3057 bp encoding a protein of 1019 aa 

residues. NDRP is an alternative splice variant from the hPHIP locus mapped to 

chromosome 6 and has been shown to be predominantly expressed in developing neurons 

und may be involved in neuronal regeneration and differentiation. The pre-carboxy 

terminal region of NDRP is identical to the amino-terminal region of PHIP (residues 5-

80) (Figure 3.2). Genomic sequence analysis revealed that PHIP and NDRP share two 

exons; the penultimate two exons, 24'h and 25'h, of NDRP correspond to the ISland 2nd 
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Figure 3.1. Nucelotide and deduced amino acid sequences of mouse and human 

PHIP. The entire mouse PIDP (A) human PHIP (B) nucleotide sequences. The mouse 

ATG encoding methionine shown in bold letter is likely the translation initiation codon as 

it matches well with the Kozak consensus and is preceded by multiple in frame stop 

codons (GenBank™ accession number AF310251). The corresponding initiation 

methionine in human PIDP sequences was never obtained (GenBankTM accession number 

AF310250). The complete amino acid open reading frames are also included beneath the 

nucleotide sequences. Underlined are amino acid sequences of the two bromodomains 

located centrally in tandem. The termination codons are depicted by asterisks in bold 

letters. 

62 



A. 
1 CTAGAAGAGTTTTTAGTTTTGTCTGTTAGGATGTCTTTTGAGAGTTTTGTAAAGAATATA 

Gl CGTTTTGCTTTTGTCTCTAGCCCTCCATCAGTGATTAGGAAAAGCTGAATAACTTTCGTC 
121 ACTTCTGCTGCTTTTCTAGTAAAAGGTTTTAATACTGGAGAGTAAAATTTTTGCACAGAT 
181 TTATTTCCTTGTGTTTGAAGATAGTACTAATGCTGTTGCATGCTTTCTCAGAGATTGGCT 

1 MLSQRLA 
241 GTAGGAGAACTAACTGAGAATGGCCTAACGTTAGAAGAGTGGTTGCCTTCAGCTTGGATT 

8 V GEL TEN G L T LEE W L P SAW I 
301 ACAGACACACTTCCCAGGAGATGTCCATTTGTGCCACAGATGGGTGATGAGGTTTATTAT 

28 T D T L P R R C P F V P Q M G D E V Y Y 
361 TTTCGACAAGGGCATGAAGCATATGTTGAGATGGCCCGGAAAAATAAAATTTATAGTATC 

48 F R Q G H E A Y V E MAR K N K I Y S I 
421 AATCCTAAAAAGCAGCCATGGCATAAGATGGAACTAAGGGAACAAGAACTAATGAAAATT 

68 N P K K Q P W H K MEL R E Q ELM K I 
481 GTTGGTATAAAGTATGAAGTGGGGTTGCCTACCCTTTGCTGCCTTAAACTTGCTTTTCTA 

88 V G r K Y E V G L P T Lee L K L A ~ L 
541 GATCCTGATACTGGCAAACTGACCGGTGGATCATTTACCATGAAATACCATGATATGCCT 

108 D PDT G K LTG G S F T M K Y H D M P 
601 GACGTCATAGATTTTCTAGTCTTGAGACAACAATTTGATGATGCAAAGTATAGACGATGG 

128 D V I D F L V L R Q Q F D D A K Y R R W 
661 AATATAGGTGACCGCTTCAGATCTGTCATAGATGATGCCTGGTGGTTTGGAACAATTGAA 
148 N I G D R FRS V I D D A W W F G TIE 

721 AGTCAAGAGCCTCTTCAACCTGAGTACCCTGATAGTTTGTTTCAGTGTTATAATGTATGT 
168 S Q E P L Q P E Y P D S L F Q C Y N V C 

781 TGGGACAATGGAGATACAGAAAAGATGAGTCCTTGGGATATGGAATTAATACCTAATAAT 
188 W D N G D T E K M S P W D MEL I P N N 

841 GCTGTCTTTCCAGAAGAACTGGGTACCAGTGTTCCTTTAACTGATGTTGAATGTAGGTCG 
208 A V F PEE L G T S V P LTD V E C R S 

901 CTAATTTATAAACCTCTTGATGGAGATTGGGGAGCCAATCCCAGGGATGAAGAATGTGAA· 
228 L I Y K P I, P G P W G 8 N P R PEE C E 

961 AGAATTGTTGGAGGAATAAATCAGCTGATGACACTAGATATTGCGTCTGCATTTGTTGCC 
248 R I Y G GIN 0 I. M T I. D I A S A F V A 

1021 CCTGTGGACCTTCAAGCTTATCCCATGTATTGCACTGTGGTGGCCTATCCAACGGATCTA 
26B P V D I, Q A Y P M yeT Y V A Y P T P I, 

1081 AGTACAATTAAACAAAGACTGGAGAACAGGTTTTACAGGCGCTTTTCATCACTAATGTGG 
288 S T TKO B If E N R F Y B R F S S L M W 

1141 GAAGTTCGATATATAGAACATAATACACGAACATTCAATGAGCCAGGAAGCCCAATTGTG 
308 E V B Y I E H N T R TEN E P G S P I V 

1201 AAATCTGCTAAATTTGTGACTGATCTTCTCCTGCATTTTATAAAGGATCAGACTTGTTAT 
328 K S A K F Y T P I, It I. H F T K DOT C Y 

1261 AACATAATTCCACTTTACAACTCAATGAAGAAGAAAGTTTTGTCTGACTCTGAGGAAGAA 
348 N I I PLY N S M KKK V LSD SEE E 

1321 GAGAAAGATGCTGATGTTCCAGGGACTTCTACCAGAAAGCGCAAGGATCATCAACCTAGA 
368 E K DAD V P G T S T R K R K D H Q P-B 

1381 AGAAGGTTACGCAACAGAGCTCAGTCTTACGATATTCAGGCATGGAAGAAACAATGTCAA 
388 R R I. B N R 8 Q S Y D T Q A W K K 0 C 0 

1441 GAATTACTGAATCTCATATTTCAATGTGAAGACTCAGAACCTTTTCGACAGCCAGTGGAT 
408 E I, I. N L I Foe E D S E P FRO P V P 

1501 CTTCTTGAATATCCAGACTACCGAGACATCATTGACACTCCAATGGACTTTGCCACTGTT 
428 L T. E Y P D Y R D I I P T P M D F B T V 

1561 AGAGAGACTTTAGAGGCTGGGAATTATGAGTCACCCATGGAGTTATGTAAAGATGTCAGG 
448 RET I, E 8 G N YES P MEL C K D Y R 

1621 CTCATTTTCAGTAATTCTAAAGCATACACACCAAGCAAGAGATCAAGGATTTACAGCATG 
. 4fi8 I. I F S N S KAy T P S K R S B T Y 5 M 
1681 AGTTTACGCCTGTCTGCTTTCTTTGAAGAACATATTAGTTCAGTTTTGTCAGATTATAAA 

498 S I, R I, S A E FEE HIS S V I, spy K 
1741 TCTGCTCTTCGTTTTCATAAAAGAAACACCATAAGCAAGAAGAGGAAGAAGCGAAACAGG 

508 SAL R F H K R N TIS K K R K K R N R 
1801 AGCAGCTCCCTGTCCAGCAGTGCTGCCTCAAGCCCTGAAAGGAAAAAAAGGATCTTAAAA 

528 S S S L S S S A ASS PER K K R ILK 
1861 CCCCAGCTAAAGTCAGAAGTATCTACCTCTCCATTCTCCATACCTACAAGATCAGTACTA 

548 P Q L K S E V S T S P F SIP T R S V L 
1921 CCAAGACATAATGCTGCACAAATGAATGGTAAACCAGAATCCAGTTCTGTGGTTCGAACT 

568 P R H N A A Q M N G K 'P E S S S V V R T 
1981 AGG8GCAACCGTGTAGCTGTAGA'fCCAGTTGTCACCGAGCAGCCCTCT ACATCATCAGCC 

588 R S N R V A V D P V V T E Q PST S S A 
2041 ACAAAAGCTTTTGTTTCAAAAACTAATACATCTGCCATGCCAGGAAAAGCAATGCTAGAG 

608 T K A F V S K TNT SAM P G K A M L E 
2101 AATTCTGTGAGACATTCCAAAGCCTTGAGCACACTTTCCAGCCCTGATCCGCTCACATTC 

628 N S V R H S K A L S T L SSP D P L T F 
2161 AGCCATGCTACAAAGAATAATTCTGCAAAAGAAAACATGGAAAAGGAAAAGCCTGTCAAA 

648 S HAT K N N S A KEN M EKE K P V K 



2221 CGT~TGAAGTCTTCTGTGTTTTCAAAAGCATCTCCACTTCCAAAGTCAGCCGCAGTC 
668 R K M K S S V F S K ASP L P K S A A V 

2281 ATAGAGCAAGGAGAGTGTAAGAACAATGTTCTTATACCAGGAACCATTCAAGTAAATGGC 
688 I E Q G E C K N N V LIP G T I Q V N G 

2341 CATGGAGGACAACCATC~CTCGTGAAGAGAGGACCTGGGAGGAAGCCCAAGGTAGAA 
708 H G G Q P S K L V K R G P G R K P K V E 

2401 GTTAACACCAGCAGTGGTGAAGTGACACACAAGAAAAGAGGTAGAAAGCCCAAGAATCTG 
728 V N T SSG E V T H K K R G R K P K N L 

2461 CAGTGTGCAAAGCAGGAAAACTCTGAGCAAAATAACATGCATCCCATCAGGGCTGACGTG 
748 Q C A K Q ENS E Q N N M H P I R A D V 

2521 CTTCCTTCTTCAACATGCAACTTCCTTTCTGAAACTAATGCTGTCAAGGAGGATTTGTTA 
768 L P SST C NFL SET N A V KED L L 

2581 CAGAAAAAGAGTCGTGGAGGCAGAAAACCCAAAAGGAAGATGAAAACTCACAACCTAGAT 
788 Q K K S R G G R K P K R K M K T H N L D 

2641 TCAGAACTCATAGTTCCTACAAATGTTAAAGTGTTAAGGAGAAGTAACCGGAAAAAAACA 
808 S ELI V P T N V K V L R R S N R K K T 

2701 GATGATCCTATAGATGAGGAAGAGGAGTTTGAAGAACTCAAAGGCTCTGAGCCTCACATG 
828 D D P IDE E E E FEE L K G S E P H M 

2761 AGAACTAGAAATCAGGGTCGAAGGACAACTTTCTATAATGAGGATGACTCCGAGGAAGAA 
848 R T R N Q G R R T T F Y NED D SEE E 

2821 CAGAGACAGCTGTTGTTCGAGGACACCTCCTTGACATTTGGAACTTCTAGTAGAGGACGA 
86B Q R Q L L FED T S L T F G T S S R G R 

2BB1 GTCCGAAAGTTGACTGAAAAAGCAAAGGCTAATTTAATTGGTTGGTAACTTGAAGCAAAA 
B8B V R K L T E K A K A N L I G W • 

2941 TATTGCATTTTAAAAAATCTGTAACGCAGGTACAGTTAAGGAGTAAGTAGAACTAAGGTC 
3001 TCTGCTTCCTTGCTGCTATGACGGATTAGGGAATGTTACAATTTGACTTGGGAAAATGGA 
3061 CAAAAACACATTTAGAAGATAATTTACATCTTTGAATGAAAAAAATCTATATACATATAT 
3121 ATTTCAAATGTTTGCTATTTATTGCCCTTAGGTAGGTTATTCGGTTCCACATTCATTTCA . 
3181 TTTGCTGTTTGAAATTGAGGACCTGTTATAAATTCTGGTTTATTTATGGAAGAGACAGCT 
3241 CTGCTACACTATTAAGAAACATAGTATTCCTAGAGATAAAGTATGTTCCCTCTTAAATTG 
3301 AGTTATTTTTGACCAAGTGAGGTACATTTTTACTGATAGCAGAAGGCATGCCCTAGGAAG 
3361 AGAGATGTTACAAAGAGTAGCAGTACATTAAGAATGGCTTCCTCTAAAGATAACTTTCCA 
3421 GTTCCCACCATTTGGTATCCTGAAAAGTGTTGTGAACTGTAGGTGTTCAATTACAGAATA 
3481 TCTAGAGGAAGCTTTTGTTTTACTCCATTTCTGCCAAACTTAGGAGAAAAATGTATTGAT 
3541 GCAAAGGAAACATATCCACATTGGAAAACATTTGACTGTCTAATTTTTCAGACCTTGATT 
3601 CTTATATCAGTCACTCTATCTCTGTTTATTGTGCCAAAGACTGAGAATCAGTGCAGTGGA 
3661 AAGCCTGTTTTTGACTGTCAGGACAGCATACACTTTTCAGTACTGGAAAAGCTATATATT 
3721 CTAAAGAGCAAGTTATTACAAAATTATGCTGAGTTATATCCTTTTTTTGGTACTAAATGT 
3781 AGGAAAATAATGCACTGGTGGGTCCTTTGACAGAGATATCTTAGAGAAAAAAAAAAAAAA 



B. 
1 CGAGATTGGCTGTGGGAGAACTAACTGAAAATGGTTTGACATTAGAAGAATGGTTGCCA 

1 R L A V GEL TEN G L T LEE W L P 
61 'rCAACI\TGGATrACAGATACCI\TTCCCCGAAGATGTCCATTTGTGCCACAGATGGGTGA 

20 S T WIT 0 TIP R Rep F V P Q M G 0 
121 TGAGGTTTATTATTTCCGACAAGGACATGAAGCCTATGTCGAAATGGCCCGGAAAAATA 

40 E V Y Y F R Q G H E A Y V E MAR K N 
181 AAATATATAGTATCAATCCCAAAAAACAACCATGGCATAAAATGGAGCTACGGGAACAA 

59K I Y SIN P K K Q P W H K MEL R E Q 
241 GAACTTATGAAAATAGTTGGCATAAAGTATGAAGTGGGATTACCTACCCTTTGCTGCCT 

79 ELM K I V G I K Y E V G L P T Lee L 
301 TAAACTTGCTTTTCTAGATCCTGATACTGGTAAACTGACTGGTGGATCATTTACCATGA 

99 K L A FLO PDT G K LTG G S F T M 
361 AATACCATGATATGCCTGACGTCATAGATTTTCTAGTCTTGAGACAACAATTTGATGAT 

118K Y HOM P 0 V I 0 F L V L R Q Q F D 0 
421 GCAAAATACAGGCGATGGAATATAGGTGACCGCTTCAGGTCTGTCATAGATGATGCCTG 

138 A K Y R R W N I G D R FRS V I 0 D A W 
481 GTGGTTTGGAACAATCGAAAGCCAGGAACCTCTTCAACTTGAGTACCCTGATAGTCTGT 

158 W F G TIE S Q E P L Q LEY P 0 S L 
541 TTCAATGCTACAATGTTTGCTGGGACAATGGAGATACAGAAAAGATGAGTCCTTGGGAT 

177F Q C Y N V CWO N GOT E K M S P W D 
601 ATGGAGCTTATACCTAATAATGCTGTATTTCCTGAAGAACTAGGTACCAGTGTTCCTTT 

197 MEL I P N N A V F PEE L G T S V P L 
661 AACTGATGGTGAGTGCAGATCACTAATCTATAAACCTCTTGATGGAGAATGGGGTACCA 

217 TOG E C R S L I Y K P I, D G E W G T 
721 ATCCCAGGGATGAAGAATGTGAAAGAATTGTGGCAGGAATAAACCAGTTGATGACACTA 

236N P B DEE C E B I V A G r N Q It M T It 
781 GATATTGCCTCAGCATTTGTGGCCCCCGTGGATCTGCAAGCCTATCCCATGTATTGCAC 

256 D I A S A F V A P Y P It Q A Y P M yeT 
841 AGTAGTGGCATATCCAACGGATCTAAGTACAATTAAACAAAGACTGGAAAACAGGTTTT 

276 Y YAY P T P I, S T I K 0 B It E N B F 
901 ACAGGCGGGTTTCTTCCCTAATGTGGGAAGTTCGATATATAGAGCATAATACACGAACA 

2951 B B Y S S I, M W E Y B Y T E H N T B T 
961 TTTAATGAGCCTGGAAGCCCTATTGTGAAATCTGCTAAATTCGTGACTGATCTTCTTCT 

315 F N E P G S P r V K S A K f V T Q L L L 
1021 ACATTTTATAAAGGATCAGACTTGTTATAACATAATTCCACTTTATAATTCAATGAAGA 

335 H ElK D Q T C Y N I I PLY N S M K 
1081 AGAAAGTTTTGTCTGATTCTGAGGATGAAGAGAAAGATGCTGATGTGCCAGGAACTTCT 

354K K V LSD SED E E K 0 A 0 V P G T S 
1141 ACTCGAAAAAGGAAGGACCATCAGCCTAGAAGAAGATTACGTAATAGAGCCCAGTCTTA 

374 T R K R K 0 H Q P R B R I, B N B A Q S Y 
1201 CGATATTCAAGCATGGAAGAAACAGTGTGAAGAATTGTTAAATCTCATATTTCAATGTG 

394 D T 0 A W K K Q C E E I, I, N It I Foe 
1261 AAGATTCAGAGCCTTTCCGTCAGCCGGTAGATCTCCTTGAATATCCAGACTACAGAGAC 

413E D S E P F B Q P Y P It It E Y P D Y R D 
1321 ATCATTGACACTCCAATGGATTTTGCTACCGTTAGAGAAACTTTAGAGGCTGGGAATTA 

433 I I P T P M D FAT Y RET It E A G N Y 
1381 TGAGTCACCAATGGAGTTATGTAAAGATGTCAGACTTATTTTCAGTAATTCCAAAGCAT 

453 ESP M E I, C K D Y R It I E S N S K A 
1441 ATACACCAAGCAAAAGATCAAGGATTTACAGCATGAGTTTGCGCCTGTCTGCTTTCTTT 

472y T P S K B S B I Y S M $ I, B I, S A E F 
1501 GAAGAACACATTAGTTCAGTTTTATCAGATTATAAATCTGCTCTTCGTTTTCATAAAAG 

492 E E HIS S Y It Spy K SAL R F H K R 
1561 AAATACCATAACCAAAAGGAGGAAGAAAAGAAACAGAAGCAGCTCTGTTTCCAGTAGTG 

512 N TIT K R R K K R N R S S S V S S S 
1621 CTGCATCAAGCCCTGAAAGGAAAAAAAGGATCTTAAAACCCCAGCTAAAATCAGAAAGC 

531A ASS PER K K R ILK P Q L K S E S 
1681 TCTACCTCTGCATTCTCTACACCTACACGATCAATACCGCCAAGACACAATGCTGCTCA 

551 S T S A F S T P T R SIP P R H N A A Q 
1741 GATnAACGGTAAAACAGAATCTAGTTCTGTGGTTCGAACCAGAAGCAACCGAGTGGTTG 

571 I N G K T E S S S V V R T R S N R V V 
1801 TAGATCCAGTTGTCACTGAGCAACCATCTACTTCTTCAGCTGCAAAGACTTTTATTACA 

590v 0 P V V T E Q PST S S A A K T FIT 
1861 AAAGCTAATGCATCTGCAATACCAGGGAAAACAATACTAGAGAATTCTGTGAAACATTC 

610 K A N A S A I P G K TIL ENS V K H S 
1921 CAAAGCTTTGAATACTCTTTCCAGTCCTGGTCAATCCAGTTTT8GTCATGGCACTAGGA 

630 K A L N T L SSP G Q S S , S H G T R 
1981 ATAATTCTGCAAAAGAAAACATGGAAAAGGAAAAGCCAGTCAAACGTAAAATGAAGTCA 

649N N S A KEN M EKE K P V K R K M K S 
2041 TCTGTACTCCCAAAGGCGTCCACTCTTTCAAAGTCATCAGCTGTCATTGAGCAAGGAGA 

669 S V L P K A S T L S K S S A V I E Q G 0 
2101 TTGTAAGAACAACGCTCTTGTACCAGGAACCATTCAAGTAAATGGCCATGGAGGACAGC 

689 C K N N A L V P G T I Q V N G H G G Q 



2161 CATCAAAACTTGTGAAGAGGGGACCTGGAAGGAAACCTAAAGTAGAAGTTAATACCAAT 
70BP S K L V K R G P G R K P K V E V N T N 

2221 AGTGGTGAAATTATACACAAGAAAAGGGGTAGAI\AGCCCAAAAAGCTACAGTATGCAAA 
728 S GEl I H K K R G R K P K K L Q YAK 

2281 GCCAGAAGATTTAGAGCAAAATAATGTGCATCCCATCAGAGATGAAGTACTTCCTTCTT 
748 P E 0 L E Q N N V H P I R D E V L P 5 

2341 CAACATGCAATTTTCTTTCTGAAACTAATAATGTAAAGGAAGATTTGTTACAGAAAAAG 
7675 T C NFL SET N N V KED L L Q K K 

2401 AATCGTGGAGGTAGGAAGCCCAAAAGGAAGATGAAGACACAAAAATTAGATGCAGATCT 
7B7 N R G G R K P K R K M K T Q K L DAD L 

2461 CCTAGTCCCTGCAAGTGTCAAAGTGTTAAGGAGAAGTAACCGAAAAAAGATAGATGATC 
807 L V PAS V K V L R R S N R K K roo 

2521 CTATAGATGAGGAAGAAGAGTTTGAAGAACTCAAAGGCTCTGAACCCCACATGAGAACT 
826P IDE E E E FEE L K G S E P H M R T 

2581 AGAAATCAAGGTCGAAGGACAGCTTTCTATAATGAGGATGACTCTGAAGAGGAGCAAAG 
B46 R N Q G R R T A F Y NED D SEE E Q R 

2641 GCAGCTGTTGTTCGAAGACACCTCTTTAACTTTTGGAACTTCTAGTAGAGGACGAGTCC 
866 Q L L FED T S L T F G T S S R G R V 

2701 GAAAGTTGACTGAAAAAGCAAAAGCTAATTTAATTGGTTGGTAACTTGTACCAAAATAT 
BBSR K L T E K A K A N L I G W • 

2761 TTTACTTCAAAATCTATAAAGCAGGTACAGTTAAGGAATAAGTAGGACTAAGGCTTCTG 
2821 CTTCCTTGCTGCTGTGGTGGAGTAGGGAATGTTATGATTTGATTTGCAAAAAAAAAAAA 
2BBI AAAA 



Figure 3.2. Schematic representation of PHIP, NDRP and WDRll. Schematic 

representation of PHIP illustrates the presence of two bromodomains located centrally in 

PHIP, BD! (230-345) and BD2 (387-503). The PHIP PBR (5-209) isolated from the 

yeast clone VP 1.32 is shown as a marked thin line. The pre-carboxy terminus of mouse 

NDRP (923-999) is identical to mouse (m) PHIP amino-terminus (5-80); the C-terminal 

NDRP sequences then completely diverge and terminate after 20 amino acids (999-1019), 

while PHIP continues for another 822 amino acids (80-902). A long human PHIP clone, 

19b-4 isolated from the fetal brain cDNA library that extends into NDRP is also shown as 

a marked thin line. A putative NDRP-PHIP fusion (WDR11) diagram is also 

demonstrated. 
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1 1 

VPl.32 
80 209 

BIll s" 

~------~~----------~ 1 902 

19b-4 100 aa 
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Inn! • _~ _____ ....... 
1779 



Figure 3.3. Deduced amino acid sequence of NDRP. Alignment of mouse (m) and 

human (h) NDRP sequences represents a 94% identity. The carboxy-terminal sequences 

of human NDRP are yet to be defined. The GenBank ™ accessions numbers for mouse 

and human NDRP are AB049460 and AK057039, respectively. The double dots (colon) 

represent identical amino acids, while single dots represent conserved residues. 
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hNDRP: 1 

mNORP: 1 

hNDRP: 61 

mNDRP: 61 

hNDRP: 121 

mNDRP: 121 

hNORP: 181 

mNDRP: 181 

hNDRP: 241 

mNDRP: 241 

hNDRP: 3D1 

mNDRP: 301 

hNDRP: 361 

rnNDRP: 361 

hNDRP: 421 

mNDRP: 421 

hNDRP: 481 

MSCERKGLSELRSELYFLIARFLEDGPCQQAAQVLIREVAEKELLPRRTDWTGKEHPRTY 60 
:: ::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
MSRERKGLSELRSEL Y FL IARFI.EDG PCQQAAQVL I REVAEKELL PRRT DWTGKEH PRTY 60 

QNLVKYYRHLAPDHLLQICHRLGPLLEQEIPQSVPGVQTLLGAGRQSLLRTNKSCKHVVW 120 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 
QNLVKYYRHLAPDHLLQICHRLGPLLEQEIPQSVPGVQTLLGAGRQSLLRTNKSCKHVVW 120 

KGSALAALHCGRPPESPVNYGSPPSIADTLFSRKLNGKYRLERLVPTAVYQHMKMHKRIL 180 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
KGSALAALHCGRPPESPVNYGSPPSIADTLFSRKLNGKYRLERLVPTAVYQHMKMHKRIL 180 

GHLSSVYCVTFDRTGRRIFTGSDDCLVKIWATDDGRLLATLRGHAAEISDMAVNYENTMI 240 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 
GHLSSVYCVTFDRTGRRIFTGSDDCLVKIWATDDGRLLATLRGHAAEISDMAVNYENTMI 240 

AAGSCDKMIRVWCLRTCAPLAVLQGHSASITSLQFSPLCSGSKRYLSSTGADGTICFWLW 300 ............................................................ ........................................................... . 
AAGSCDKMIRVWCLRTCAPLAVLQGHSASITSLQFSPLCSGSKRYLSSTGADGTICFWLW 300 

DAGTLKINPRPAKFTERPRPGVQMICSSFSAGGMFLATGSTDHIIRVYFFGSGQPEKISE 360 ........... ................................................ ........... ............................................... . 
DAGTLKINPRPTKFTERPRPGVQMICSSFSAGGMFLATGSTDHIIRVYFFGSGQPEKISE 360 

LEFHTDKVDSIQFSNTSNRFVSGSRDGTARIWQFKRREWKSILLDMATRPAGQNLQGIED 420 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
LEFHTDKVDSIQFSNTSNRFVSGSRDGTARIWQFKRREWKSILLDMATRPAGQNLQGlED 420 

KITKMKVTMVAWDRHDNTVITAVNNMTLKVWNSYTGQLIHVLMGHEDEVFVLEPHPFDPR 480 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
KITKMKVTMVAWDRHDNTVITAVNNMTLKVWNSYTGQLIHVLMGHEDEVFVLEPHPFDPR 480 

VLFSAGHDGNVIVWDLARGVKIRSYFNMIEGQGHGAVFDCKCSPDGQHFACTDSHGHLLI 540 
: : : : : : : : : : : : : : : : : : : : : . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

rnNDRP: 481 VLFSAGHDGNVIVWDLARGVKVRSYFNMIEGQGHGAVFDCKCSPDGQHFACTDSHGHLLI 540 

hNDRP: 541 

mNDRP: 541 

hNDRP: 601 

mNDRP: 601 

hNDRP: 661 

rnNDRP: 661 

hNDRP: 721 

rnNDRP: 721 

hNDRP: 781 

mNDRP: 781 

hNDRP: 8U 

mNDRP: 841 

FGFGSSSKYDKIADQMFFHSDYRPLIRDANNFVLDEQTQQAPHLMPPPFLVDVDGNPHPS 600 ............................................................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
FGFGSSSKYDKIADQMFFHSDYRPLIRDANNFVLDEQTQQAPHLMPPPFLVDVDGNPHPS 600 

RYQRLVPGRENCREEQLIPQMGVTSSGLNQVLSQQANQEISPLDSMIQRLQQEQDLRRSG 660 ...................................... ..................... ........................................................... . 
RYQRLVPGRENCREEQLIPQMGVTSSGLNQVLSQQANQDISPLDSMIQRLQQEQDLRRSG 660 

EAGISNTSRLSRGSISSTSEVHSPPNVGLRRSGQIEGVRQMHSNAPRSEIATERDLVAWS 720 ... .. .. . ............................................. . ...... .. . .............................................. . 
EAGVSNASRVNRGSVSSTSEVHSPPNIGLRRSGQIEGVRQMHSNAPRSEIATERDLVAWS 720 

RRVVVPELSAGVASRQEEWRTAKGEEEIKTYRSEEKRKHLTVPKENKIPIVSKNHAHEHF 780 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : . : : : : : : : : : : :: ::::: .......... ......... . 
RRVVVPELSAGVASRQEEWRTAKGEEEIKSYRSEEKRKHLTVAKENKILTVSKNHAHEHF 780 

LDLGESKKQQTNQHNYRTRSALEETPRPSEEIENGSSSSDEGEVVAVSGGTSEEEERAWH 840 
: : : : . : : : :: ::::::::::::::::: ::.:::.::::::::.::::::::::::::: 
LDLGDSKKQQANQHNYRTRSALEETPRPLEELENGTSSSDEGEVLAVSGGTSEEEERAWH 840 

SDGSSSDYSSDYSDWTADAGINLQPPKKVPKNKTKKAESSSDEEEESEKQKQKQIKKEKK 900 
: : : : : : ! : : : : : : : : : : : : : : : : : : : : : : :: :::: ::::::::::: :::: :::: : 
SDGSSSDYSSDYSDWTADAGINLQPPKKVPKHKTKKPESSSDEEEESENQKQKHIKKERK 900 

hNDRP: 901 KVNEEKDGPISP 912 
: ::::::: :: 

mNDRP: 901 KANEEKDGPTSPKKKKPKERKQKRLAVGELTENGLTLEEWLPSAWITDTLPRRCPFVPQM 960 
961 GDEVYYFRQGHEAYVEMARKNKIYSINPKKQPWHKMELRVNIGIFFNVKYIFCIIREVV 101~ 



exons of PHIP. However, the last exon of NDRP extends 3' into the intronic region 

flanking the second exon of PHIP and is followed by multiple stop codons (Lhotak V., 

personal communication). In addition, BLAST analysis of PHIP or NDRP identified a 

putative NDRP-PHIP fusion partial mRNA which is referred to as "WDRll" (Figure 

3.4). Using RT-PCR analysis with NDRP and PHIP specific primers, I have also 

confirmed the existence of such transcript within various mouse tissues (Figure 3.5). 

Furthermore, metabolic labelling of L6 myoblasts has also revealed a large protein of 

approximately 250 KDa immunoprecipitated with anti-PHIP antibodies, which might 

correspond to the NDRP-PHIP fusion protein (data not shown). The functional 

significance and expression profile of the NDRP-PHIP fusion protein however is yet to 

be determined. 

In addition, two alternatively splice variant orthologues of PHIP, termed WDR9 form A 

and B have also been identified on human Chromosome 21 (data not shown). 

3.2.2 PHIP transcript is ubiquitously expressed in various adult mouse tissues. To 

determine the transcript size and the pattern of PHIP gene expression, northern blot 

analysis was performed on total RNA extracts isolated from adult mouse tissues. 

Although multiple PHIP transcripts might have been expected, only a single transcript of 

approximately 7.0 Kb was resolved by hybridization with both N-terminal and central 

32P-radiolabeled PHIP probes (data not shown). PHIP mRNA was ubiquitously 

expressed at low levels in all tissues assayed including brain, heart, liver, lung, kidney, 

large and small intestine, ovaries, skeletal muscle, spleen, stomach, and thymus. The 

full-length mPHIP cDNA was about 3.8 Kb representing a difference of about 3.2 Kb in 
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Figure 3.4. Alignment of human amino acid sequences from PHIP and NDRP with 

WDRl1. As shown, the amino-tenninal sequences of human WDRll (GenBank™ 

accession number AJ303102) are 100% identical to NDRP (A), while the carboxy

terminal sequences are absolutely identical to PIllP (B). There is a very small gap 

between the end of hWDRll/hNDRP amino acid alignment and hWDR111hPHIP 

alignment (912-924), potentially due to differential splicing events. 
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A. 
hWORl1:1 MSCERKGLSELRSELY~LIARFLEDGPCQQAAQVLIREVAEKELLPRRTDWTGKEHPRTY 60 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 
hNDRP: 1 MSCERKGLSELRSELYFLIARFLEDGPCQQAAQVLIREVAEKELLPRRTDWTGKEHPRTY 60 

hWDR11:61 QNLVKYYRHLAPDHLLQICHRLGPLLEQEIPQSVPGVQTLLGAGRQSLLRTNKSCKHVVW 120 
:::::::::::::::::::::::::::::::::::::::::::::::::::::;::::: : 

hNDRP: 61 QNLVKYYRHLAPDHLLQICHRLGPLLEQEIPQSVPGVQTLLGAGRQSLLRTNKSCKHVVW 120 

hWDR11:121 KGSALAALHCGRPPESPVNYGSPPSIADTLFSRKLNGKYRLERLVPTAVYQHMKMHKRIL 180 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 121 KGSALAALHCGRPPESPVNYGSPPSIADTLFSRKLNGKYRLERLVPTAVYQHMKMHKRIL 180 

hWDRll:181 GHLSSV¥CVTFDRTGRRIFTGSDDCLVKIWATDDGRLLATLRGHAAEISDMAVNYENTMI 240 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hNDRP: 181 GHLSSVYCVTFDRTGRRIFTGSDDCLVKIWATDDGRLLATLRGHAAEISDMAVNYENTMI 240 

hWDRll:241 AAGSCDKMIRVWCLRTCAPLAVLQGHSASITSLQFSPLCSGSKRYLSSTGADGTICFWLW 300 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 241 AAGSCDKMIRVWCLRTCAPLAVLQGHSASITSLQFSPLCSGSKRYLSSTGADGTICFWLW 300 

hWDR11:301 DAGTLKINPRPAKFTERPRPGVQMICSSFSAGGMFLATGSTDHIIRVYFFGSGQPEKISE 360 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 301 DAGTLKINPRPAKFTERPRPGVQMICSSFSAGGMFLATGSTDHIIRVYFFGSGQPEKISE 360 

hWDR11:361 LEFHTDKVDSIQFSNTSNRFVSGSRDGTARIWQFKRREWKSILLDMATRPAGQNLQGIE0 420 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 361 LEFHTDKVDSIQFSNTSNRFVSGSRDGTARIWQFKRREWKSILLDMATRPAGQNLQGIED 420 

hWDR11:421 KITKMKVTMVAWDRHDNTVITAVNNMTLKVWNSYTGQLIHVLMGHEDEVFVLEPHPFDPR 480 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hNDRP: 421 KITKMKVTMVAWDRHDNTVITAVNNMTLKVWNSYTGQLIHVLMGHEDEVFVLEPHPFDPR 480 

hWDR11:481 VLFSAGHDGNVIVWDLARGVKIRSYFNMIEGQGHGAVFDCKCSPDGQHFACTDSHGHLLI 540 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 481 VLFSAGHDGNVIVWDLARGVKIRSYFNMIEGQGHGAVFDCKCSPDGQHFACTDSHGHLLI 540 

hWDR11:541 FGFGSSSKYDKIADQMFFHSDYRPLIRDANNFVLDEQTQQAPHLMPPPFLVDVDGNPHPS 600 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 541 FGFGSSSKYDKIADQMFFHSDYRPLIRDANNFVLDEQTQQAPHLMPPPFLVDVDGNPHPS 600 

hWDR11:601 RYQRLVPGRENCREEQLIPQMGVTSSGLNQVLSQQANQEISPLDSMIQRLQQEQDLRRSG 660 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 601 RYQRLVPGRENCREEQLIPQMGVTSSGLNQVLSQQANQEISPLDSMIQRLQQEQDLRRSG 660 

hWDR11:661 EAGISNTSRLSRGSISSTSEVHSPPNVGLRRSGQIEGVRQMHSNAPRSEIATERDLVAWS 720 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hNDRP: 661 EAGISNTSRLSRGSISSTSEVHSPPNVGLRRSGQIEGVRQMHSNAPRSEIATERDLVAWS 720 

hWDR11:721 RRVVVPELSAGVASRQEEWRTAKGEEEIKTYRSEEKRKHLTVPKENKIPTVSKNHAHEHF 780 
: : : : : : : : : : : : : : ! : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :: :::::::::: 

hNDRP: 721 RRVVVPELSAGVASRQEEWRTAKGEEEIKTYRSEEKRKHLTVPKENKIPIVSKNHAHEHF 780 

hWDR11:181 LDLGESKKQQTNQHNYRTRSALEETPRPSEEIENGSSSSDEGEVVAVSGGTSEEEERAWH 840 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hNDRP: 7B1 LDLGESKKQQTNQHNYRTRSALEETPRPSEEIENGSSSSDEGEVVAVSGGTSEEEERAWH 840 

hWDR11:841 5DGSSSDYSSDYSDWTADAGINLQPPKKVPKNKTKKAESSSDEEEESEKQKQKQIKKEKK 900 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hNDRP: 841 SDGSSSDYSSDYSDWTADAGINLQPPKKVPKNKTKKAESSSDEEEESEKQKQKQIKKEKK 900 

hWDR11:901 KVNEEKDGPISP 912 
::::::::::: : 

hNDRP: 901 KVNEEKDGPISP 912 



B. 
hWDRll:924 RLAVEELTENGLTLEEWLPSTWITDTIPRRCPFVPQMGDEVYYFRQGHEAYVEMARKNKI 983 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 
hPHIP: 1 RLAVEELTENGLTLEEWLPSTWITDTIPRRCPFVPQMGDEVYYFRQGHEAYVEMARKNKI 60 

hWDRll:984 YSINPKKQPWHKMELREQELMKIVGIKYEVGLPTLCCLKLAFLDPDTGKLTGGSFTMKYH 1043 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 61 YSINPKKQPWHKMELREQELMKIVGIKYEVGLPTLCCLKLAFLDPDTGKLTGGSFTMKYH 120 

hWDRll:lD44 DMPDVIDFLVLRQQFDDAKYRRWNIGDRFRSVIDDAWWFGTIESQEPLQLEYPDSLFQCY 1103 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 121 DMPDVIDFLVLRQQFDDAKYRRWNIGDRFRSVIDDAWWFGTIESQEPLQLEYPDSLFQCY 180 

hWDRll:1104 NVCWDNGDTEKMSPWDMELIPNNAVFPEELGTSVPLTDGECRSLIYKPLDGEWGTNPRDE 1163 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 181 NVCWDNGDTEKMSPWDMELIPNNAVFPEELGTSVPLTDGECRSLIYKPLDGEWGTNPRDE 240 

hWDR11:1164 ECERIVAGINQLMTLDIASAFVAPVDLQAYPMYCTVVAYPTDLSTIKQRLENRFYRRVSS 1223 ............................................................ ........................................................... . 
hPHIP: 241 ECERIVAGINQLMTLDIASAFVAPVDLQAYPMYCTVVAYPTDLSTIKQRLENRFYRRVSS 300 

hWDRll:1224 LMWEVRYIEHNTRTFNEPGSPIVKSAKFVTDLLLHFIKDQTCYNIIPLYNSMKKKVLSDS 1283 ............................................................ ........................................................... . 
hPHIP: 301 LMWEVRYIEHNTRTFNEPGSPIVKSAKFVTDLLLHFIKDQTCYNIIPLYNSMKKKVLSDS 360 

hWDRll:1284 EDEEKDADVPGTSTRKRKDHQPRRRLRNRAQSYDIQAWKKQCEELLNLIFQCEDSEPFRQ 1343 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 361 EDEEKDADVPGTSTRKRKDHQPRRRLRNRAQSYDIQAWKKQCEELLNLIFQCEDSEPFRQ 420 

hWDR11:1344 PVDLLEYPDYRDIIDTPMDFATVRETLEAGNYESPMELCKDVRLIFSNSKAYTPSKRSRI 1403 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : ; : : : : : : : : : : : : : : 

hPHIP: 421 PVDLLEYPDYRDIIDTPMDFATVRETLEAGNYESPMELCKDVRLIFSNSKAYTPSKRSRI 480 

hWDR11:1404 YSMSLRLSAFFEEHISSVLSDYKSALRFHKRNTITKRRKKRNRSSSVSSSAASSPERKKR 1463 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : ; : : : : : : : : ; : : : : : : : : : : : : : : : : : : : : : 

hPHIP: 481 YSMSLRLSAFFEEHISSVLSDYKSALRFHKRNTITKRRKKRNRSSSVSSSAASSPERKKR 540 

hWDR11:1464 ILKPQLKSESSTSAFSTPTRSIPPRHNAAQINGKTESSSVVRTRSNRVVVDPVVTEQPST 1523 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 541 ILKPQLKSESSTSAFSTPTRSIPPRHNAAQINGKTESSSVVRTRSNRVVVDPVVTEQPST 600 

hWDR11:1524 SSAAKTFITKANASAIPGKTILENSVKHSKALNTLSSPGQSSFSHGTRNNSAKENMEKEK 1583 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 601 SSAAKTFITKANASAIPGKTILENSVKHSKALNTLSSPGQSSFSHGTRNNSAKENMEKEK 660 

hWDR11:1584 PVKRKMKSSVLPKASTLSKSSAVIEQGDCKNNALVPGTIQVNGHGGQPSKLVKRGPGRKP 1643 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hPHIP: 661 PVKRKMKSSVLPKASTLSKSSAVIEQGDCKNNALVPGTIQVNGHGGQPSKLVKRGPGRKP 720 

hWDR11:1644 KVEVNTNSGEIIHKKRGRKPKKLQYAKPEDLEQNNVHPIRDEVLPSSTCNFLSETNNVKE 1703 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 721 KVEVNTNSGEIIHKKRGRKPKKLQYAKPEDLEQNNVHPIRDEVLPSSTCNFLSETNNVKE 780 

hWDR11:1704 DLLQKKNRGGRKPKRKMKTQKLDADLLVPASVKVLRRSNRKKIDDPIDEEEEFEELKGSE 1763 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 781 DLLQKKNRGGRKPKRKMKTQKLDADLLVPASVKVLRRSNRKKIDDPIDEEEEFEELKGSE 840 

hWDR11:1764 PHMRTRNQGRRTAFYNEDDSEEEQRQLLFEDTSLTFGTSSRGRVRKLTEKAKANLIGW 1821 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 841 PHMRTRNQGRRTAFYNEDDSEEEQRQLLFEDTSLTFGTSSRGRVRKLTEKAKANLIGW 89B 



Figure 3.5. RT-PCR analysis of PHIP splice forms. Multiple alternatively spliced 

variants of PHIP exist in mouse tissues. PHIP and NDRP specific primers were used in 

reverse transcription-polymerase chain reactions (RT-PCR) with RNA isolated from 

various mouse tissues such as brain, heart, kidney, large intestine (Large Int.), liver, lung, 

skeletal muscle (SK Muscle), ovary, thymus, spleen and stomach. Lanes labeled with 

PHIP show an RT-PCR product of 423 bp produced by two specific internal PHIP 

primers. The forward and reverse primers are located at nucleotides 582-610 and 982-

1005, respectively (See Figure 3.1A). Lanes labeled with 5'UTR illustrate an RT-PCR 

product of 505 bp created by a forward primer in the S'UTR region of PHIP (nucleotides 

98-124) and a nested PHIP reverse primer (nucleotides 577-603). Laslty, lanes labeled 

with NDRP demonstrate a fusion NDRP-PHIP fusion RT-PCR product of 610 bp 

generated by a forward NDRP primer and the same reverse PHIP primer as employed for 

5'UTR. 
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comparison to the transcript size. This might either be due to a large 5' -UTR or that an 

NDRP-PHIP fusion (WDRll) transcript was actually detected in the northern blot 

analysis and post-transcriptional regulation may give rise to PHIP, NDRP, or NDRP

PHIP. To further confirm the northern blot data, PHIP or NDRP specific primers were 

used in a reverse-transcription-polymerase chain (RT-PCR) with RNA isolated from 

various mouse tissues. The resulting PCR products verified existence of both PHIP and 

NDRP-PHIP transcript fragments (Figure 3.5). 

3.2.3 PHIP sequences are evolutionary conserved from Drosophila to Human. 

Multiple alignment of PHIP protein sequences from Drosophila, Mouse and Human 

species shows that homology between them extends along their entire sequence with 

several regions in the sequence being strongly conserved, suggesting that they are 

essential for PHIP function (Figure 3.6). The IRS-l PH binding region (PBR) of PHIP is 

the most conserved, suggesting an evolutionary conserved function. Interestingly, the 

Drosophila homologue of PHIP starts with a region highly similar to NDRP which 

extends into the PHIP homologous region encompassing the PBR region, suggesting the 

expression of a Drosophila homologue of NDRP-PHIP fusion protein or WDRll 

(dWDRll). The Drosophila PHIP (dPHIP or dWDRll) carboxy-terminus diverges 

completely as compared to Mouse or Human PHIP, suggesting a distinct function of this 

region in mammalian organisms. 

3.2.4 Sequence analysis of PHIP family of proteins. PHIP proteins do not share 

sequence homology with any known proteins. As shown in Figure 3.2, the IRS-l PH 
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Figure 3.6. Alignment of PHIP amino acid sequences. (A) Alignment of human and 

mouse PHIP sequences. The initiation methionine of human (h) PHIP is yet to be found, 

thus amino acid alignment shown started from the 5th amino acid of mPHIP. The amino

tem1inal and central region of PHIP encompassing the PHIP PBR and the two 

bromodomains are highly conserved, while the carboxy-terminus hosts less conserved 

residues. (B), (C) Alignment of mouse and Drosophila PHIP and NDRP sequences, 

ff'spectively. The Drosophila PHIP seqences is depicted as dWRll. The double dots 

(colon) represent identical amino acids, while single dots represent conserved residues. 
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A. 
.~ 

mPHIP: 5 RLAVGELTENGLTLEEWLPSAWITDTLPRRCPFVPQMGDEVYYFRQGHEAYVEMARKNKI 64 
::::::::::::::::::::.:::::.:::::::::::::::::::::::::::::::: : 

hPHIP: 1 RLAVGELTENGLTLEEWLPSTWITDTIPRRCPFVPQMGDEVYYFRQGHEAYVEMARKNKI 60 

mPH!P: 65 YSINPKKQPWHKMELREQELMKIVGIKYEVGLPTLCCLKLAFLDPDTGKLTGGSFTMKYH 124 
';::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 61 YSINPKKQPWHKMELREQELMKIVGIKYEVGLPTLCCLKLAFLDPDTGKLTGGSFTMKYH 120 

mPH!P: 125 DMPDVIDFLVLRQQFDDAKYRRWNIGDRFRSVIDDAWWFGTIESQEPLQPEYPDSLFQCY 184 
::::::::::::::::::::::::::::::::::::::::::::::::: :::::::::: 

hPHIP: 121 DMPDVIDFLVLRQQFDDAKYRRWNIGDRFRSVIDDAWWFGTIESQEPLQLEYPDSLFQCY 180 

mPH!P: 185 NVCWDNGDTEKMSPWDMELIPNNAVFPEELGTSVPLTDVECRSLIYKPLDGDWGANPRDE 244 
:::::::::::::::::::::::::::::::::::::: ::::::::::::.:: ::::: 

hPHIP: 181 NVGWDNGDTEKMSPWDMELIPNNAVFPEELGTSVPLTDGECRSLIYKPLDGEWGTNPRDE 240 

mPH!P: 245 ECERIVGGINQLMTLDIASAFVAPVDLQAYPMYCTVVAYPTOLSTIKQRLENRFYRRFSS 304 
::::::.:::::::::::::::::::::::::::::::::::::::::::::::::: :: 

hPHIP: 241 ECERIVAGINQLMTLDIASAFVAPVDLQAYPMYCTVVAYPTDLSTIKQRLENRFYRRVSS 300 

mPH!P: 305 LMWEVRYIEHNTRTFNEPGSPIVKSAKFVTDLLLHFIKDQTCYNIIPLYNSMKKKVLSDS 364 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : 

hPHlP: 301 L~EVRYIEHNTRTFNEPGSPIVKSAKFVTDLLLHFIKDQTCYNIIPLYNSMKKKVLSos 360 

mPH!P: 365 EEEEKDADVPGTSTRKRKDHQPRRRLRNRAQSYDIQAWKKQCQELLNLIFQCEDSEPFRQ 424 
:.::::::::::::::::::::::::::::::::::::::::.:::::::::::::::: : 

hPHIP: 361 EDEEKDADVPGTSTRKRKDHQPRRRLRNRAQSYDIQAWKKQCEELLNLIFQCEDSEPFRQ 420 

mPH!P: 425 PVDLLKYPDYRDIIDTPMDFATVRETLEAGNYESPMELCKDVRLIFSNSKAYTPSKRSRI 484 
: : : : : . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 

hPH!P: 421 PVDLLEYPDYRDIIDTPMDFATVRETLEAGNYESPMELCKDVRLIFSNSKAYTPSKRSRI 480 

mPH!P: 485 YSMSLRLSAFFEEHISSVLSDYKSALRFHKRNTISKKRKKRNRSSSLSSSAASSPERKKR 544 
::::::::::::::::::::::::::::::::::.:.:::::::::.:::::::::::: : 

hPHIP: 481 YSMSLRLSAFFEEHISSVLSDYKSALRFHKRNTITKRru<KRNRSSSVSSSAASSPERKKR 540 

mPH!P: 545 ILKPQLKSEVSTSPFSIPTRSVLPRHNAAQMNGKPESSSVVRTRSNRVAVDPVVTEQPST 604 
!!!!!:::: ::: :: ::::. :::::::.::: :::::::::::::.::::::::::: 

hPHIP: 541 ILKPQLKSESSTSAFSTrTRSIPPRHNAAQINGKTESSSVVRTRSNRVVVDPVVTEQPST 600 

mPH!P: 605 SSATKAFVSKTNTSAMPGKAMLENSVRHSKALSTLSSPDPLTFSHATKNNSAKENMEKEK 664 
:::.:.: .. :.:.::.::: .. :::::.:::::.::::: ... :::.:.:::::::::::: 

hPHIP: 601 SSAAKTFITKANASAIPGKTILENSVKHSKALNTLSSPGQSSFSHGTRNNSAKENMEKEK 660 

mPH!P: 665 PVKRKMKSSVFSKASPLPKSAAVIEQGECKNNVLIPGTIQVNGHGGQPSKLVKRGPGRKP 724 
: : : : : : :": : :. ::: : ::.::::::.::::.:.::::::::::::::::::::::::: 

hPH!P: 661 PVKRKMKSSVLPKASTLSKSSAVIEQGDCKNNALVPGTIQVNGHGGQPSKLVKRGPGRKP 720 

mPH!P: 725 KVEVNTSSGEVTHKKRGRKPKNLQCAKQENSEQNNMHPlRADVLPSSTCNFLSETNAVKE 784 
::::::.:::. :::::::::.:: :: :. ::::.:::: .::::::::::::::.::: 

hPH!P: 721 KVEVNTNSGEIIHKKRGRKPKKLQYAKPEDLEQNNVHPIRDEVLPSSTCNFLSETNNVKE 780 

mPH!P: 785 DLLQKKSRGGRKPKRKMKTHNLDSELIVPTNVKVLRRSNRKKTDDPIDEEEEFEELKGSE 844 
::::::.:::::::::::: .. :: .. :.:: .. :::::::::::.:::::::::::::::: : 

hPHIP: 781 DLLQKKNRGGRKPKRKMKTQKLDADLLVPASVKVLRRSNRKKIDDPIDEEEEFEELKGSE 840 

mPH!P: 845 PHMRTRNQGRRTTFYNEDDSEEEQRQLLFEDTSLTFGTSSRGRVRKLTEKAKANLIGW 902 
::::::::::::.:::::::::::::::::::::::::::::::::::::::::::: : 

hPHIP: 841 PHMRTRNQGRRTAFYNEODSEEEQRQLLFEDTSLTFGTSSRGRVRKLTEKAKANLIGW 898 



B. 
mPH!P: 14 

dWRll : 983 

mPH!P: 74 

dlmll: 1043 

mPH!P: 134 

dWRll: 1102 

mPH!P: 194 

dWR11: 1162 

mPH!P: 254 

dWR11 : 1221 

NGLTLEEWLPSAWITDTLPRRCPFVPQMGDEVYYFRQGHEAYVEMARKNKIYSINPKKQP 73 
:. : .... ::. :. ::::::: :::::: 

NGEIPELYRPAEWLSEVIPRKAPYYPQMGDEVVYFRQGHAKYLDAVRLKKVYKLSH$SEP 1042 

WHKMELREQELMKIVGIKYEVGLPTLCCLKLAFLDPDTGKLTGGSFTMKYHDMPDVIDFL 133 .. " .... . . , ............ . : ::::::: .: . : .:: .: .::::::::.::: 
WNFHTLRDHELVRVIGIKYEIRPPRLCCLKLAIIDEE-GNMTGTTFKIKYHDMPDVLDFL 1101 

VLRQQFDDAKYRRWNIGDRFRSVIDDAWWFGTIESQEPLQPEYPDSLFQCYNVCWDNGDT 193 
:::: :: : . . ...... . ...... . . ........ .. . .. . ... . ... .. . .... .............. 
VLRQTFDLAVQRNWSIGDRFRCMIVDGWWMGQIESRHALSADFPDSSFMCFRVRWDNGEY 1161 

EKMSPWDMELIPNNAVFPEELGTSVPLTDVECRSLIYKPLDGDWGANPRDEECERIVGGI 253 ......... . . .. .. . ....... . . ........ . .. . . . .. .... . .. . . ..... 
EFMSPWDMEPIDQQRV-PDEVGGAVPVLPEElRATLYQPKSEEWHRGDRDGTCRRIINGL 1220 

NQL 256 

EQV 1223 



c. dWRll : 3 

mNDRP: 2 

dWRll : 63 

mNDRP: 62 

dWRll : 119 

mNDRP: 122 

dWR11: 177 

mNDRP: 177 

dWR11: 237 

mNDRP: 237 

dWRll: 297 

mNDRP: 297 

dWRll: 357 

mNDRP: 353 

dWRll: 417 

mNDRP: 413 

dWRll: 474 

mNDRP: 473 

dWRll: 534 

mNDRP: 533 

dWRll: 594 

mNDRP: 592 

dWRll: 654 

mNDRP: 626 

dWRll: 714 

mNDRP: 660 

dWRll: 773 

mNDRP: 721 

dWRll: 633 

mNDRP: 769 

dWRll: 693 

mNDRP: 827 

dWRll: 949 

mNDRP: 866 

dWRll: 996 
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binding region is located at the amino-terminus of the protein (residues 5-209). The 

only defined structural motifs within PHIP are two bromodomains, BDI (residues 230 to 

345) and BD2 (387 to 503), located in tandem in the centre of the molecule (Figure 3.2). 

Bromodomains are conserved sequences of approximately 100aa that have been proposed 

to mediate protein-protein interactions (Jeanmougin et aI., 1997). A homology search 

revealed that PHIP BD sequences were most homologous (44% identity, 61 % homology) 

to the bromodomain of mouse CBP (CREB binding protein) (Figure 3.7) a transcriptional 

coactivator (Chrivia et aI., 1993). 

PHIP proteins contain multiple putative tyrosine, serine and threonine residues in 

consensus sequences for many protein kinases, including cAMP and cGMP-dependent 

protein kinase, casein kinase II, protein kinase C and tyrosine kinases. 

NDRP proteins contain six WD-repeats motifs (residues 181-211, 223-253, 265-299, 

353-393,417-452, and 464-495) and multiple potential nuclear localization signals (NLS) 

in the C-terminal region (Kato et aI., 2000). WD-repeats motifs are defined by the 

presence of four to eight repeating units containing a conserved core of approximately 40 

aa that often end with tryptophan-aspartic acid (WD). These motifs are found in many 

signaling proteins that regulate essential biological functions including gene transcription, 

cell division, apoptosis, vesicle fusion, and protein ubiquitination and degradation. 

Multiple NLSs have been shown to be involved in differential localization of NDRP 

proteins to the neuronal cell nucleus, depending on the stage of neuronal differentiation 

(Kato et aI., 2000). 
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Figure 3.7. Alignment of human and mouse PHIP bromodomains. Structure-based 

sequence alignment between first and second hPHlP and mPHlP bromodomains 

(h/mPHlPBD~ and h1mPHlPBD2, respectively) with human CBP (CREB binding protein, 

GenBank Accession number 1345703). Structural subdomains are shown in dark gray 

boxes and highly conserved residues are highlighted in bold. 
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3.2.5 Anti-PHIP antibodies recognize ectopically expressed and endogenous PHIP. 

In order to assay initial biochemical characterization of PHIP, an antibody specific to this 

protein was generated. A glutathione S-transferase (GST)-PHIP fusion protein 

containing amino acids 5-209 of mouse PHIP (PHIps.209
) was expressed in bacterial cells 

and subsequently purified using glutathione sepharose beads. To ensure the purity and to 

estimate the protein amount, one microgram of the purified GST -PHIP fusion protein was 

electrophoresed on a SDS-PAGE gel and total protein was visualized by Coomassie Blue 

stain (Figure 3.8A). Polyclonal anti-PHIP antibodies were subsequently generated after 

several subcutaneous injections of the GST-PHIP fusion protein into two rabbits (A and 

B, See 2.7.1) and the serum containing the antibody fraction was later isolated. The anti

PHIP antibodies derived from rabbit A were exclusively used in the experiments 

presented in this study. To confirm that anti-PHIP antibodies recognize PHIP proteins, 

an in vitro transcription-translation assay with a linearized pCMV-PHIP construct 

encoding hemagglutinin (HA)-PHIP (residues 5-209) was performed. A single major 

product of about 24 KDa was immunoprecipitated from the cell-free rabbit reticulocyte 

extract using anti-PHIP antibodies and not pre-immune sera (Figure 3.8B). In addition, 

ectopically expressed HA_PHIp5
.
209 in 293 cells, which was immunoprecipitated with 

anti-HA antibodies were detected with anti-PHIP antibodies by Western blot analysis 

(Figure 3.SC). These data demonstrate that antibodies specific to PHIP were successfully 

generated which could be employed in both immunoprecipitation and immunoblot 

analysis. 

To test for anti-PHIP antibody immunoreactivity towards endogenous PHIP, lysates from 

mammalian cells were used in Western blot analysis. Anti-PHIP antibodies identified a 
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Figure 3.8. Anti·PHIP antibodies recognize ectopically expressed PHIP. (A) Anti

PHIP antibodies are generated against GST-PHIP fusion proteins containing PHIP PH 

binding region (PBR, residues 5-209). A small aliquot (1/200) of the purified protein was 

run on 10% SDS-PAGE and the purity and the concentration of the GST-PHIP fusion 

protein was assessed by comparison with the standard bovine serum albumin (BSA, 2~g, 

6 ~g, 12 ~g) on Coomassie Blue stained gel. The expressed fusion protein was 

approximately 45 kilodaltons (KDa), corresponding to GST (approximately 23 KDa) and 

residues 5-209 of PHIP (approximately 22 KDa). (B) Anti-PHIP antibodies recognize a 

22 KDa ill-vitro transcribed and translated PHIPS
.
209 protein. One tenth of the reaction 

lysate was diluted in 1 ml of PLC lysis buffer and subjected to immunoprecipiation (IP) 

assays using preimmune or anti-PHIP containing serum. The precipitated proteins were 

electrophoresed on a 10% SDS-PAGE and the dried gel was exposed to an X-ray film 

(C) Anti-PHIP antibodies recognize ectopically expressed truncated hemagglutinin 

antigen (HA)-PHIP proteins. Human embryonic kidney 293 cells were transiently 

transfected with either pCAN vector control or pCANIDN_PHIPs.209 construct with 

lipofectamine reagent (Gibco BRL) according to manufacturer's protocol. Transfected 

cell lysates were subjected to immunoprecipitation and subsequent Westerr. blotting 

using anti-HA and anti-PHIP antibodies, respectively. 
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Figure 3.9. Immunoblot analysis of PHIP protein. (A) PHIP migrates with an 

apparent molecular mass of 104 kDa. PHIP was immunoprecipitated from multiple 

myeloma U266 cell lysates and immunoblotted with anti-PHIP antibodies. Rabbit 

preimmune serum was used as a control. (B) Two forms of PHIP (97 and 104 KDa) 

observed in anti-PHIP immunoprecipitates from cell lysates of U266, human A431 

epidermoid carcinoma, Rat-2 and mouse NIHl3T3 fibroblasts. 

88 



A. B. 
'" = = I>... E I>... .... 
E - = = "Ql I>... IP: I>... ... , , 

IP: I>... tl tl -- .... ~ .... 
'" ~ = .,!. .... S .... '" PHIP~ - < Z ~ ,.. PHIP =! .-

Blot: a-PHIP Blot: a-PHIP 



104 KDa protein from U266 cell lysates, which was not precipitated by pre-immune sera 

(Figure 3.9A). Further analysis of PHlP expression in mammalian cell extracts revealed 

two forms of PHIP protein, the long 104 KDa form and a shorter 97 KDa form (Figure 

3.9B). The 97 KDa and 104 KDa polypeptides likely result from alternative usage of two 

putative translation initiation sites (Met 1 and Met41 , see Figure 3.1) as ectopic 

expression of full-length hPHlP containing both sites produced a doublet in PHIP 

immunoblots (data not shown). 

3.2.6 An intact PH domain is required for PHIPIIRS-l association. To recapitulate 

the interaction of PHlP with the lRS-l PH domain in mammalian cells and to examine 

whether a functional PH domain or a smaller motif within the domain is responsible for 

PHIP binding, three independent mutants of the lRS-l PH domain that disrupt the PH 

fold were generated. PHNT encompasses the first half of the lRS-l PH domain, spanning 

residues 3-67, PHeT comprises the C-terminal residues 55-133, and PHW10M defines a 

mutant where the Tryptophan at position 106, a residue conserved in all PH domains, was 

changed to Alanine. Cell extracts isolated from Cos-l transiently expressing these PH 

domain mutants were mixed with bacterially expressed GST_PHlps.209 fusion protein. As 

expected, all three PH-domain mutants did not detectably associate with GST-PHIP, 

consistent with the notion that an intact PH domain is required for PHIP binding (Figure 

3.10). 

3.2.7 PHIP stably associates with IRS·1 ill vivo. To investigate the interaction of PHIP 

and IRS-l ill vivo, lysates from NlHflR cells (NlH3T3 cells overexpressing the insulin 
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Figure 3.10. PHIP interaction with IRS-l requires an intact PH domain. Binding of 

IRS-! PH do. 'ain mutants to PHIP. Left, anti-HA antibodies are used in 

immunodetec:ion of HA-tagged IRS-l PH domain mutants from whole cell Iysates of 

transiently transfected COS-! cells with PHWT, PHNT, PHeT, PHW106A
; Right, celllysates 

expressing the indicated IRS-! PH domain mu~,mt were mixed with either GST or GST

PHIP (PBR) proteins. Immunecomplexes immobilized on glutathione sepharose beads 

were then separated on 10% SDS-PAGE and subjected to western blot analysis with anti

HA antibodies. 
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receptor) were immunoprecipitated with anti-IRS-l antibodies directed against the 

C-terminus of IRS-l. Endogenous PHIP was found to associate with IRS-l in both 

unstimulated and insulin-treated cells. (Figure 3.11, lanes 1 and 2). In contrast, when 

antibodies directed against the IRS-l PH domain were used in similar 

co-immunoprecipitation assays, no interaction was detected, confirming that structural 

determinants within the PH domain of IRS-l confer binding to PHIP. Based on the 

observation that IRS-l and IRS-2 PH domains are highly conserved (60% amino acid 

identity) and have been shown to be functionally interchangeable in promoting substrate 

recognition by the insulin receptor (Burks et aI., 1997), it was predicted that IRS-2 might 

also associate with PHIP in vivo. To test this hypothesis, anti-IRS-2 antibodies were used 

in analogous co-immunoprecipitation studies. Indeed, PHIP could be readily detected in 

anti-IRS-2 immunoprecipitates, consistent with the notion that PHIP may have a 

conserved function in recruiting members of the IRS protein family to activated insulin 

receptor complexes (Figure 3.11, lane 7). 

3.2.8 Stoichiometric analysis of PHIP and IRS-! association. In order to address the 

stoichiometry of PHIP/IRS-I interaction in cells expressing endogenous levels of these 

proteins, eSS]methionine labeled proteins from L6GLUT4myc (L6 myoblasts stably 

expressing myc-tagged GLUT4 glucose transporter) cell extracts were analyzed by 

immunoprecipitation with either anti-PHIP or anti-IRS-I antibodies (Figure 3.12A). 

Immunoprecipitation with anti-IRS-l antibodies resulted in coprecipitation of 

approximately 50% of PHIP proteins as compared to the amount of PIDP that was 

directly precipitated with anti-PHIP antibodies. No corresponding PHIP protein band was 
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Figure 3.11. PHIP stably associates with IRS-1 ill vivo. Coimmunoprecipitation of 

PHIP and IRS-l proteins. Serum deprived NIHlIR cells were either left unstimulated or 

stimulated with insulin (2 ~lM, 5 minutes). Cell lysates immunoprecipitated with anti

IRS-lPC'T, anti-IRS-l PH or anti-PHIP antibodies and subjected to western blotting with 

anti-PHIP antibodies. Anti-IRS-2 antibodies were used to coimmunoprecipitate IRS-

2IPHIP complexes from asynchronized cells. 
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Figure 3.12. Stoichiometric analysis of the PHIP-IRS-! interactions. (A) Preimmune 

serum, anti-IRS-IID and anti-PHIP antibodies were used in coimmunoprecipitation analysis 

of metabolically labeled cellular lysates from L6GLUT4myc cells. The precipitated 

proteins were electrophoresed on a 7.5% SDS-PAGE and the dried gel was exposed to an 

X-ray film. (B) PHIP is the major component of IRS-I complexes in L6 cells. Fifty 

migrogram of whole cell lysate (WeL) from L6GLUT4myc cells was subjected to western 

blotting with anti-IRS-I or anti-PHIP antibodies as indicated. One milligram of the same 

lysate was used in coimmunoprecipitation analysis using preimmune serum, anti-PHIP and 

anti-IRS-I antibodies (lanes 2, 3, and 5). Anti-IRS-I immunodepleted (ID) supernatant 

was subsequently used to immunprecipitate PHIP with anti-PHIP antibodies (lane 5). 
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observed when preimmune serum was used in the same immunoprecipitation assays. To 

ascertain the specificity of the proteins coprecipitated with anti-PHIP antibodies, the 

serum was pretreated with either immobilized GST or GS,\-PHIP fusion protein before 

immunoprecipitation. Immunodepleted anti-PHIP serum was then used to precipitate 

protein complexes from L6GLUT4myc cell lysate. GST-PHIP but not GST pre-treated 

serum effectively depleted the PHIP antibodies from rabbit polyclonal IgG pool as it 

alleviated precipitation of PHIP and its associated complexes, confirming the specificity 

of anti-PHIP antibodies in precipitating these proteins (data not shown). 

In order to determine whether PHIP is a major component of IRS-! interacting proteins, 

anti-IRS-! antibodies were used in coprecipitation assays on lysates form L6GLUT4myc 

cells. Consistent with the results obtained by ill-vivo labeling of L6GLUT4myc cells, 

approximately half of PIDP proteins coprecipitated with anti-IRS-! antibodies (Figure 

3.l2B). IRS-l immunodepletion from cell lysates using anti-IRS-! antibodies prior to 

precipitation of PHIP proteins with anti-PHIP antibodies resulted in a major depletion of 

PHIP as well. Based on these observations, it was concluded that in L6 myoblasts a 

significant portion of native PHIP is within a physical complex with IRS-I. 

3.2.9 PHIP is not a substrate of the activated insulin receptor. To establish whether 

PHIP directly interacts with the insulin receptor, coimmunoprecipitation assays were 

performed using anti-PIDP antibodies. Immunoblot analysis with anti-IR antibodies 

failed to reveal a direct interaction (data not shown). Similar results have previously 

been reported for the association of the IR with either IRS-lor the Shc adaptor protein, 

suggesting that IR/effector interactions are weak or transient in nature and not detected in 
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receptor immune complexes (Backer et ai., 1993; Pronk et ai., 1993; Yenush et ai., 

1996a). 

As there are several potential tyrosine phosphorylation sites in the PHIP sequence, it is 

conceivable that PHIP may serve as a substrate of the insulin receptor ill vivo. To 

examine this idea, anti-PHIP antibodies were employed in immunoprecipitations 

experiments with unstimulated or insulin-stimulated 293 cell lysates. Anti-PHIP 

immunoprecipitates failed to show any discernable PHIP phosphorylation upon insulin 

stimulation on anti-phosphotyrosine immunoblots (Figure 3.13). PHIP however inducibly 

associated with a prominent 103 KDa phosphoprotein whose identity remains unknown. 
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Figure 3.13 PHIP is not a substrate of IR. PHIP was immunoprecipitated from 

untreated and insulin-treated (100 nM, 5 minutes) human kidney 293 cell extracts using 

anti-PHIP antibodies. Immune-complexes were resolved by 7.5% SDS-PAGE and 

immunoblotted with anti-phosphotyrosine antibodies (anti-pTyr). The blot was stripped 

and reprobed with anti-PHIP antibodies. A 103 KDa phosphoprotein of unknown 

identity is denoted by an astelisk. 
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3.3 DISCUSSION 

In this chapter, I have identified a novel protein, named PHIP for PH Interacting Protein 

that selectively binds to the PH domain of IRS-l in vitro and complexes with IRS-l and 

IRS-2 ill vivo. Full-length mouse and human PHIP cDNAs revealed an open reading 

frame of 2706 and 2694 nucleotides, encoding 902 and 898 amino acids, respectively. 

Sequence analysis of mouse PHIP cDNA identified 219 nucleotides of 5'-untranslated 

and 903 nucleotides of 3'-untranslated sequences. The latter contained a putative poly 

adenylation signal of ACTAAA, which fits the pattern of the consensus polyadenylation 

NNTANA sequence (Beaudoing et aI., 2000) , 843 nucleotides downstream of the TAA 

termination codon and 49 nucleotides upstream of a polyadenine tract. Human PHIP 

cDNA revealed only a short 121 nucleotide 3'-UTR which contained a putative 

TATAAA polyadenylation signal 29 nucleotides downstream from the stop codon. It was 

followed by a 16 nucleotide polyadenine tract. Several cDNA screening and 5'RACE 

attempts failed to isolate complete human PHIP N-terminal region. This could be due to 

a complex secondary mRNA structure present at PHIP 5'-UTR, preventing complete 

denaturation of the transcript, hence progression of the reverse transcriptase enzyme 

during the cDNA creation. 

Sequence comparison between mouse and human PHIP revealed a remarkable 88% 

identity at the nucleotide level, and 92.3% identity at the level of deduced amino acid 

sequence. While IRS-l PH binding region of human PHIP was 98.5% identical to mouse 

PHIP' it was 53.6% identical to that of Drosophila. Amino acid sequence similarity 

between human/mouse and Drosophila PHIP is confined to the PBR region. This is 

102 



consistent with approximately 40% identity observed between CHICO, the Drosophila 

homologue of IRS proteins (Bohni et ai., 1999), and IRSI-4 N-terminal region, 

encompassing the PH and PTB domains, suggesting an evolutionary conserved function 

of these regions in insulin signaling. Further analysis of Drosophila PHIP function will 

broaden our vision on the evolutionary importance of this molecule in regulating insulin 

responses. 

The quest to identify PH domain binding motifs has lead to the discovery of two 

categories of ligands, proteins and lipids. The physiological relevance of the PH domain 

interactions with the latter remains controversial for the majority of the PH-domain 

containing proteins. The PH domain interactions with proteins however have identified 

both linear and conformational epitopes. For example, the PH domains from I3ARK and 

BTK bind to the l3y subunit of the heterotrimeric G proteins, which is composed of a 

coiled-coil region (Pitcher et a!., 1995; Tsukada et ai., 1994), a superhelical structure, 

suggesting that PH domains might recognize a conformational epitope. Interestingly, 

IRS-l PH binding region of PHIP forms a highly helical three-dimensional structure, 

supporting the latter hypothesis. More recently however, one study indicated that the PH 

domain of IRS-l binds to short stretches of acidic residues such as KVAEEEDDEE 

found in nucleolin I (Burks et a!., 1998). Although, PHIP PBR contains several acidic 

residues that could potentially form a motif at the surface of its helices, these residues 

don't shape a linear motif. Noticeably, consistent with the earlier study, there is a stretch 

of acidic residues DDPIDEEEEFEE at PHIP C-terminus that could potentially associate 

with the PH domain. Future structural and mutational analysis would provide crucial 

insights into the nature of PHIP and IRS-l interactions. 
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PHIP proteins also contain two bromodomains whose function remains to be defined. 

Bromodomains are structural modules involved in various protein-protein interactions 

through their association with acetylated lysine residues. Although, the majority of 

bromodomain-containing proteins also contain acetyl transferase activity involved In 

transcriptional regulation, the enzymatic activity is not always required for transcriptional 

activation. One example is CREB (cAMP response element-binding protein) binding 

protein (CBP), a transcriptional coactivator whose histone acetyltransferase (HAT) 

activity is not essential for nuclear receptor gene transcription (Korzus et aI., 1998; 

Kurokawa et aI., 1998). A homology search revealed that PHIP BD sequences were 61 % 

homologous to the bromodomain of mouse CBP, suggesting that although PHIP proteins 

do not contain any enzymatic activity they may yet function as scaffolds to assemble 

multiprotein transcriptional complexes. Consistent with this idea, indirect 

immunofluorescence analysis by polyclonal anti-PHIP antibodies detected proteins 

localized in the nucleus of some cells (data not shown). Although, PHIP does not possess 

canonical nuclear localization sequences to promote its import into the nucleus, PHIP 

might be interacting with proteins that are nuclear bound. Moreover, as it will be 

discussed in the next chapter, while, ectopic expression of PHIP enhanced insulin

induced transcriptional responses via MAP kinase signaling pathway, PHIP 

overexpression promoted SRE-fos luciferase gene transactivation independent of MAP 

kinases in untreated cells, providing evidence for a potential direct transcriptional 

regulatory role of PHIP. In addition, CBPs have been shown to activate c-fos gene 

transcription, raising the intriguing speculation that PHIP might form complexes with 

CBPs thereby regulating transcription factor assembly. It would be interesting to 

104 



detennine whether PHIP can bind to CBPs or other transcriptional coactivators. Future 

analysis of the role of PHIP in association with transcriptional coactivators and regulators 

would shed light to its function in regulating transcription. 

The conceptual translation of PHIP eDNA predicts a protein of relative molecular mass 

of 100 KDa. Anti-PHIP antibodies however specifically immunoprecipitated proteins of 

104 KDa in size, suggesting post-translational modifications might be affecting PHIP 

migration during SDS gel electrophoresis. In addition, PHIP contains several putative 

tyrosine, serine and threonine that if phosphorylated could give rise to a significant 

retardation in the mobility of the protein. PHIP proteins are tyrosine phosphorylated at 

low levels under basal conditions that remains constant upon insulin stimulation and 

could at least partially account for the differences between the predicted and observed 

molecular masses. It is worth noting that while PHIP might also be phosphorylated at 

serine and threonine residues in quiescent cells, this event does not seem to be inducible 

as insulin stimulation does not detectibly affect migration of PHIP proteins during SDS

PAGE, over time. Phosphoamino acid analysis and tryptic peptide mapping are required 

to corroborate basal and insulin-induced phosphorylation state of PHIP. 
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CHAPTER FOUR 

CHARACTERIZATION OF THE ROLE OF PHIP IN INSULIN 

SIGNALING 

4.1 INTRODUCTION 

As major substrates of the insulin receptor, IRS-I proteins play a central role in 

transducing many of the diverse biological effects of insulin including mitogenesis, gene 

expression and glucose transport. The C-terminal portion of IRS-I contains multiple 

tyrosine phosphorylation motifs, which serve as docking sites for various SH2 (Src

Homology 2) domain containing signaling molecules. Two such molecules are PI 3-

kinase and Grb-2 adaptor proteins that through their association with IRS-I elicit the 

activation of biochemical network that promote the metabolic and growth responses, 

respectively, dUling insulin stimulation (White and Yenush, 1998). While, PI-3 kinase 

activity is required for insulin-stimulated glucose transport, Grb-2 provides the link 

between the insulin receptor and the guanine nucleotide exchange factor Sos which 

activates the small GTP binding protein Ras, subsequently leading to the activation of 

MAP Kinases cascade involved in gene expression and DNA synthesis (De Fea and Roth, 

1997; Ito et aI., 1996; Rose et aI., 1994). 

Recent studies have documented that lack of IRS-lIGrb-2 association due to expression 

of an IRS-I mutant protein carrying Tyr895Phe substitution impairs MAPK activation and 

DNA synthesis in brown adipocytes (Valverde et aI., 2001). This phenomenon is 
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observed despite intact phosphorylation of Shc, another substrate of activated insulin 

receptor also known to bind to Grb-2 and activate MAP Kinases. This provides a strong 

support for the essential role of IRS-l and its direct association with Grb-2 in the insulin 

signaling pathway leading to MAP kinase activation and mitogenesis. In addition, 

previous studies have demonstrated that deletion of the IRS-l PH domain attenuates its 

phosphorylation and mitigates insulin-mediated mitogenesis (Myers et aI., 1995; 

Voliovitch et aI., 1995; Yenush et aI., 1996b), suggesting the critical function of the PH 

domain in efficient substrate phosphorylation by the activated insulin receptor and 

subsequent biological responses. 

One of the main metabolic effects of insulin action on fat and muscle cells is the 

regulation of glucose uptake by inducing the redistribution of the glucose transporter, 

GLUT4, from intracellular compartments to the plasma membrane (Czech and Corvera, 

1999). Although activation of the p85/pllO isoform of PI 3-kinase through its 

recruitment to phosphotyrosine sites on IRS-l is a necessary component of insulin

stimulated GLUT4 translocation (Quon et aI., 1995; Sharma et aI., 1998), the role of IRS

I proteins in insulin action on glucose transport remains controversial. Several lines of 

evidence support the involvement of IRS-l for GLUT4 extemalization. For example, 

expression of anti-sense ribozyme directed against rat IRS-l significantly reduces 

GLUT4 translocation to the plasma membrane of rat adipose cells in response to insulin 

(Quon et aI., 1994). Moreover, mutations of IR Tyr960, which do not alter receptor 

kinase activity, but are critical for IRS-l binding and phosphorylation, abolish glucose 

transport (Backer et aI., 1990; Kanai et aI., 1993a; White et aI., 1988). However, in 

contrast to these findings, other reports indicate that microinjection of anti-IRS-l 
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antibodies or expression of dominant inhibitory PTB domains of IRS-1 are able to block 

the mitogenic effects of insulin in fibroblasts but not GLUT4 trafficking in cultured 

adipocytes (Monis et ai., 1996; Shanna et ai., 1997). Interpretation of the results in 

adipocytes, is confounded by the observation that glucose uptake proceeds unabated in 

IRS-I PTB-expressing cells, despite a near complete inhibition of not only IRS-I tyrosine 

phosphorylation but of IR kinase activity (Shanna et ai., 1997). 

One of the early cellular events in insulin signaling is the reorganization of acti!1 

filaments. Recent evidence points to the potential participation of the actin microfilament 

network in promoting not only insulin-dependent redistribution of PI 3-kinase to GLUT4-

containing vesicles but also in mobilizing GLUT4 to the cell surface (Khayat et aI., 2000; 

Tsakiridis et ai., 1994; Wang et ai., 1998). Treatment of insulin responsive L6 myotubes 

and 3T3-Ll adipocytes with cytochalasin D, a potent inhibitor of actin assembly, 

completely abolishes glucose uptake upon insulin stimulation (Tsakiridis et aI., 1997). 

Moreover, actin reorganization has been implicated in TCIO GTP-binding protein 

recruitment to the caveolae and its activation, which is also critical for GLUT4 plasma 

membrane translocation (Chiang et aI., 2001; Watson et ai., 2001). Thus, a proposed 

model for the mechanism of actin rearrangements in regulating glucose transport has 

been depicted by the insulin-induced translocation of the TCIO and IRS-IIPI 3-kinase to 

the intracellular glucose transporter, mainly GLUT4 containing vesicles, that 

cooperatively guide the latter en route to the cell surface (Heller-Harrison et aI., 1996). 

While it is clear that IRS-I proteins are key mediators in transducing insulin-dependent 

biological effects, the relati ve contribution of PHIP in these cellular processes remains to 

be defined. In this chapter, I describe experiments performed to assess the role of PHIP 
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in both metabolic and mitogenic responses of insulin. Data obtained for this part of the 

study have been accomplished in collaborations with Anjaruwee Nimnual and Varinder 

Randhawa. Anjaruwee Nimnual performed the microinjection studies and Varinder 

Randhawa carried out the GLUT4 localization and actin remodeling experiments. 

4.2 RESULTS 

4.2.1 PHIP potentiates in8ulin-stimulated 5X SRE-LUC transactivation. To 

evaluate the involvement of PHIP in insulin-mediated transcriptional responses, its ability 

to induce transcription from a synthetic reporter, 5X SRE-LUC, which contains five 

copies of the serum responsive element (SRE) from the human c-fos promoter (Graham 

and Gilman, 1991), was examined. COS-l cells transiently transfected with the 5X 

SRE-LUC reporter gene and increasing amounts of pCGN-PHIP, an expression plasmid 

encoding full-length PHIP, led to a dose-dependent increase in basal levels of 

transcription in untreated cells which was further enhanced in response to insulin (Figure 

4.1). In order to investigate the relative importance of the MAP kinase pathway as a 

downstream effectors of PHIP-mediated gene expression, the MEKI inhibitor, PD98059 

(AleSSi et aI., 1995), was used to block MAP kinase activation during insulin stimulation 

of COS-l cells which had been transiently transfected with the highest levels of pCGN

PHIP. The complete sensitivity of ligand-dependent PHIP SRE-LUC activity to 
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Figure 4.1. Effect of PHIP on insulin-induced transcriptional activation of the SRE

Fos promoter. COS-l cells were transiently transfected with increasing amounts of 

pCGN/hPHIP (6 l-lg, 9 l-lg, 12 l-lg) or empty vector as control (12 l-lg) together with 3 Ilg of 

5X SRE-fos luciferase reporter construct (5X SRE-LUC). Serum-starved cells were 

either left untreated or treated with Mek-l inhibitor (PD98059, 2 hours). Cells were then 

incubated for with (l00 nM, 10 hours) or without insulin and relative luciferase activity 

was measured in celllysates. Results are expressed as the mean ± SD of triplicates from 

a representative experiment. 
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PD98059, suggests that the MAP kinase cascade is an important component of 

insulin-stimulated PHIP transcriptional responses. 

4.2.2 PH-binding region of PHIP disrupts insulin-stimulated MAP kinase activity. In 

order to determine the relative contribution of PHIP in insulin-induced MAP kinase 

acti vation, a hemagglutinin antigen (HA)-tagged PHIP construct that encode the IRS-l 

PH binding region (PBR, residues 5-209) alone was used. Expression of PHIP PBR was 

predicted to function in a dominant inhibitory fashion by competing with the endogenous 

PHIP for the IRS-l PH domain. Indeed, ectopically expressed dominant-negative PHIP 

(DN-PHIP) binds to endogenous IRS-l in both untreated and insulin-stimulated cell 

lysates (Figure 4.2A). To evaluate the effect of DN-PHIP on IRS-I-mediated MAP 

kinase activation, COS cells were cotransfected with DN-PHIP and HA-tagged p44MAPK
, 

and anti-HA immune complexes from serum-starved and insulin-stimulated cell lysates 

were subjected to an ill vitro kinase assay using myelin basic protein (MBP) as the 

substrate. As shown in Figure 4.2B, insulin-stimulated MAP kinase activation was 

reduced to basal levels by DN-PHIP expression. As expected, Shc phosphorylation 

remained refractile to the effects of DN-PHIP, suggesting that in these cells the 

PHIP/IRS-I signaling pathway is essential for promoting MAP kinase activation during 

insulin stimulation. 

To further dissect the effect of DN-PHIP on MAP kinase activation, various doses of 

insulin was used in similar in vitro kinase assays. Remarkably, maximum inhibitory 

effects of DN-PHIP was only observed at the highest dose of insulin (100 nM) (Figure 

4.2C), suggesting that at unsaturated insulin receptor activation levels other signaling 

112 



Figure 4.2. Effect of dominant-negative (DN) PHIP mutants on MAP kinase 

activation. (A) DNIPHIP mutant protein interacts with endogenous IRS-l. COS cells 

were transiently transfected with either control pCON vector or plasmid pCONIDN-PHIP 

encoding HA-tagged PHIp5
-
209 truncated protein. Serum starved cells were either left 

untreated or treated with insulin (l00 nM, 5 minutes). Cleared cell lysates were then 

subjected to immunoprecipitaion with anti-IRS-1 antibodies and subsequently western 

blotted with anti-HA antibodies. (B) DN/PHIP inhibits MAPK activity through IRS-1 and 

not SHC adaptor protein. COS cells were transiently transfected with pCDNA1IHA

p44MAPK and either pCONIHA-DN-PHIP or empty vector. Cell cultures were treated 

with (l00 nM, 5 minutes) or without insulin. Celllysates were precipitated with anti-HA 

anti:';odies and subj::-:ted to an in-vitro kinase assay with MBP (myelin basic protein) as 

substrate. The HA-depleted lysates were then precipitated with anti-She antibodies and 

subjected to analysis with anti-pTyr antibodies. (C) DN/PHIP exhibits maximal 

inhibition at high insulin doses. The same in-vitro MAP kinase assays were performed at 

different insulin doses (0, 1, 10, and 100 nM, 5 minutes) as described in (B). 
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molecules lead to MAP kinase activation. Indeed, tyrosine phosphorylated Shc has been 

shown to associate with Grb2/Sos (Goalstone et aI., 2001; Yamauchi and Pessin, 1994b), 

providing a potential alternate mechanism for MAP kinase activation at low insulin 

levels. 

4.2.3 Expression of the IRS-l PH domain blocks PHIP-mediated transcriptional 

responses. To determine whether IRS-l PH binding is required for the ability of PHIP to 

potentiate insulin responses, the effect of overexpressing the N-terminal IRS-I PH 

domain (IRS-I-PH) on PHIP-stimulated SRE-LUC activity was evaluated in COS-I 

cells. It was reasoned that overexpression of the isolated PH domain of IRS-I would 

transdominantly interfere with PHIP binding to endogenous IRS-I. As shown in Figure 

4.3A, increasing expression of the IRS-I-PH domain progressively blocked the PHIP 

signal, supporting the notion that PH-domain-directed interaction between PHIP and 

IRS-I is required for PHIP-mediated transcriptional responses. In order to confirm that 

the IRS-I-PH exerted its effects by disrupting PHIP/IRS-I complexes, high levels of 

IRS-I expression was constituted by transiently transfecting an IRS-I encoding vector 

into cells expressing ectopic PHIP and IRS-I-PH. Indeed, co-expression of excess IRS-I 

overcame the inhibition imposed by IRS-I-PH in a dose-dependent manner, suggesting 

that wild-type IRS-I outcompetes the IRS-I PH domain for PHIP complex formation 

(Figure 4.3B). 

4.2.4 Expression of DN-PHIP blocks insulin but not serum-stimulated 

transcriptional responses. To further establish the physiological significance of 
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Figure 4.3. Effect of IRS-l PH domain on PHIP- mediated transcriptional activation 

of the SRE-Fos promoter. (A) IRS-l PH domain inhibits PHIP-induced SRE-LUC 

activity. COS cells were cotransfected with pCGNIhPHIP (4 f.lg) and the indicated 

amount of pCGN/IRS-1 PH together with 2 f.lg of 5X SRE-LUC. Cells were treated 

with (100 nM, 10 hours) or without insulin and relative luciferase activity was measured 

in celllysates. (B) IRS-l PH mediated inhibition of PHIP-stimulated luciferase activity is 

restored by wild-type IRS-l in a dose-dependent manner. COS cells were cotransfected 

with If.lg of pCGNIhPHIP, 2 f.lg of 5XSRE-LUC, either If.lg of pCGN/IRS-1 PH or vector 

DNA and increasing amounts of pCGN/IRS-1 cDNA as indicated. Cells were then 

treated and processed as in (A). 
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IRS-1IPHIP interactions for gene expression, Dr. Nimnual from Dr. BarSagi' s group used 

DN-PHIP in microinjection experiments. To this end, serum-starved Rat-1 fibroblast cells 

were coinjected with constructs encoding HA-epitope tagged DN-PHIP and 5X SRE

CAT (serum response element - chroramphenicol acetyltransferase) reporter plasmids. 

The expression of CAT and DN-PHIP were detected by indirect immunostaining using 

anti-CAT and anti-HA antibodies, respectively. In order to ensure that the effects 

observed are specific to insulin, serum, which contains a variety of growth factors, was 

included as control in this set of experiments. Insulin and serum treatment of parental 

Rat-1 fibroblasts microinjected with the reporter plasmid 5XSRE-CAT resulted in 

expression of the CAT protein readily detectable by immunofluorescence staining with 

anti-CAT antibodies (Figure 4.4A). However, cells coinjected with the construct 

expressing HA-tagged DN-PHIP completely blocked insulin- but not serum-stimulated 

CAT expression, which implicates PHIP as an integral component of the signaling 

pathway used by IR to regulate gene expression (Figure 4.4A, B). In order to address 

whether the effects of DN-PHIP on SRE-CAT in response to insulin occur at the level of 

IRS-lor at some distal point in the IR signaling pathway, Rat-1 cells expressing DN

PHIP were co-injected with excess IRS-I. Consistent with the idea that PHIP functions 

upstream of IRS-I, it was found that overexpression of IRS-1 fully restored SRE-CAT 

expression in DN-PHIP expressing cells (Figure 4.4C). This datu suggests that increased 

expression of IRS-1 in these cells effectively displaced DN-PHIP from endogenous IRS-

1 complexes and interacted with wild type PHIP molecules, hence rescued the inhibitory 

effects ofDN-PHIP. 
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Figure 4.4. Effect of DN-PHIP on insulin-mediated transcriptional activation of the 

SRE-CAT promoter. (A) DN-PHIP inhibits insulin-induced 5X SRE-CAT. Serum 

deprived Rat-l fibroblasts were co-injected with constructs expressing HA-tagged DN

PHIP and the 5X SRE-CAT reporter construct. Cells were either left untreated or treated 

with insulin (0.5 J.lM, 5 hours) or serum (20%, 5 hours). The expression of CAT or 

DNIPHIP was monitored by immunostaining with anti-CAT or anti-HA antibodies, 

respectively. (B) The results shown in (A) are expressed as % of maximum which 

represents the average number of cells expressing SRE-CAT, upon serum stimulation. 

The values represent averages of 5 independent experiments in which at least 50 cells 

were injected for each condition. (C) IRS-\ rescues SRE-CAT expression. Serum 

deprived Rat-\ cells were coinjected with plasmids encoding 5X SRE-CAT and either 

pCON vector or HA-tagged DN/PHIP in the presence or absence of HA-tagged IRS-\ as 

indicated. The results are expressed as % maximum, which represents the average 

number of cells expressing SRE-CAT upon insulin stimulation. The values represent the 

average of 5 independent experiments in which at least 50 cells were injected for each 

condition. 
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4.2.5 Expression of DN-PHIP blocks insulin but not serum-stimulated mitogenesis. 

As previously mentioned, studies have demonstrated that the growth stimulatory effects 

of insulin are dependent on IRS-l (Rose et aI., 1994; Wang et aI., 1993). To examine the 

role of PHIP in insulin mediated mitogenic signaling, Dr. Nimnual microinjected HA

tagged DN-PHIP into NIH fibroblasts overexpressing human insulin receptor (NIHlIR) to 

study its effect on S-bromodeoxyuridine (BrdU) incorporation into newly synthesized 

DNA. Rabbit anti-rat IgG was coinjected into the same cells as DN-PHIP to monitor the 

microinjected cells. Here, anti-BrdU was employed to observe the levels of DNA 

synthesis under various conditions. Again, serum was used as control to study the effect 

of PHIP mutants in response to different growth factors present in serum. Compared to 

quiescent cells, stimulation with insulin or serum led to a marked increase in the 

proportion of cells staining positive for BrdU incorporation (Figure 4.5A). However, 

whereas the growth stimulatory effects of serum were not affected by microinjection of 

DN-PHIP, insulin-induced stimulation of DNA synthesis was markedly attenuated in 

NIHlIR cells injected with DN-PHIP, consistent with the notion that PHIP/IRS-l PH 

interactions are essential in promoting the proliferative actions of insulin (Figure 4.SA,B). 

4.2.6 Expression of DN-PHIP impedes insulin-induced GLUT4 membrane 

translocation. In order to examine whether PHIP/IRS-l complexes participate in the 

signal transduction pathway linking the insulin receptor to GLUT4 traffic in muscle cells, 

Varinder Randhawa transiently transfected L6 myoblasts stably expressing a myc-tagged 

GLUT4 construct (L6GLUT4myc) with either wild-type or dominant-interfering forms of 

PHIP. In general, L6 myoblasts do not express detectable levels of endogenous GLUT4, 
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Figure 4.5. Effect of DN-PHIP on insulin-mediated mitogenesis. (A) DN-PHlP 

inhibits insulin-induced DNA synthesis. Serum-deprived NIHIIR cells were coinjected 

with HA-tagged DNIPHIP and rabbit anti-rat IgO. The injected cells are indicated by 

arrows. Cells were treated with BrdU followed by insulin (0.5 11M) or serum (20%). 

DNA synthesis was observed by immunostaining with antibody to BrdU. (B) The results 

shown in (A) are expressed as % of maximum, which represents the average number of 

cells incorporating BrdU upon serum stimulation. The values represent averages of 5 

independent experiments in which at least 50 cells were injected for each condition. 
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yet stable expression of GLUT4myc in these cells has been previously shown to mimic 

the effects of insulin on GLUT4 membrane translocation similar to that observed in 

physiological myotubes (Kanai et a!., 1993b; Kishi et a!., 1998; Mitsumoto et a!., 1991). 

Co-expression of green fluorescent protein (GFP) cDNA was used to facilitate 

recognition of transfected cells. As previously shown, insulin treatment of 

L6GLUT4myc myoblasts generates a two-fold gain in cell-surface GLUT4myc detected 

by immunofluorescence labeling of the exofacial myc epitope (Randhawa et a!., 2000; 

Ueyama et a!., 1999) (Figure 4.6A,D). Ectopic expression of DN-PHIP caused a near 

complete inhibition of insulin-dependent GLUT4myc membrane translocation (>90%), in 

a manner identical to that observed with a dominant-negative mutant of the p85 subunit 

of PI 3-kinase (t.p85) (Quon et a!., 1995; Wang et aI., 1999)(Figure 4.6B,D). The effect 

of DN-PHIP was specific for the insulin-stimulated state, as the PHIP mutant did not alter 

the content of cell surface GLUT4myc in unstimulated cells. 

4.2.7 Expression of IRS-! PH domain mutant significantly reduces insulin

stimulated GLUT4 membrane translocation. To investigate whether ectopic 

expression of the IRS-l PH domain, which would uncouple IRS-l from PHIP could also 

mitigate insulin's effects on GLUT4 translocation, Randhawa V. transiently transfected 

L6GLUT4myc cells with a plasmid encoding the PH domain of IRS-l alone. Data from 

these studies demonstrate that the IRS-l PH domain caused a significant reduction in 

insulin-dependent GLUT4myc incorporation into the plasma membrane, albeit somewhat 

less robust (60%) than that induced by DN-PHIP (Figure 4.6C,D). The incomplete 

inhibition may be accounted for in part by the presence of other IRS proteins that may 
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Figure 4.6. Effect of PHIP and IRS-! mutants on insulin-induced GLUT4 

translocation. (A) Insulin promotes GLUT4 translocation to the plasma membrane. 

Serum-starved L6 myoblast cells ectopically expressing myc-GLUT4 (L6GLUT4myc) 

were either left untreated or treated with insulin (100 nM, 5 minutes) and then 

immunostained with anti-myc antibodies to monitor cell surface incorporated myc

GLUT4. (B) DNIPHIP inhibits insulin-mediated GLUT4 translocation to the cell surface. 

L6GLUT4myc cells were transiently cotransfected with 0.3 J,lg of plasmid encoding 

green fluorescent protein (pEGFP) and 0.9 J,lg of either pCGN/hPHIP, pCGNIDN-PHIP, 

or 6.p85 plasmid containing the SH2 domain of the p85 subunit of PI 3-kinase. Forty

eight hours after transfection cells were starved for three hours and treated with insulin 

(100 nM, 5 minutes). Arrows point toward the transfected cells as monitored by GFF 

expression. Shown are representative images from at least 3 independent experiments. 

(e) IRS-I PH domain inhibits insulin-stimulated GLUT4 membrane translocation. 

L6GLUT4myc cells were transiently co-transfected with 0.3 J,lg of pEGFP and 0.9 J,lg of 

either pCGN vector control, pCGN/IRS-I, or pCGN/IRS-l PH. Insulin-stimulated cell 

surface incorporated GLUT4 was then monitored as described in (B). (D) Graphic 

representation of GLUT4myc translocation to the plasma membrane. The results shown 

in (A), (B) and (C) are expressed as fold stimulation relative to basal levels of surface 

GLUT4myc in untransfected cells. The values presented are representative images of at 

least 3 independent experiments. 
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partially substitute for IRS-l function. These findings are in accordance with previous 

reports that overexpression of the IRS-l PH domain in 3T3-Ll adipocytes can inhibit 

insulin's ability to stimulate IRS-l tyrosine phosphorylation and activate the PI 3-

kinase/AKT pathway (Goalstone et al., 2001). By contrast, neither full-length PHIP nor 

full-length IRS-l caused any measurable change in GLUT4myc redistribution under 

basal or insulin-stimulated conditions (Figure 4.6B,C,D). Taken together, these results 

support the idea that PHIP/IRS-l complex formation is necessary but not sufficient in 

promoting the metabolic effects of insulin in L6 muscle cells. 

4.2.8 Expression of DN-PHIP disrupts insulin-induced actin rearrangement in L6 

myoblasts. In light of previous evidence supporting the requirement of functional IRS-l 

for insulin-stimulated actin cytoskeletal rearrangement (Morris et al., 1996), the role of 

PHIP in this process was explored. To this end, Randhawa V. utilized rhodamine

conjugated phalloidin to detect changes in the pattern of filamentous actin in 

L6GLUT4myc cells ectopically expressing either wild-type PHIP or DN-PHIP. Whereas 

actin staining in the basal state exhibits a filamentous pattern that runs along the 

longitudinal axis of the cell, a marked reorganization of actin into dense structures 

throughout the myoplasm was observed upon insulin stimulation (Figure 4.7). This effect 

was dramatically decreased by the expression of DN-PHIP but not by the empty vector or 

wild-type PHIP. Intriguingly, overexpression of wild-type PHIP appeared to induce 

remodeling of the actin cytoskeleton even under basal conditions in a fraction of 

transfected cells (Figure 4.7). Taken together, these observations implicate PHIP in the 

128 



Figure 4.7. Effect of DN-PHIP on insulin-induced actin remodeling. L6GLUT4myc 

cells were transiently cotransfected with 0.3 Ilg of pEGFP and 0.9 Ilg of either pCGN 

vector control, pCGN/hPHIP or pCGNIDN-PHIP. Serum starved cells were either left 

unstimulated or stimulated with insulin (100 nM, 10 minutes). GFP expression was used 

to monitor transfected cells. Filamentous actin was detected by rhodamine-conjugated 

phalloidin. 
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regulation of cellular processes that promote cytoskeletal remodeling and accompany 

incorporation of GLUT4 vesicles at the plasma membrane surface of muscle cells. 

4.2.9 Effects of DN-PHIP on insulin-induced PI 3-kinase activity. To investigate 

whether the effects of DN-PHIP on insulin-stimulated GLUT4 membrane translocation 

and actin reorganization was exerted through inhibition of PI 3-kianse activation, 

L6GLUT4myc cells were transiently transfected with DN-PHIP. Anti-IRS-1 immune 

complexes from serum-starved and insulin-stimulated cell lysates were subjected to an in 

vitro kinase assay using phosphotidylinositol (PI) as substrate. Surprisingly, DN-PHIP 

displayed no detectable inhibitory effects on PI 3-kinase activity upon insulin stimulation 

(Figure 4.8). This is in contrast to the inhibitory effects of DN-PHIP on two other PI 3-

kinase-dependent biochemical processes, namely insulin-mediated GLUT4 translocation 

and actin rearrangements. Therefore, it is likely that the lack of any detectable effects of 

DN-PHIP on PI 3-kinase activation is due to experimental problems associated with the 

transient transfection in which only a small minority of cells express sufficient levels of 

the ectopic protein to exert any detectable effects. Other methods of ectopic protein 

expression such as adenoviral-mediated DN-PHIP expression may overcome this 

problem by infecting the majority of cells. 
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Figure 4.8. Effects of DN-PHIP on insulin-stimulated IRS-I-associated PI 3-kinase 

activity. DNIPHIP overexpression does not exhibit any detectable effect on PI 3-kinase 

activation. L60LUT4myc cells were transiently transfected with either pCON contol 

pCON/hPHIP, pCON/HA-DN-PHIP or empty vector. Untransfected NIHIIR cells were 

used as control for the kinase assay. Cell cultures were treated with (100 nM, 5 minutes) 

or without insulin. Cell lysates were precipitated with anti-IRS-l antibodies and 

subjected to an ill-vitro kinase assay with phosphotidylinositol (PI) as substrate. The 

phospholipid products were separated on thin layer chromatography (TLC) plates, dried 

and exposed in PhosphoImager cassette. 
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4.3 DISCUSSION 

Here, I have described a dominant negative N·terminal truncation mutant of PHIP, DN

PHIP, which potently inhibits MAP kinase activation in an insulin-dose dependent 

manner. The maximum inhibition is virtually observed only at higher doses of insulin, 

suggesting the operation of alternate signaling molecules than IRS-l and PHlP 

downstream of the insulin receptor important for MAP kinase activation at lower insulin 

doses. One strong candidate is the Shc adaptor protein, which is known to be 

phosphorylated by the activated insulin receptor and promote MAP kinase activation 

(Pronk et a!., 1993). Consistent with this Observation, previous studies have documented 

that in fact Shc/Grb2 is the predominant signaling pathway leading to MAP kinase 

activation upon insulin stimulation in CHO cells overexpressing IR (Yamauchi and 

Pessin, 1994b), supporting the premise that at unsaturated IR activation levels, either due 

to IR overexpression or lower insulin concentrations, other molecules than IRS-l and 

PHIP are involved in MAP kinase activation. Therefore, I propose a model in which at 

low concentrations, insulin only activates dispersed receptors in isolation and this is 

sufficient for She-mediated signaling. Whereas, higher insulin concentrations lead to 

mf!ximal receptors activation, aggregation and internalization, providing the appropriate 

kinetics for proper IRS-IIPHIP·mediated signaling. Indeed, previous reports describe 

that increasing concentrations of insulin enhnnGc receptor endocytosis by fluid-phase 

mechanism, a phenomenon that is absent under low insulin concentrations (Carpentier, 

[994; Kotani et a!., [995; Smith et a!., [997). One note of caution is that high or low 

insulin levels should be discussed in correlation with the levels of the insulin receptor in 
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the context of a particular cell type or tissue. In other words, the level of occupied 

receptors saturation is the detennining factor in differential signaling pathways activated 

in response to insulin. Of course, the ramifications of the proposed hypothesis remain to 

be investigated. As anticipated, DN-PHIP impeded insulin-induced transcriptional and 

proliferative responses. This inhibition is remarkably specific for insulin, as serum 

induced transactivation and DNA synthesis is unaffected by DN-PHIP. Moreover this 

inhibition is overcome by co-expression of IRS-l. Taken together, these data suggest 

that regions of PHIP implicated in interactions with the IRS-l PH domain can disengage 

IR from IRS-l proteins and subsequently decrease sensitivity to growth-promoting 

responses of insulin. 

Unlike the effect of PHIP observed under insulin-triggered conditions, PHIP-mediated 

gene transcription was orchestrated independent of MAP kinase signaling pathway under 

basal conditions. Given that PHIP contains two bromodomain modules, known to be 

involved in transcriptional regulation, one could speculate that PHIP may regulate 

transcriptional responses through dual mechanisms. One that is indirect and depends on 

MAP kinases and the other may occur directly via interactions with the multiprotein 

complex transcriptional machinery. These may represent two distinct but not mutually 

exclusive functions of PHIP in regulating gene transcription. Arguably, these data leave 

open the possibility of an indirect yet MAP kinase-independent PHIP-mediated 

transcriptional regulation. The latter hypothesis is consistent with an earlier report that 

demonstrated, while c-fos gene transcription was markedly reduced in embryonic 

fibroblasts and 3T3 cells derived from mice with targeted disruption of IRS-I, MAP 
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kinase activity was unabated, supporting the involvement of IRS-I-dependent but MAP 

kinase-independent mechanisms of gene transcription (Bruning et ai., 1997). 

In this current study, we provide strong support for the involvement of PHIP/IRS-l 

complexes in glucose transport in muscle cells. The use of PHIP or IRS-l constructs 

known to interfere with efficient IRlIRS-l protein interaction and hence productive signal 

transduction from IRS-l to PI 3-kinase, are capable of interfering with insulin-stimulated 

GLUT4 translocation in L6 myoblasts. One might argue that the inhibitory effects of 

IRS-l PH domain mutant might be due to titration of phospholipid ligands at the plasma 

membrane, and thus inhibition of binding of endogenous IRS-l to the membrane. If this 

were indeed the case, one would expect that IRS-l PH domain mutant overexpression 

should non-specifically inhibit other growth factor signaling pathways that require 

phospholipid ligands as second messengers. Several recent studies however provide 

evidence against this hypothesis. First, IRS-l PH domain binds only weakly and non

specifically to phospholipid molecules, supporting the idea that IRS-l PH/phospholipid 

interaction might not be physiologically relevant (Razzini et a\., 2000). Second, 

expression of IRS-l PH domain in Xenopus oocytes inhibited oocyte maturation in 

response to insulin and not progesterone, two growth factors known to regulate oocyte 

maturation, suggesting that IRS-l PH domain expression alone functioned in a dominant 

inhibitory fashion in an insulin-specific manner (Ohan et aI., 1998). Lastly, 

overexpression of the IRS-l PH domain impairs IRS-l tyrosine phosphorylation and PI 

3-kinase activation upon insulin stimulation with no effects on prenyltransferase activity 

known to require phospholipid ligands (Goalstone et aI., 2001). Together, these data 
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support the role of IRS-l PH domain in retaining biological specificity through 

interaction with specific protein ligands such as PHIP. 

Data presented also indicated that overexpression of either PHIP or IRS-l alone in 

muscle cells was not sufficient in promoting transport of GLUT4 to plasma membrane 

surfaces. This is consistent with other observations indicating that activation of IRS-l

associated signaling effectors such as PI 3-kinase, although necessary, is not sufficient for 

GLUT4 activation. Notably, growth factors such as PDGP and IL4 can activate PI 3-

kinase as efficiently as insulin yet fail to stimulate glucose transport in insulin-sensitive 

cells (Guilherme and Czech, 1998; Isakoff et aI., 1995). One possible explanation is that 

additional PHIP/IRS-IIPI3 kinase-independent pathways are required to coordinate 

GLUT4 intracellular routing. Indeed, recent evidence points to a novel insulin

responsive pathway that recruits flotillin/CAP/CBL complexes to IR-associated lipid rafts 

in the plasma membrane, an event which is thought to potentiate GLUT4 docking to the 

cell surface following insulin receptor activation (Baumann et aI., 2000). 

In view of the recent advances in understanding the cellular mechanisms of GLUT4 

transit to the cell surface upon insulin stimulation, cytoskeletal rearrangements have 

proven to be crucial. In this regard, fractionation studies have found both IRS-l and PI 3-

kinase in a cytoskeletal fraction, an insoluble protein matrix mainly composed of actin 

filaments, of the intracellular membrane compartments (Clark et aI., 1998; Khayat et aI., 

2000), proposing a potential mechanism for their role in GLUT4 exocytosis. Although, 

PI 3-kinase is presumed to be localized to this site by coupling with tyrosine 

phosphorylated IRS-I, the molecular basis for IRS-l targeting has not yet been clearly 

established. One obvious candidate is the IRS-l PH domain. Previous studies have 
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demonstrated the importance of PH domains in targeting proteins to cellular membranes 

by binding to phospholipids (Lemmon and Ferguson, 2000). More importantly, the PH 

domain of several proteins such as Pleckstrin and Bruton's tyrosine kinase (Btk) have 

been shown to bind to filamentous actin and regulate actin remodelling in response to 

various stimuli (Ma and Abrams, 1999; Yao et aI., 1999). Consistent with this data, 

ectopic expression of PIDP can induce filamentous actin reorganization at discrete sites 

in the myoplasm, suggesting that PHIP engages in the spatial control of actin assembly. It 

has yet to be determined whether PHIP itself can bind directly or indirectly to LDM

associated actin. Furthermore, it should be noted that the effects of PHIP overexpression 

on actin remodelling was not observed in all unstimulated cells. This again could be due 

to the nature of the transient transfection in which the amount DNA taken up by the cells 

may vary. Single cell microinjection assays in which controlled amounts of DNA are 

introduced into the cells will verify these results. Furthermore, it is of particular interest 

to determine the mechanism of PHIP action on the cytoskeleton using dominant-negative 

variants of proteins known to be involved in insulin-induced cytoskeletal dynamics. 
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CHAPTER FIVE 

BIOCHEMICAL CHARACTERIZATION OF THE MECHANISMS OF 

PHIP FUNCTION IN INSULIN SIGNALING 

5.1 INTRODUCTION 

Hitherto, I have presented data supporting PHIP as a physiological protein ligand of the 

IRS-l PH domain, which plays an important role in transducing insulin-instigated IRS-l

mediated signals. However, the precise mechanism of PHIP function remains to be 

established. As demonstrated in the previous chapter, dominant inhibitory mutants of 

PHIP inhibited insulin-stimulated MAP kinase activation leading to gene transcription, an 

event that could be reversed by overexpression of IRS-I, providing evidence for the PHIP 

function upstream of IRS-l that may serve to link IRS-l to the activated IR. However, 

coimmunoprecipitation studies failed to detect a direct PHIP/IR interaction, arguing for 

alternative mechanisms by which PHIP might reinforce effective IRS-IIIR coupling. 

Biochemical studies in 3T3-Ll adipocytes indicate that IRS-l is preferentially tyrosine 

phosphorylated in the LDM compartment (Clark et a!., 2000; Heller-Harrison et aI., 

1995). Given that PHIP is stably associated and cosegregates with IRS-l in the LDM, 

suggests that PHIP may regulate tethering of IRS-l molecules to the LDM. Moreover, 

overexpression of PHIP induces filamentous actin reorganization under basal conditions, 

indicating that PHIP may facilitate the preassembly of IRS-l proteins onto a cytoskeletal 
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scaffold that is in close apposition to IR-enriched lipid rafts. providing a kinetic 

advantage in IRS-l substrate recognition following receptor ligation. 

To better understand the biochemical mechanisms of PlllP function in insulin signaling. I 

started by investigating the role of PlllP in insulin-induced IRS-l tyrosine and 

serine/threonine phosphorylation. Insulin treatment induces rapid tyrosine 

phosphorylation followed by a pronounced retardation in the electrophoretic mobility of 

IRS-I in a timely fashion. due to hyperphosphorylation on serine/threonine (SerlThr) 

residues (Heller-Harrison et al.. 1995; Kublaoui et a!.. 1995). Recent studies have 

demonstrated that in general IRS-l SerlThr phosphorylation acts as a negative regulator 

of insulin signaling through inhibition of IRS-l tyrosine phosphorylation by the activated 

insulin receptor (Hotamisligil et al.. 1996; Kanety et al.. 1995; Tanti et al.. 1994). 

Furthermore. these studies also suggested the SerlThr phosphorylation of IRS-I. 

subsequently leading to IRS-1 degradation plays an important role in the development of 

insulin resistance. Several groups have attempted to identify kinases responsible for 

phosphorylation of IRS-l that leads to insulin signaling attenuation. Activation of PI 3-

kinase by PDOF has been shown to enhance the electrophoretic mobility of IRS-I. 

leading to the inhibition of subsequent insulin-dependent signaling. This supports the 

role of PI 3-kinase in mediating IRS-l Ser/Thr phosphorylation (Elbashir et al.. 2001; 

Ricort et al.. 1996). Consistent with this idea. Harute T. and colleagues have shown that 

pharmacological inhibitors of PI 3-kinase such as Wortmanin and LY294002 blocked 

insulin-induced electrophoretic mobility shift of IRS-l (Haruta et a!.. 2000). The same 

group has also demonstrated that inhibition of mammalian target of rapamycin (mTOR). 

by treating the cells with Rapamycin prior to insulin stimulation. also exhibited 
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pronounced inhibitory effects on IRS-1 Serrrhr phosphorylation and degradation, 

suggesting that mTOR is an important component of the mechanisms involved in IRS-1 

Serrrhr phosphorylation. Furthermore, activation of Ser/Thr kinases such as IK~ kinase 

(IKK) by inflammatory agents including tumour necrosis factor - a (TNF-a), the 

prolonged activation of which is known to promote insulin resistance, have also been 

implicated in promoting IRS-1 Serrrhr phosphorylation (Hotamisligil et aI., 1996; Yin et 

aI., 1998). Together, these data provide strong evidence for the involvement of 

mechanisms inducing Ser/Thr phosphorylation of IRS-1 in the development of insulin 

resistance, potentially leading to diabetes. 

Serinerrhreonine phosphorylation of IRS-1 has also been proposed to trigger the release 

of IRS-1 from the LDM to the cytosol, providing a potential mechanism through which 

Ser/Thr phosphorylation negatively regulates IRS-1 signaling (Clark et aI., 2000; Inoue et 

aI., 1998; Ricor! et aI., 1996). This has lead to the hypothesis that Serrrhr 

phosphorylation of IRS-1 modulates IRS-1/LDM interactions. To explore the role of 

PHIP on IRS-1 tyrosine phosphorylation, I have studied the effects of DN-PIDP 

expression on IRS-1 phosphorylation in response to insulin. Moreover, to address the 

potential role of PHIP in IRS-1 subcellular compartmentalization and intracellular 

trafficking, I have employed an adenoviral construct to ectopically express PHIP in 

insulin-responsive cells such as L6 myotubes and 3T3-Ll adipocytes. 
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5.2 RESULTS 

5.2.1 PH-Binding region of PHIP disrupts IRS-I tyrosine phosphorylation. To 

analyze whether DN-PHIP interaction with endogenous IRS-l leads to disruption of IRS-

1 tyrosine phosphorylation in response to insulin, DN-PHIP was ectopically expressed in 

COS-7 and Rat-l cells. Transient expression of DN-PHIP, but not full-length PHIP 

significantly impaired IRS-l tyrosine phosphorylation (> 5 -fold) in insulin-treated cells 

(Figure S.lA, B). To ascertain whether the reduction in IRS-l phosphorylation occurred 

through interference with receptor function, changes in phosphotyrosine levels of 

immunoprecipitated insulin receptor and She, a direct substrate of the activated insulin 

receptor, were monitored. To this end, anti-Shc antibodies were used in 

immunoprecipitation followed by western blot with anti-phosphotyrosine antibodies. 

These results demonstrated that diminution of IRS-l tyrosine phosphorylation levels was 

not attributable to inhibition of IR kinase activity in at least two cell backgrounds (Figure 

5.1 A, C). 

5.2.2 Effect of PHIP overexpression on insulin-stimulated IRS-l serine/threonine 

phosphorylation. To gain some insight into the role of PHIP in IRS-l Ser/Thr 

phosphorylation, the effect of PHIP ovcrexpression on IRS-l Ser/Thr phosphorylation 

levels was tested by monitoring the electrophoretic properties of IRS-l by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in COS-7 cells. Under 

basal conditions, increasing amounts of ectopically expressed PHIP induced a dose

dependent increase in the electrophoretic mobility of IRS-l (Figure 5.2). Given 
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Figure 5.1. Dominant negative PUlP inhibits insulin-induced tyrosine 

phosphorylation of IRS-I. (A,B) COS-7 cells were transiently transfected with either 

pCGN/HA-DN-PHIP, pCGN/HA-PHIP or empty vector. Cell cultures were treated with 

or without insulin (0.2 11M, 5 minutes). Whole cell lysates or anti-IRS-l PCT 

immunoprecipitates were subjected to immunoblot analysis with either anti-IRS_I PCT
, 

anti-pTyr or anti-HA antibodies as indicated. Anti-insulin receptor (IR) 

immunoprecipitates were blotted with anti-pTyr antibodies. The membrane was stripped 

and reprobed with anti-IR antibodies. (C) Rat-l fibroblasts were transiently transfected 

with either pCGNIHA-DN-PHIP or empty vector. Cell cultures were treated with insulin 

(100 nM, 5 minutes). Cell lysates were precipitated with anti-IRS-l peT or anti-She 

antibodies and were subjected to immunoblot analysis with anti-pTyr antibodies. The 

membrane containing She immune complexes was stripped and reprobed with anti-She 

antibodies. 
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Figure 5.2. Ectopically expressed PHIP induces an enhanced insulin-induced 

Serrrhr phosphorylation of IRS-! in COS cells. COS-7 cells were transiently 

transfected with 20 ~g of pCGN control plasmid or increasing amounts (5 ~g, 10 ~g, 20 

~g) of pCGN/HA-PHIP. One hundred micrograms of unstimulated or insulin-stimulated 

(lOa nM, 5 minutes) cell lysate were resolved by 7.5% SDS-PAGE and subjected to 

western blotting with anti-IRS-I PCT and anti-HA to detect endogenous IRS-l and ectopic 

PHIP, respectively. Anti-IRS-I PCT blot was then stripped and re-probed with anti

phosphotyrosine antibodies (anti-pTyr). 
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that hypophosphorylated forms of IRS-l display increased association with LDM 

fractions (Clark et a!., 2000; Inoue et a!., 1998), this data suggests that PHIP 

overexpression may modulate a SerlThr phosphorylation event that enhances 

sequestration of IRS-l to the LDM compartment. By contrast, acute insulin stimulation 

(5 minutes) of PHIP transfectants, produced a significant retardation in the mobility of 

IRS-I, consistent with an increase in the phospho-Ser/Thr content of IRS-I. This shift is 

typically observed with prolonged insulin treatment (15-60 minutes) (Clark et a!., 2000; 

HalUta et a!., 2000; Heller-Harrison et a!., 1995). Importantly, the amount of tyrosine 

phosphorylated IRS-l remained fairly constant if not slightly increased in the highest 

PHIP expressors, when normalized for protein levels (Figure 5.2). These findings raise 

the possibility that PHIP-dependent phosphorylation of IRS-l SerlThr residues may elicit 

a positive regulatory effect on downstream signaling events. Indeed, a recent study 

revealed that phosphorylation of serine residues within the PTB domain of IRS-l by 

insulin-stimulated PKB, protects IRS-l proteins from the rapid action of protein tyrosine 

phosphatases, and enables serine-phosphorylated IRS-l proteins to maintain their 

tyrosine-phosphorylated active conformation (Paz et a!., 1999). 

In order to determine whether the same effect is observed in physiological insulin

responsive systems, an adenovilUs construct encoding HA-tagged PHIP was used to 

transduce both undifferentiated L6GLUT4myc myoblasts and differentiated myotubes. 

The effect of PHIP overexpression on IRS-l electrophoretic mobility was monitored over 

a time course of insulin stimulation by western blotting using anti-IRS-l antibodies. 

Anti-HA and anti-PHIP antibodies were used to detect ectopic and endogenous levels of 

PHIP, respecti vel y. In contrast to the results obtained from COS-7 cells, PHIP 
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overexpression did not exhibit any significant effect on the mobility of IRS-l (Figure 

5.3). To verify the latter results, similar assays were performed in another insulin

responsive cell type, 3T3-Ll adipocytes in which Serrrhr phosphorylation of IRS-l has 

been extensively studied. Analogously, ectopic expression of PHIP brought about no 

change in IRS-l electrophoretic mobility in response to different doses of insulin, 

suggesting that increased PHIP expression does not enhance insulin-induced IRS-l 

Serrrhr phosphorylation in these cells under these experimental conditions (Figure 5.4). 

Although, these data do not rule out a functional role of PHIP in IRS-l Serrrhr 

phosphorylation, they suggest that PHIP overexpression alone might not be sufficient to 

promote IRS-l Serrrhr phosphorylation in these cells. 

5.2.3 PHIP colocalizes with IRS-I both in intact cells and subcellular fractions. 

Given that PHIP stably associates with IRS-I, it was important to examine whether PHIP 

colocalizes with IRS-l in intact cells. To address this issue, indirect immunfluorescence 

analysis was carried on L6GLUT4myc myoblast cells using anti-PHIP or anti-IRS-l 

antibodies. Merged images obtained by immunofluorescence microscopy demonstrated 

that PHIP and IRS-l co-immunolocalize to punctate structures in the cytoplasm (Figure 

5.5). Interestingly, PHIP proteins were also detected in the nucleus of some cells; 

whether this phenomenon is regulated by insulin remains to be elucidated. 

Previous studies in cultured 3T3-Ll adipocytes have shown that IRS-l molecules 

preferentially associate with the intracellular low density microsomes (LDM) (Anai et aI., 

1998; Clark et aI., 2000; Heller-Harrison et aI., 1995; Inoue et aI., 1998; Kriauciunas et 

aI., 2000). To further determine the subcellular distribution pattern of el:dogenous PHIP 

148 



Figure 5.3. Ectopically expressed PHIP has no effects on IRS-l Serrrhr 

phosphorylation in L6 myotubes. L6GLUT4myc myotubes were infected with either 

empty adenovirus vector or adenovirus encoding HA-PHIP at an MOl of 5000. Fifty 

micrograms of unstimulated or insulin-stimulated (100 nM; 5, 15,30, 60 minutes (min» 

cell lysate were separated on 7.5% SDS-PAGE and subjected to westem blotting with 

anti-IRS-l Pt."T, anti-HA or anti-PHIP antibodies to detect endogenous IRS-I, ectopic 

PHIP, or endogenous PHIP, respecti vely. 
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Figure 5.4. Ectopically expressed PHIP does not affect IRS·l Serffhr 

phosphorylation in 3T3·Ll adipocytes. Differentiated 3T3-Ll cells were infected and 

processed as described in Figure 5.4. Fifty micrograms of unstimulated or insulin

stimulated (1, 10, 100 nM; 5,20,60 minutes) cell lysatcs were separated on 7.5% SDS

PAGE and subjected to western blotting with anti_IRS_Ii'C'r, anti-HA antibodies to detect 

endogenous IRS-I, and ectopic PHIP, respectively. 
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Figure 5.5. PHIP and IRS-! colocalize within intact cells. Polyclonal anti-PHIP and 

monoclonal anti-IRS-I were used in immunostaining analysis of L6GLUTmyc 

myoblasts. Representative images of four independent experiments are shown at two 

different magnifications, 40X and loOX. 
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and IRS-l proteins, LDM, cytosol and plasma membrane (PM) fractions were isolated 

from both undifferentiated and differentiated L6GLUT4myc cell lysates by differential 

centrifugation. In order to monitor the fidelity of the fractionation procedure anti

transferrin receptor antibodies (anti-TfR) were originally used as control for detection of 

LDM and PM fractions by immunoblotting analysis (Farhang-Fallah et aI., 2002). Data 

from these studies revealed that under basal conditions, about two third of IRS-l proteins 

Wlll' localized to the LDM compartment and insulin stimulation resulted in a progressive 

decrease in both the levels and electrophoretic mobility of IRS-l proteins in this fraction. 

Concomitantly, the levels of IRS-l increased in the cytosolic fraction upon insulin 

stimulation over time. Following 30-60 minutes of insulin stimulation the IRS-l proteins 

levels start to decrease in the cytosolic fraction as well, presumably due to IRS-l 

degredation (Figure 5.6). Significantly, PHIP segregated with IRS-l in both LDM and 

cytosolic fractions, although insulin did not appear to alter the subcellular distribution of 

PHIP between these compartments. Plasma membrane fractions revealed strong PHIP 

and weak IRS-l signals. Thus it is conceivable that PHIP through its association with 

the IRS-l PH domain may direct targeting of IRS-l to specific subcellular compartments 

and serve as a key determinant for the signaling specificity of IRS-l with respect to the 

insulin receptor pathway. 

5.2.4 Ectopic expression of PHIP has no effect on IRS-I subcellular distribution. 

Cellular compartmentalization and intracellular trafficking of IRS-l are essential in its 

ability to elicit insulin responses (Kriauciunas et aI., 2000). Given that PHIP 

cosegregates with IRS-l in LDM compartments, it was important to establish whether 
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Figure 5.6. PHIP and IRS-l colocalize in the same subcellular compartments. Fifty 

micrograms of low-density microsomes (LDM), cytosol (CYT) and plasma membrane 

(PM) fractions isolated from unstimulated or insulin-stimulated (100 nM; 5, 15, 30, and 

60 minutes) L6GLUT4myc myotube extracts were separated on 7.5% SDS-PAGE and 

subjected to western blotting with anti-PHIP and anti-IRS-l peT antibodies. 
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ectopic PHIP expression would alter IRS-l subcellular compartmentalization. To this 

end, L6GLUT4myc myotubes were infected with adenovirus construct encoding HA

tagged wild-type PHIP. Homogenized serum-starved or insulin-stimulated cells were 

subjected to repeated ultracentrifugation to separate LDM and cytosol as described in 

section 2.19. While ectopic HA-PHIP distribution was similar to that of endogenous 

PHIP, there was no significant effect on IRS-l intracellular localization upon PHIP 

overexpression under basal or insulin stimulation (Figure 5.7). These data suggest that 

PHIP overexpression alone is insufficient to induce IRS-l redistribution in these cells. 

5.2.5 The PH domain is required for Serrrhr phosphorylation but not subcellular 

distribution of IRS-I. In order to recapitulate the role of the IRS-l PH domain in IRS-l 

Serrrhr phosphorylation, COS-7 cells were transiently transfected with pCGN constructs 

encoding either wild type IRS-lor IRS-\ lacking the PH domain (pCGN/IRS_1 6PH
). 

Cellular extracts were separated on SDS-PAGE and subjected to immunoblotting with 

anti-IRS-\ antibodies. Consistent with the effects observed with ectopic PHIP expression 

in COS-7 cells, there was no discemable difference in electrophoretic mobility migration 

of IRS_1 6PH upon insulin stimulation, suggesting that PHIP/IRS-l PH domain 

interactions are necessary for IRS-l Ser/Thr phosphorylation in these cells (Figure 5.SA). 

Surprisingly, unlike endogenous IRS-\ where a time-dependcnt progressive mobility shift 

is seen upon insulin stimulation, ectopically expressed IRS-\ displayed no retarded 

migration (Figure 5.SA). One possibility is that massive overexpression of IRS-\ 

proteins in a small population of cells, due to limitations of transient transfection, disturbs 
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Figure 5.7. Ectopically expressed PHIP has no significant effects on IRS-l 

intracellular distribution. (A) L6GLUT4myc myotubes were transiently transduced 

with HA-PHIP encoding adenoviral plasmids as described in Figure 5.3. Fifty 

micrograms of unstimulated and insulin-stimulated (l00 nM; 5, 15, 30, and 60 minutes) 

LDM and CYT fractions were analyzed by immunoblotting with anti-IRS-IpcT and anti

HA antibodies to detect endogenous IRS-l and ectopic PHIP, respectively. (B) The 

same fractions as in (A) were re-run on a 7.5% SDS-PAGE next to control uninfected 

fractions for compmison of IRS-l migration. 
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Figure 5.8. Effects of deletion of the IRS-! PH domain on IRS-! Serrrhr 

phosphorylation and subcellular localization. (A) Deletion of the PH domain of IRS-l 

desensitizes it to insulin-induced Serrrhr phosphorylation. COS-7 cells were transiently 

transfected with pCON plasmids encoding either full-length IRS-lor IRS_l"PH (IRS-l 

mutant lacking the PH domain). Fifty micrograms of total cell lysate from unstimulated 

or insulin-stimulated (100 nM; 5, 20 and 60 minutes) were 5ubjected to western blotting 

using anti-HA antibodies to detect ectopically expressed HA-tagged full-length or mutant 

IRS-l. (B)IRS-l"PH localizes to LDM. COS-7 cells were transfected as previously 

described in (A). Fifty micrograms of LDM or CYT fractions were resolved by 7.5% 

SDS-PAGE and subjected to immunoblot analysis with anti-HA antibodies. 
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the stoichiometric balance between the IRS-I proteins and the upstream insulin receptor 

or downstream signaling molecules such as PI 3-kinase. Indeed, previous studies have 

shown that while IRS-l ~I'H fails to undergo insulin-induced tyrosine phosphorylation ill 

32D cells, overexpression of IR in these cells, restores its tyrosine phosphorylation 

(Myers et ai., 1995). Alternatively, ectopically expressed wild type IRS-I might have 

mislocalized to wrong intracellular compartments, thereby failing to respond to insulin. 

To address this issue, subcellular fractions of LDM and cytosol were isolated from COS-

7 cell extracts ectopically expressing HA-tagged wild-type IRS-l. The results of these 

experiments demonstrated that HA-IRS-l distributed between both LDM and cytosol 

ruling out the possibility of inappropriate intracellular distribution of ectopically 

expressed IRS-I (Figure 5.8B). 

To determine the role of the PH domain in IRS-I subcellular localization, COS-7 cells 

were transiently transfected with pCGN/IRS-I ~I'H and intracellular fractions were 

isolated. IRS-I ~PH proteins localized to the LDM as well as cytosol, suggesting that the 

PH domain is not essential for IRS-I/LDM association (Figure 5.8B). This is consistent 

with previous observations where transient overexpression of PH/PTB had no effect on 

IRS-I localization to the LDM (Inoue et ai., 1998). Collectively, these data suggest that 

other regions than the PH domain are involved in IRS-l localization to the LDM 

compal"tments. 
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5.3 DISCUSSION 

The data presented herein sug"ests that PHIP is essential for productive coupling of IRS

! to the insulin receptor. However, [ have not clearly established, from the present 

study, the molecular basis by which PHIP facilitates IRS-IIIR interactions. 

Overexpression of PHIP exerted differential effects on IRS-! Ser/Thr phosphorylation 

monitored by IRS-! electrophoretic mobi lily on SDS-PAGE. The results demonstrated 

that the extent of PHIP-induced IRS-! SerlThr phosphorylation is cell type specific; such 

that overexpression of PHIP increased IRS-! SerlThr phosphorylation initiated by insulin 

in COS-7 cells, a phenomenon undetected in L6 or 3T3-Ll cells. One possible 

explanation may come from the levels of individual molecules that affect the 

stoichiometry of muitiprotein complex formation in the insulin signaling pathways. 

Indeed, the levels of endogenous IRS-l and PHIP are much higher in insulin-sensitive 

L6GLUT4myc myotubes as compared to an insulin-insensitive cell line such as COS-7. 

Consistent with these observations, other studies have also shown that different levels of 

IRS-l proteins in CHO cells lead to either enhancement or inhibition of insulin signaling 

in a cell context dependent manner, further confirming the requirement of a specific 

stoichiometry of interaction between signaling proteins to achieve certain bioiogical 

responses (Yamauchi and Pessin, 1994a). Another reason could be due to the fact that 

because of high levels of PHIP and IRS-l in myoblasts and myotubes, simply expressing 

a bit more PHIP in these cells in not likely to give an enhanced response on the Ser/Thr 

phosphorylation status of IRS-I. In addition, in contrast to L6GLUT4myc myoblasts in 

which the level of PHIP proteins increases upon differentiation into myotubes, the level 
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of PHIP proteins decreases in 3T3-Ll cells upon differentiation into adipocytes for 

unknown reasons (Data not shown). One possibility is that due to different nature of 

insulin responses in these two systems distinct stoichiometry of PHIP/IRS-l interactions 

might be required to mediate vmious insulin biological outputs. Altematively, other PHIP 

family of proteins, undetectable with the current polyclonal antibodies, might be 

mediating insulin signaling in 3T3-Ll cells. 

It should be noted that anti-Ser/Thr antibodies were not used to confirm that the IRS-l 

electrophoretic mobility shift observed was indeed due to enhanced Ser/Thr 

phosphorylation of IRS-I. However, extensive work to date has established that insulin

induced mobility shift of IRS-l is mainly due to IRS-l SerIThr phosphorylation as 

determined by phosphoaminoacid and phosphopeptide mapping analysis (Sun et aI., 

1992). 

In contrast to the results obtained by another group where IRS-I protein mutants lacking 

the PH domain undergo SerIThr phosphorylation in response to insulin (Sun et aI., 1992), 

transient expression of IRS- I "I'll in COS-7 cells displayed no detectable insulin-triggered 

mobility retardation. This apparent discrepancy might be due to the fact that in the former 

study CHO cells overexpressing insulin receptor has been used, creating a circumstance 

in which the PH domain was dispensable for IRS-l Ser/Thr phosphorylation and 

signaling emanated by insulin. Consequently, these results suggest that under low levels 

of the insulin receptor as in COS-7 cells, PHIP, through its interaction with the PH 

domain of IRS-l provides a significant advantage for the endogenous IRS-l during 

competition for a limited number of insulin receptors thereby displacing ectopic IRS- I "PH 

away from the receptor. 
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CHAPTER SIX 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

Despite our growing advancements in dissecting molecular pathways leading to 

biological responses of cell growth and metabolism, understanding the mechanisms of 

signaling specificity associated with the insulin signaling remains a major challenge. An 

emerging concept raises the importance of subcellular compartmentalization, as one of 

the major mechanisms through which temporal and spatial assembly of signaling 

molecules directs activation of specific molecular events in accordance with cell 

physiology. Using this hypothesis several investigators have attempted to rationalize 

association of IRS-I, a low-density membrane resident protein, and its phosphorylation 

by the activated insulin receptor, a plasma membrane-embedded tyrosine kinase. 

Traditionally, it was thought that insulin-mediated internalized endosomal-bound insulin 

receptors are responsible for tyrosine phosphorylation of the LDM-tethered IRS-I 

(Backer et aI., 1989; Khan et aI., 1989). By contrast, recent evidences has indicated that 

under conditions where insulin receptor internalization is inhibited, IRS-1 is 

phosphorylated and activates downstream signaling, consistent with the idea that the 

activated insulin receptor intercepts IRS-I at plasma-proximal sites (Ceresa et aI., 1998; 

Heller-Harrison et aI., 1995). Here, I summarize observations that support this latter 

hypothesis and argue for the potential role of PHIP in IRS-I tyrosine phosphorylation and 

signaling originated at the plasma membrane microdomains. Furthermore, I elaborate on 
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the implications of PHIP subcellular compartmentalization in eliciting insulin-mediated 

signal transduction. 

Using subcellular fractionation assays, I have demonstrated that PHIP proteins localize to 

the LDM, cytosol and plasma membrane. PHIP protein localization to the plasma 

membrane provides it with a unique opportunity to regulate IRS-l compartmentalization 

in proximity to the insulin receptor and allow its phosphorylation by the activated 

receptor. Recent studies argue for the distribution of the insulin receptor to cholesterol

and caveolin-enriched lipid raft microdomains of the plasma membrane called caveolae 

(Gustavsson et a!., 1999; Watson et a!., 2001; Wu et a!., 1997). The integrity of caveolae 

has been proven vital for insulin and IRS-l actions as the treatment of adipocytes with 

plasma membrane cholesterol extracting drugs, which disrupt lipid rafts, inhibits insulin

stimulated IRS-l tyrosine phosphorylation and subsequent Akt activation without 

impairing receptor autophosphorylation(Gustavsson et a!., 1996; Parpal et a!., 2001). A 

recent study by Zacharias and colleagues has elegantly demonstrated distinct spatial 

submicrodomain localization of fluorescent test protein attached to different lipid anchors 

using fluorescence resonance energy transfer (FRET)(Zacharias et a!., 2002). Test 

proteins carrying the myristoylation and palmitoylation lipid chains localized in caveolae 

whereas those containing prenylation tail clustered in non-caveolae structures. It is 

noteworthy that targeting of IRS-l proteins to non-cavcolae compartments of the plasma 

membrane through addition of a prenylation chain containing CAAX motif, disrupts 

insulin-stimulated IRS-l signaling, lending support to the concept that IRS-l localization 

to caveolae is important in transducing insulin signaling (Kriauciunas et a!., 2000). 

Intriguingly, the PHIP protein sequence also contain three putative myristoylation sites 
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that might be responsible for localization of PHIP proteins with lipid raft microdomains 

of the plasma membrane, and which may promote recruitment of IRS-l molecules to 

these compartments via association of PHIP with the IRS-l PH domain. Indeed, weak 

IRS-l immunoreactive signals have also been detected in the plasma membrane fraction 

in the same subcellular fractionation studies of L6GLUT4myc cells. Alternatively, PHlP 

might be interacting with caveolin, the major protein component of the rafts, as a 

mechanism that may contribute to the segregation of PHIP at the plasma membrane. Even 

though PHIP localization to the caveolae and its interaction with caveolin has yet to be 

investigated, it is noteworthy that PHIP contains a putative caveolin-interacting motif 

('¥X'¥XXXX'¥ or '¥XXXX'¥XX'¥, where '¥ represents any aromatic and X any amino 

acid, (Couet et ai., 1997), EPLQPEYPDSLFQCYNVCWI70.'S8 (See Figure 3.1A) that 

could potentially mediate PHIP/Caveolin association. Moreover, the insulin receptor also 

contains this motif, TTSSDMWSFGVVIWEITSI17s.2292 and has been shown to bind to 

caveolin-l and -3 ill vitro and co fractionates with caveolin-l in CHO cells overexpressing 

the insulin receptor (Yamamoto et ai., 1998). Taken together, these observations raise 

the intriguing possibility that PHIP might recruit IRS-l to caveolin-enriched lipid rafts by 

interacting with caveolin, and thereby promote IRS-l phosphorylation in these 

microdomain compartments of the plasma membrane where the insulin receptor is 

localized (Figure 6.1). Several observations support this hypothetical model in which 

caveolinlPHlP/IRS-1 PH domain interactions might be required for IRS-1 localization to 

plasma membrane microdomains. First, although, PH domains are commonly known to 

bind to phospholipids and result in the recruitment of the host protein to the plasma 

membrane, IRS-1 PH domain binds to phospholipids with very low affinity and weak 

168 



Figure 6. A hypothetical model describing insulin-induced PHIP-mediated IRS-l 

plasma membrane localization. Potential interaction of PHIP with caveolin (black 

coiled-shaped proteins) in caveolae is proposed to mediate recruitment of IRS-l to these 

lipid raft microdomains upon insulin stimulation. 
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specificity, questioning the ill vivo physiological relevance of IRS-I PH/phospholipid 

interactions observed ill vitro (Razzini et a!., 2000). Moreover, mutations of the IRS-I PH 

domain designed to disrupt its interactions with the phospholipids have no bearing on 

IRS-I tyrosine phosphorylation or PI 3-kinase activation, suggesting that 

phospholipid/IRS-I PH interactions are dispensable in IRS-I-mediated signaling ill vivo 

(Jacobs et aI., 2001; Vainshtein et aI., 2001). Second, phospholipids are also relatively 

depleted in the caveolin containing lipid rafts (Brown and London, 1998), Supp011ing the 

view that IRS-l is potentially recruited to the caveolae through protein-protein 

interactions. Third, both IRS-I and PHIP proteins are localized to plasma membrane 

fractions under basal conditions as shown in Figure 5.6, suggesting that PHIP/IRS-I 

complexes are preassembeled in the membrane. Together, these data support the role of 

PHIP as an anchor that positions LDM-associated IRS-I proteins in juxtaposition to the 

insulin receptor in lipid rafts possibly trough association with caveolin, which in tum 

might provide a kinetic advantage for rapid phosphorylation of IRS-I. Indeed, tyrosine 

phosphorylation of IRS-l is observed as early as 30 seconds after insulin stimulation 

(Sun et aI., 1992). Given that both putative caveolin binding motif and two of the 

myristoylation sites are located at the amino-terminus of PHIP, one might expect that a 

truncated PHIP mutant encompassing this region would be sufficient to link IRS-I to the 

insulin receptor and for insulin-mediated IRS-l phosphorylation. In contrast, 

overexpression of mutants of PHIP containing the lRS-l PH binding region function in a 

dominant inhibitory manner and block IRS-l tyrosine phosphorylation by the activated 

insulin receptor. One possibility is that if indeed DN-P~llP has caveolin-binding 

properties, it may disrupt caveolae structures when overexpressed which might contribute 
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to its inhibitory properties. Alternatively, it may be that DN-PHIP is not sufficient to 

stably associate with caveolar domains and as such it may uncouple IRS-I from 

endogenous plasma membrane-associated PHIP thus acting in a transdominant fashion. 

In addition, other regions of PHIP might be required for the potential caveolin/PHIP/IRS

l/insulin receptor complex formation. Indeed, PHIP also contains a short stretch of 

acidic amino acid residues at its carboxy-terminus, DDPIDEEEEFEE828.839 (Sec Figure 

3.IA) similar to KVAEEEDDEE found in nucleolin I (Burks et aI., 1998), that might be 

involved in intermolecular interactions that regulate PHIP and IRS-I association. Future 

biochemical and structure-function analysis with specific mutations or deletion of the 

myristoylation and caveolin-binding motif within PHIP would determine the 

physiological significance of PHIP distribution in the plasma membrane. 

Given the localization of PHIP in other cellular compartments such as LDM, cytosol and 

nucleus supports the functional plasticity of PHIP proteins in the regulation of insulin

mediated signaling at multiple stages, the exact molecular mechanism of which remain 

obscure. Based on preliminary data, PHIP expression was shown to be increased during 

L6GLUT4myc myoblast differentiation into myotubes, suggesting a potential role of 

PHIP in myoblast differentiation. By contrast, an opposite effect was observed upon 

differentiation of fibroblast or preadipocyte Tf3-Ll into adipocyte where a decrease in 

PHiP protein levels was observed. Data presented here support a differential role of 

PHIP in various insulin-responsive cells. On the one hand, enhanced PHIP expression in 

myotubes might support a role of PHIP in glucose transport and metabolic function of 

insulin mediated through IRS-I. Indeed PHIP was proven to be essential for mobilization 

of GLUT4 to the cell surface, as dominant inhibitory mutants of PHIP markedly 
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diminished GLUT4 membrane translocation. Moreover, the role of PHIP in insulin

induced actin remodeling, known to be essential for GLUT4 translocation, further 

supports the role of PHIP in maintaining the appropriate microfilamcnt network 

necessary for the metabolic actions of insulin in muscle cells. Together, these data 

support the notion that enhanced PHIP expression is linked to a possible role in muscle 

differentiation. This is analogous to the observation in which caveolin 3 expression is 

very low in myoblasts and is tremendously overexpressed upon myoblast differentiation, 

implicating caveolin 3 in muscle differentiation (Galbiati et aI., 2001). On the other 

hand, PHIP might not be as impottant for lipogenic aspects of insulin in adipocytes. 

Given the indispensable role of PHIP in DNA synthesis or mitogenesis, it is tantalizing to 

speculate that in these cells PHIP function might be required for DNA synthesis and 

proliferation. This is consistent with the elevated levels of PHIP expression observed in 

actively growing 3T3-Ll fibroblasts as compared to differentiated adipocytes. In support 

of the role of PHIP in mitogenesis, expression of dominant-inhibitory mutant of PHIP in 

NIH3T3 fibroblasts overexpressing the insulin receptor resulted in a near complete 

attenuation of DNA synthesis induced by insulin. Analogously, such differential function 

has also been observed for IRS-l in 32D hematopoietic cells. While, overexpression of 

IRS-l resulted in increased IGF-I-instigated mitogenesis and proliferation, ectopically 

expressed IRS-I inhibited IGF-I-mediated differentiation of 32D cells into granulocytes 

and caused malignant transformation (Valentin is et <II., 1999). Therefore these 

developmentally regulated patterns of PHIP expression suggest that it may regulate 

unique signaling pathways involved in L6 cell proliferation, survival and differentiation. 

Given that PHIP contains two bromodomains commonly known to facilitate 
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transcription, it is tempting to speculate that PHIP might be involved in differentiation of 

L6 myoblasts by facilitating specific gene transcription in response to insulin in these 

cells. It would be interesting to see whether PHIP clln activate genes required for L6 

differentiation and find out whether PHIP has the ability to bind to their promoter 

independently or in conjunction with other coactivators such as CBPs. 

In conclusion, given the physiological significance of PHIP function in mediating both 

mitogenic and metabolic responses of insulin, suggests that interruption of PHIP function 

might lead to insulin resistance and diabetes. Future ill vivo studies in which PHIP gene 

has been disrupted would elucidate on the role of PHIP in these diseases and its potential 

therapeutic value in their treatment. 
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