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Abstract of the Dissertation
Molecular Mechanisms of Insulin Receptor Homeostasis
Maria Rowena Bernadette R. Ramos

Receptor tyrosine kinases (RTKs) play a fundamental role in cell growth, metabolism and
survival. Altered cell surface expression of RTKs has profound effects on organismal
physiology and is associated with both metabolic disease and neoplasia. The insulin receptor
(IR) is a prototypical RTK that regulates metabolism and lifespan and as such, insights from
studies on IR homeostasis may be extended to other members of the RTK family.

I have discovered that eliminating AKT, a critical kinase downstream of the IR,
increased IR expression and decreased its degradation. Interestingly, expression of other RTKs
such as EGFR and IGF-1R was also upregulated when PI3K/AKT/mTOR signaling was
inhibited, suggesting common regulatory mechanisms to control RTK expression and
degradation. In addition, inhibiting PI3K signaling attenuated degradation of the insulin receptor
induced by metabolic inhibitors. These data suggest that negative feedback mechanisms exist for
the highly conserved PI3K/AKT/mTOR pathway at both transcriptional and post-translational
levels to regulate RTK stability, in coordination with nutrient status, in mammalian systems.

To further investigate regulation of RTK expression at the earliest steps of its biogenesis,
I have also examined how molecular chaperones that are partitioned in the ER luminal surface
and cytosol collaborate to ensure protein maturation under the strict quality control system in the
ER. I found that the ER chaperone calreticulin (CRT) and the cytosolic chaperone Hsp90
stabilized receptor expression through distinct pathways. In addition, live cell imaging using
novel green fluorescent protein (GFP) chimeras of the IR revealed that movement of the receptor

through the ER was accelerated by misfolding or by overexpression of either CRT or Hsp90.
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Our results indicate that both CRT and Hsp90 control IR expression at its earliest maturation

stages and modulate its movement within the ER. Together, these studies elucidate the distinct
molecular mechanisms involved in the dynamic regulation of IR homeostasis and suggest

reciprocal interactions between insulin signaling, glucose metabolism and IR expression.
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Multicellular organisms have developed complex mechanisms to facilitate their growth
and development in response to extracellular stimuli. A crucial strategy involves binding of
secreted ligands to their cognate receptors on the surface of target cells to facilitate intercellular
communication. Excessive signaling activity initiated by these cell surface receptors results in
unrestricted cell growth and often leads to tumor formation. Conversely, reduced signaling from
these receptors leads to insufficient growth and development of metabolic disorders.

One of the most important classes of surface proteins that mediate this intercellular
communication is the receptor tyrosine kinase (RTK) superfamily. RTKs represent a class of
integral membrane proteins that are involved in numerous signaling pathways within the cell,
including cell proliferation, differentiation, migration and metabolism. Aberrant upregulation or
downregulation of these RTKs has been associated with neoplasia or metabolic disorders,
respectively, highlighting the need to understand the complex mechanisms that control RTK
expression and degradation.

In order to investigate how RTK homeostasis is regulated, a major goal of my thesis
research has been to investigate the role of PI3K/AKT/mTOR signaling, a pathway common to
various RTKSs, in receptor expression and degradation. This signaling cassette is the primary
pathway involved in the metabolic functions of the insulin receptor (IR), a prototypical RTK, and
as such, studies of IR turnover may have more general implications in understanding the
regulation of other RTK family members, including the epidermal growth factor receptor
(EGFR) and insulin-like growth factor 1 receptor (IGF1-R). Given the important function of the
IR in glucose metabolism, I have also explored the role of nutrient sensing in RTK homeostasis

to determine whether coordinated regulatory mechanisms exist between receptor signaling and
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nutrient availability. To further dissect the molecular components involved in RTK expression, I

examined the earliest steps of receptor biogenesis to investigate how interactions between
transmembrane RTKs and chaperones found on either sides of the ER membrane regulate
receptor stability and maturation. Insights from these studies will provide a more comprehensive
understanding of the steps involved in RTK maturation and turnover and help enable the design

of better strategies to target neoplasia and metabolic disease.

1.1. Receptor tyrosine kinase (RTK) superfamily

The important role RTKs play in development is evidenced by the diversity of RTK
ligands which include growth factors such as the epidermal growth factor (EGF), the fibroblast
growth factor (FGF) and the platelet-derived growth factor (PDGF), among others (Figure 1.1).
Given the centrality of these factors to growth and development, aberrant regulation of RTK
expression and activity is associated with a broad variety of diseases including human tumor
syndromes (Blume-Jensen and Hunter, 2001). RTKs are also involved in other metabolic
disorders such as insulin resistance and type 2 diabetes.

Several mechanisms have been identified that increase the catalytic activity of RTKs,
including chromosomal translocation, receptor amplification and point mutations (Blume-Jensen
and Hunter, 2001; Lamorte and Park, 2001). Negative feedback control mechanisms that
balance RTK expression and function with cellular growth and metabolic requirements are
important to ensure signaling thresholds compatible with the induction of a physiological
response. Since overactivation of RTK signaling has been implicated in the onset and
progression of cancer, it is essential to understand how RTKs are downregulated and deactivated.

Moreover, insufficient RTK expression and function leads to metabolic disorders and obesity,
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Figure 1.1. The receptor tyrosine kinase (RTK) superfamily. All RTKs contain an intrinsic
tyrosine kinase domain that is activated upon binding their cognate growth factor ligand. RTK
extracellular domains vary widely among the different receptors and determine the specificity of
ligand binding.
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thus I have been equally interested in understanding mechanisms that may lead to aberrant

downregulation of RTKs.

1.2. Structural organization of RTK proteins

Members of the RTK family contain three major domains: an extracellular ligand binding
domain, a transmembrane helical domain and an intracellular tyrosine kinase domain. The
extracellular domains of RTKs consist of a diverse range of discrete globular domains such as
immunoglobulin (Ig)-like domains, fibronectin type IlI-like domains, cysteine-rich domains, and
EGF-like domains and form the basis for further subdivision of this superfamily into sub-classes.
For example, class I RTKs such as the EGF receptor and the highly related ErbB2 or HER2
proteins, have cysteine-rich sequences. On the other hand, Class VII RTKs like the neurotrophin
receptors, contain no or few cysteine-rich domains. A partial list of important RTK sub-classes
is shown in Table 1.1.

In contrast, the cytoplasmic portion of RTKs has a much simpler organization, consisting
of a juxtamembrane region, followed by the tyrosine kinase catalytic domain and a carboxy-
terminal region. The intracellular domain may also contain additional regulatory sequences that
are phosphorylated by other protein kinases (Hubbard et al., 1998). Some receptors, such as
members of the PDGF receptor family, also contain a large ~100 residue insert in the tyrosine
kinase domain, which is solely thought to play a role in the mitogenic response to PDGF
(Escobedo and Williams, 1988).

Several growth factors exist as homodimers, such as VEGF, PDGF, and thus it is no

surprise that most RTKSs are expressed as as a single polypeptide on the cell surface and only



Table 1.1. Sub-classification of Receptor Tyrosine Kinases

Class Common structural Examples
features
I Cysteine-rich sequences EGF receptor, NEU/HER?2,
HER3
II Cysteine-rich sequences; Insulin receptor, IGF-1
disulfide-linked receptor
heterotetramers
III Contain 5 immunoglobulin- | PDGF receptor, c-Kit
like domains, kinase insert
IV Contain 3 immunoglobulin- | FGF receptor
like domains, kinase insert,
acidic domain
\Y Contain 7 immunoglobulin- | VEGF receptor
like domains, kinase insert
VI Heterodimeric (like class II) | Hepatocyte growth factor
except one of the two (HGF) receptor
protein subunits is
completely extracellular
VII Contain none or few Neurotrophin receptor
cysteine-rich domains family and NGF receptor

21
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dimerize upon ligand binding. However, one exception is the class II RTKs, the insulin receptor

(IR) and the highly homologous insulin-like growth factor 1 receptor (IGF1-R), which are both
expressed on the cell surface as a pre-existing dimer of two a chains disulfide-linked to two 8
chains, forming an o}, heterotetramer. Another notable exception is the hepatocyte growth
factor receptor, which is comprised of two polypeptides, a short a chain that is disulfide-linked

to a membrane-spanning 3 chain.

1.3. Mechanisms of activation of receptor tyrosine kinases

The RTK superfamily is involved in a wide range of intracellular signaling pathways to
control cell growth, survival and differentation (Figure 1.2). Examples of these pathways
include phosphoinsoitol metabolism mediated by PLCy and JAK/STAT signaling (reviewed in
(Schlessinger, 2000)). However, the pathways mediated by Ras-Erk/MAP kinase and
phosphatidylinositide-3 kinase (PI3K)-AKT represent the two critical signaling cascades induced
upon the activation of RTKs by growth factors.

Upon binding its cognate ligand, the intrinsic intracellular tyrosine kinase domain of an
RTK is activated and transduces the extracellular signal to the cytoplasm through both
autophosphorylation and phosphorylation of downstream components of the signaling cascade.
While the extracellular domains of each RTK are diverse and confer specificity for the cognate
ligand, the intracellular kinase domains are highly conserved and are homologous to the ATP-
binding regions of cAMP-dependent protein kinases (PKA) (Hubbard and Till, 2000;
Schlessinger, 2000). The catalytic kinase domain enables transfer of the y phosphate of ATP to

hydroxyl groups of tyrosines on target proteins. In contrast, non-RTK cell surface receptors that
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Figure 1.2. Signaling Pathways Activated by RTKSs. Different signaling pathways are
presented as distinct signaling cassettes (colored boxes). In several cases the signaling cassettes
do not include all the known components of a given pathway. Also shown, examples of
stimulatory and inhibitory signals for the different pathways. For example, in addition to
activation of the MAP kinase signaling cascade, Ras activates PI-3 kinase and Cdc42.
Stimulation of PI-3 kinase leads to activation of PDK1 and PKB, two kinases that regulate
various metabolic processes and prevent apoptotic death. In addition, PI-3 kinase activation
stimulates generation of hydrogen peroxide which in turn oxidizes and blocks the action of an
inhibitory protein tyrosine phosphatase (PTP). The signaling cassettes presented in the figure
regulate the activity of multiple cytoplasmic targets. However, the Ras/MAP, STAT, JNK, and
PI-3 kinase signaling pathways also regulate the activity of transcriptional factors by
phosphorylation and by other mechanisms.
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also mediate their response by tyrosine phosphorylation usually have a shorter cytoplasmic

domain due to the absence of a tyrosine kinase region. Thus, noncovalent interactions with
nonreceptor tyrosine kinases such as Jak or Src are needed for signal transduction.

Ligand binding results in a conformational change in the tyrosine kinase domain of the
RTK. This releases inherent stearic hindrance and allows binding of ATP and results in the
proper positioning of residues involved in substrate binding and catalysis. Aside from relieving
the inhibitory conformation to enable full kinase activation, phosphorylation of specific tyrosine
residues also creates binding sites for Src homology 2 (SH2) and phosphotyrosine binding (PTB)
domain containing proteins (Pawson, 1995). Signaling proteins containing SH2 and PTB
domains, such as SHC, IRS-1 and Grb2, are modular in nature and often have no intrinsic
enzymatic activity of their own. However, these adaptor proteins link RTK activation to
downstream signal transduction pathways by recruiting other enzymes in the signaling pathway
and putting them in close proximity to their target substrate. The following example reflects how
RTK signaling mediates the cell’s response to physiological conditions. When blood vessels are
injured, PDGF is often released. Attachment of PDGF to its cognate receptor expressed on the
surface of smooth muscle cells in the blood vessel leads to activation of this RTK. Activated
PDGFR specifically recruits the adaptor protein, Grb2, which contains an SH2 domain flanked
on either side by another linker domain, SH3, which binds to proline residues and recruits an
enzyme-containing protein called SOS to the receptor. SOS is now low localized near the
membrane and can activate a membrane-associated protein, Ras, which continues the signal
transduction cascade. Ultimately, this chain of events stimulates transcription of genes that

cause mitogenesis and promote wound healing.
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In other cases, linker proteins may contain their own enzymatic domain, aside from

possessing an SH2 domain. Examples of such proteins include phospholipase C y and
phosphoinositide 3 kinase (PI3K). Upon binding of the SH2 domain to the phosphotyrosine on
the RTK, the enzymatic domain of the linker protein then undergoes a structural change and
becomes active and enables phosphorylation of its own target protein, the next step in the
signaling chain of events.

Even though RTKs share the same basic tyrosine kinase domain, differences in non-
catalytic residues located within this tyrosine kinase domain determines which adaptor molecule
is recruited to the receptor. Phosphotyrosine-binding SH2 domains are found in over 100
separate proteins but RTKs have a remarkable ability to recruit its own specific set of SH2-
containing proteins. This is because SH2-containing proteins also contain a second domain that
recognizes a particular sequence of three or so amino acids adjacent to the phosphotyrosine that
is present in only a specific type of RTK. For example, for the above-mentioned Grb2, it will
only bind to a phosphotyrosine as long as the adjacent residues follow this binding motif: pY-X-
I/V-I/L/V (Rodriguez et al., 2004; Songyang et al., 1993). Thus, all SH2 domains can bind to
phosphorylated tyrosines but the difference in binding affinity to adjacent residues found in the
tyrosine kinase domain enables great specificity in binding to particular RTKs.

Inactive monomers are thought to be in equilibrium with inactive and active dimers and
ligand binding stabilizes the active dimer formation and allows signal activation to proceed.
Inactive pre-formed dimers, on the other hand, only become active after ligand binding triggers a
conformational change. As the active forms of the insulin receptor and monomeric RTKs are
both dimeric, their signaling mechanisms upon activation remain similar. It has been proposed

that active dimers exist even in the absence of ligand binding since RTK activity can be
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enhanced by inhibitors of protein tyrosine phosphatases or by receptor overexpression

(Schlessinger, 2000). In addition, a recent study has discovered that a triad of residues within
the kinase hinge regions of most RTKs form a network of hydrogen bonds that keeps the kinase
in an autoinhibited conformation (Chen et al., 2007). Pathogenic mutation of these residues lead

to increased receptor activity and tumor formation.

1.4. Downregulation of RTK activity

Temporal and spatial regulation of RTK activity is crucial to mediating their intracellular
tasks. Signaling cascades initiated by RTKs are tightly regulated and properly balanced in order
to promote the proper physiological response. RTKs coordinate a wide variety of biological

processes and are thus subject to multiple levels of control to ensure effective regulation.

1.4.1. Inhibition by protein tyrosine phosphatases

Protein tyrosine phosphatases (PTP) play an important role in regulating RTK activity.
PTPs such as SHP-1 or PTP1B dephosphorylate the phospho-tyrosine residues in activated RTKs
and inhibit their activity. Due to the dynamic equilibrium between active and inactive RTKs,
virtually all RTKs can be activated, even in the absence of ligand binding, by treatment with PTP
inhibitors. This demonstrates that RTK activity is continuously being kept in check by the
activity of these phosphatases. Perturbations to the balance between RTK and phosphatase
activity can lead to serious physiological consequences. Overexpression of the phosphatase
PTP1B has been observed in erbB2-transformed cell lines and overexpression in vivo was found
to impair insulin sensitivity and contributed to the development of insulin resistance (Zabolotny

et al., 2004), suggesting that upregulation of this phosphatase has important ramifications in
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tumor progression as well as in metabolic disease. Activity of phosphatases downstream of

RTKs also plays an important role in regulating signaling activity. The tumor suppressor PTEN
(phosphatase and tensin homolog deleted on chromosome fen) is a lipid phosphatase that
dephosphorylates PIP3 at the plasma membrane and thereby inhibits PI3K-mediated signals for
cell growth and development. Homozygous inactivation of PTEN occurs in a large fraction of
glioblastomas (Liu et al., 1997) and a significant percentage (approx 10%) of breast cancer cell
lines (Li et al., 1997; Teng et al., 1997). Overall, PTEN is one of the most common targets of

mutation in human cancer, with a mutation frequency approaching that of p53.

1.4.2. Receptor internalization

Attenuation of growth factor signaling can also be attained by endocytosis of the RTK
and its bound ligand via clathrin-coated pits or through a caveolar pathway. The endocytic
vesicles fuse with endosomes which deliver the receptors and their ligands to various
intracellular destinations. Ubiquitination has recently been shown to play a role in
internalization of activated RTKs. Phosphorylated tyrosines on RTKs may target the receptor to
the ubiquitin (Ub) pathway by mediating interactions either with SH2-domain-containing
ubiquitin ligases (E3s) or SH2-containing adaptors that recruit E3s (Joazeiro et al., 1999). Cbl is
a tyrosine kinase-specific E3 ligase that contains both a catalytic RING finger domain in addition
to an SH2 domain. Phosphorylation may result either in the direct recruitment of Cbl to the
RTK, or the indirect recruitment of Cbl by Grb2 (Joazeiro et al., 1999). Once localized in
proximity to the receptor, or directly bound to pY residues, Cbl becomes phosphorylated and
recruits ubiquitin-loaded E2 enzyme that covalently tags the receptor. Ubiquitinated receptor

molecules are then recognized by a multi-protein complex that sorts them to an invaginating
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clathrin-coated pit. These ‘loaded’ clathrin-coated regions engulf the activated receptor in a

dynamin-dependent manner to form a clathrin-coated vesicle. The shedding of clathrin,
accompanied by a reduction in internal pH and the accumulation of hydrolytic enzymes, give rise
to the early endosome. The intravesicular pH drops along the endocytic pathway, from 6.0-6.5
in early endosomes to 4.5-5.5 in late endosomes and lysosomes, which causes dissociation of
many ligand-receptor complexes. Proteins destined for degradation proceed to the lysosome or
the proteasome. Internalized molecules can be either recycled back from endosomes to the
plasma membrane and participate in several rounds of endocytosis. However, as the receptor
proceeds along the endocytic pathway, the efficiency of recycling declines. This process of Cbl-
mediated mono-ubiquitination has been shown to be necessary and sufficient for endocytosis and
degradation of EGFR and PDGFR (Haglund et al., 2003; Mosesson et al., 2003).

The caveolar pathway of endocytosis (reviewed in (Mayor and Pagano, 2007; Mukherjee
et al., 2000)) is less characterized and involves caveolin-1, which serves as the coat protein, and
dynamin-2a, which promotes vesicle budding. Caveolae are 50-80 nm flask-shaped pits that
form in the plasma membrane and are enriched in caveolins, sphingolipids and cholesterol.
Activated receptors are first released from immobile, actin-tethered caveolar invaginations and
internalized via small transport vesicles called cavicles. Adapter proteins such as Grb10 and
Epsl5, and the ubiquitin ligase Nedd4, are all involved in this internalization process. The
cavicles are the principal shuttle that transports cargo along microtubules to and from
pericentrosomally located caveosomes that are devoid of classic endosomal markers. Molecules
internalized via the caveolar pathway may be targeted to the Golgi, the ER or the nucleus for
signaling or the caveosomes may fuse with the classic endocytic pathway in a Rab5-dependent

manner for lysosomal or proteasomal degradation.
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1.4.3. Inhibitory serine/threonine phosphorylation

Negative feedback is one of the mechanisms that provide an effective control of RTK
signaling. However, the process of ligand-induced down-regulation occurs over several hours.
For a more immediate time frame, phosphorylation of the receptor on serine and threonine
residues is thought to be one of the primary mechanisms for attenuation of its kinase activity.
Activation of protein kinase C (PKC)-dependent signaling pathways by phorbol ester leads to
inhibition of RTK activity due to site-specific phosphorylation of threonine 654 in the
juxtamembrane region (Countaway et al., 1990). Similarly, mutation of serine phosphorylation
sites in EGFR resulted in its increased oncogenic potential (Theroux et al., 1992), highlighting
the importance of these residues in downregulating receptor activity. Thus, serine
phosphorylation is required for EGF receptor desensitization in EGF-treated cells. This
regulatory phosphorylation site is located at the carboxyl terminus of the EGF receptor within the
subdomain that binds SH2 regions of signaling molecules (Countaway et al., 1992).

Another example of regulatory serine phosphorylation for RTKs is the observed
increase in serine phosphorylation of the insulin receptor during chronic insulin treatment (Qiao
et al., 1999). Similarly, excessive serine phosphorylation of the insulin receptor has been
hypothesized to be one of the causes of insulin resistance observed in patients suffering from
polycystic ovary syndrome (PCOS) (Dunaif et al., 1995).

Inhibitory serine phosphorylation may also occur on proteins downstream of the RTKSs.
Previous reports have shown that mTOR activation of p70S6K mediates phosphorylation of IRS-
1 at the inhibitory serine sites (S312 and/or S636/639) which leads to proteasomal IRS-1

degradation (Easton et al., 2006). Glycogen synthase kinase 3 (GSK-3) has also been shown to
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phosphorylate IRS-1 on serine residues, facilitating downregulation of the adaptor protein

(Eldar-Finkelman and Krebs, 1997).

1.5. Receptor tyrosine kinases in other metazoans

Genome sequencing, in addition to more specific investigations, points to the early
appearance of RTK in metazoans and intense diversification within some RTK subfamilies. The
first RTK outside of metazoans was found in a unicellular choanoflagellate, Monosiga
brevicollis, called MBRTKI1. It includes multiple extracellular ligand-binding domains which
resemble those of RTKSs in sponges and humans and suggests the ability to receive and transduce
signals. The first RTK likely arose from fusion of an epidermal growth factor (EGF)-like
domain and a cytoplasmic tyrosine kinase before the appearance of animals (King and Carroll,
2001). In the freshwater sponge Ephydatia fluviatilis, nine putative RTK genes were identified
following reverse transcription—polymerase chain reaction amplification, of which four are
related to the RTK genes found in the fruitfly Drosophila melanogaster and vertebrates: the
Musk, ephrin (Eph), Ros, and EGF receptors (Suga et al., 2001).

Other RTK genes have been found in early metazoans, including the fruitfly D.
melanogaster and the nematode, Caenorhabditis elegans. Genetic screens in these organisms
have revealed that components of the signaling pathway of the insulin receptor, in particular,
have been highly conserved through evolution (Figure 1.3) (Garofalo, 2002). Screens for dauer
arrest formation in C. elegans have lead to the identification of orthologs of the insulin receptor
(daf-2) and post-receptor signaling pathway components, including the catalytic subunit of PI-3-
kinase (age-1), serine-threonine kinases Akt/PKB (akt-1 and akt-2) and a forkhead transcription

factor (daf-16).
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Figure 1.3. Evolutionary conservation of insulin signaling pathways across metazoans.
Mammalian insulin-like peptides are present in the fruitfly Drosophila and the nematode C.
elegans, and activate homologous receptors to facilitate insulin signaling in the organism to
promote glucose metabolism and cell growth and development.
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Elucidation of the complete structure of the insulin receptor from the daf-2 gene in

Drosophila (Fernandez et al., 1995) revealed that it had a similar structural organization as its
mammalian counterpart. Although genetic screens for diapause or long-lived phenotypes did not
reveal DAF-2 ligands, search of the C. elegans genome by sequence- and structure-based
algorithms has uncovered a family of 37 putative insulin-related (ins) genes (Pierce et al., 2001).
These sequences are classified into three classes, designated o, (3, and y, based on predicted
arrangements of disulfide bonds. Type y proteins contain three canonical disulfide bridges found
in vertebrate insulins and insulin-like growth factors (IGFs). Type a proteins are similar to type
v except they lack an A6-Al1 disulfide bridge, an invariant feature of vertebrate insulins and
IGFs. Type  proteins appear to retain insulin's three canonical disulfide bridges, plus a fourth,
whose location is variable. Since these sequences diverge from mammalian insulins at
conserved sites required for biological activity, their classification as insulin-like has been
presumptive. However, there has been evidence that some of these ins genes, such as the
divergent ligand daf-28, functions in the insulin signaling pathway (Li et al., 2003).

In addition, work from our lab in collaboration with others, described insulin receptor
binding affinity of another related C.elegans ligand, INS-6 (Hua et al., 2003). This B-class INS
protein forms folds to form a well-defined structure with four disulfide bridges. Despite marked
sequence divergence, an insulin-like fold is stabilized by reorganization of the hydrophobic core.
Although the topography of the surface differs radically from that of insulin, the C. elegans
protein can bind to and activate the human insulin receptor (hIR) (Figure 1.4). Interestingly, the
affinity of INS-6 for the hIR is at least 10-fold greater than that of the corresponding single-chain

analog of human insulin ("mini-proinsulin") (Hua et al., 1998; Markussen et al., 1985). Our
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Figure. 1.4. C. elegans INS-6 binds to and activates the human insulin receptor (IR). A.
Competitive displacement of '*I-human insulin by INS-6 (O), unlabeled human insulin (@), or
human mini-proinsulin (A). B. Relative activity of bovine insulin and C. elegans INS-6 in
stimulating autophosphorylation of the human insulin receptor.
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results validate assignment of this ins gene to an insulin-like superfamily and broaden the scope

of structure-function relationships in design of human insulin agonists.

1.6. The insulin receptor as a model RTK

The insulin receptor is an ideal protein to study RTK homeostasis based on several
qualifications. First, the IR was among the first members of the RTK family to be isolated and
cloned over twenty years ago, enabling detailed molecular analysis of its structure and function
(Ebina et al., 1985; Ullrich et al., 1985) (Figure 1.5). Extensive studies have been performed to
analyze its signaling pathways and biogenesis. In particular, the PI3K/AKT/mTOR pathway, the
primary signaling cascade downstream of the insulin receptor, is also involved in the function of
other RTK members, including EGFR and PDGFR. Second, the insulin receptor is involved in
cell growth and glucose metabolism and aberrant function or expression of this protein is related
to development of type 2 diabetes, a growing worldwide epidemic. In addition, it has also been
recently implicated in a variety of neoplasias, similar to other more commonly known diseases
such as breast cancer, etc. wherein dysregulated expression of RTKs plays an important role in
development and progression of the disease. Third, its mode of synthesis involves production of
a preproprotein in the ER prior to polypeptide cleavage in the Golgi, which enables a unique
opportunity to more easily differentiate immature forms from the mature receptor found on the
cell surface when investigating regulatory mechanisms involved in RTK biogenesis.

Thus, aside from possibly contributing to better therapeutics for metabolic disease,
insights gained from studying mechanisms of IR homeostasis may also be extended to other
members of the RTK family and enable development of more effective inhibitors of tumor

formation and growth.
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Figure 1.5. Structural organization of the human insulin receptor. A. Insulin preproreceptor
with furin cleavage site (RKRR) indicated. B. Mature insulin receptor on cell surface.
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L7. Insulin signaling in mammalian systems

Insulin mediates intracellular glucose metabolism by inducing a conformational change
upon binding the receptor, enabling frans phosphorylation of the IR f-subunit. Kinase domain
activation involves seven tyrosine autophosphorylation sites in three distinct regions of the 8

965 /972
, Y

subunit, including two juxtamembranous residues (Y ), three within the catalytic loop

(Y'® Y2 ¥'%%) and two within the COOH-terminus (Y%, Y'**%) (Myers and White, 2002).
Upon insulin binding, Y''* is displaced from the catalytic site allowing trans phosphorylation of
the tyrosines in the catalytic loop followed by phosphorylation of the juxtamembranous tyrosines
located within a canonical NPXY motif (Eck et al., 1996; Hubbard et al., 1994). Activation of
the insulin receptor enables recruitment of a variety of SH2-containing proteins which serve to
initiate different signaling pathways such as the phophatidylinositol 3 kinase (PI3K) and
mitogen-activated pathway kinase (MAPK) signaling cascades. Each of these pathways plays a
distinct role in mediating the cellular effects of insulin (Figure 1.6).

Activated insulin receptor can also phosphorylate the substrates Cbl and APS. Cbl
interacts with Cbl-associated protein (CAP), which can bind to the lipid raft protein flotillin. This
interaction recruits phosphorylated Cbl into the lipid raft, resulting in the recruitment of the
SH2/SH3 adaptor protein CrklII through an interaction of the SH2 domain of CrkIl with
phosphorylated Cbl. CrklI binds constitutively to the GDP—GTP factor C3G, which can catalyze
the exchange of GTP for GDP on the lipid-raft-associated protein TC10. Upon activation, TC10
interacts with one or more effectors to initiate a separate signaling pathway that, along with the

PIP3-dependent protein kinases, can stimulate the trafficking of Glut4 vesicles, their docking and

their fusion with the plasma membrane. Potential TC10 effectors include other Rho-family small
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Figure 1.6. Insulin signaling pathways. Upon binding insulin, the receptor undergoes
trans autophosphorylation and recruits SH2-containing domains such as Shc2, Grb2
which transduce mitogenic signals via the MAP kinase pathway, or IRS, which mediates
glucose metabolism and cell survival through PI3K/AKT/mTOR. Phosphatases such as
PTP1B and PTEN dephosphorylate the receptor or lipid substrates, respectively, and
negatively regulate insulin signaling.
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GTPases, proteins involved in the polymerization of actin and proteins involved in the regulation

of SNARE (SNAP receptor) complexes.

1.7.1. PI3K pathway

The PI3K/AKT/mTOR signaling cassette is the primary insulin signaling pathway
involved in glucose metabolism. Phosphorylation of the IR on key tyrosine residues leads to
recruitment and phosphorylation of insulin-related substrates 1-4 (IRS 1-4), adaptor proteins
which bind via a phosphotyrosine binding domain (PTB) to pY”’> (Eck et al., 1996). IRS
proteins then recruit and activate SH2-containing effector proteins, including the regulatory
subunit of the lipid kinase PI3K. The IRS signaling scaffold provides an additional level of
specificity in contrast to the PDGF and EGF receptors which directly bind and activate SH2-
containing proteins (Saltiel and Pessin, 2002). Recruitment and activation of PI3K to the cell
surface results in phosphorylation of phosphatidyl inositol 4,5-bisphosphate (PIP2) and
recruitment and phosphorylation of the serine-threonine kinase Akt via its pleckstrin homology
(PH) domain. AKT is phosphorylated following translocation by phospholipid-associated PDK1
(Alessi, 2001; Myers and White, 2002; Vanhaesebroeck and Alessi, 2000). Akt was originally
discovered in the retrovirus AKT8 (Bellacosa et al., 1991) and is also known as PKB (protein
kinase B). Akt mediates many of the metabolic actions of insulin, including stimulation of
glucose transport, glycogen synthesis, protein translation, inhibition of apoptosis and promotion
of cell survival (Barber et al., 2001; Pap and Cooper, 1998; Summers and Birnbaum, 1997).
AKT homologues have been identified in a wide range of metazoans from yeast and nematodes
to insects and birds. In mammalian systems, there are three major isoforms of AKT, all of which

contain a lipid-binding PH domain in its N-terminus, followed by a serine/threonine kinase
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catalytic domain and a putative regulatory C-terminal region (Figure 1.7A). Figure 1.7B shows a

multiple sequence alignment of the three human AKT isoforms I generated by using the online
application, Clustal W (Chenna et al., 2003). All three isoforms exhibit greater than 85%
sequence identity with the greatest difference found in their PH domain. The significant
difference between these isoforms is in their tissue expression and the roles they play in growth
and development. AKTI is the most ubiquitously expressed isoform and implicated in
organismal growth (Cho et al., 2001). AKT2 expression is highest in insulin responsive tissues
such as skeletal muscle, liver and fat (Altomare et al., 1998). AKT3 is expressed in the testes
and brain and is essential for growth but not glucose homeostasis (Easton et al., 2005).

AKT can directly activate mTOR, another serine/threonine kinase, by phosphorylating it
at Ser2448 (Nave et al., 1999). AKT can also indirectly activate mTOR by phosphorylating
TSC2, an mTOR inhibitor, and enabling mTOR activation by the small GTPase, Rheb (reviewed
in (Hay and Sonenberg, 2004)). Recently, a third mechanism of action has been demonstrated
which involves PRAS40 (proline-rich AKT substrate 40 kDa) phosphorylation by AKT, which
releases PRAS40 from mTOR resulting in mTOR activation (Vander Haar et al., 2007). Active
mTOR then phosphorylates both p70S6K and the translational repressor 4EBP-1, enabling cap-
dependent translation to occur. mTOR plays a crucial role in regulating growth in response to
nutrient status of the cell as its activity has been shown to be influenced by the intracellular
concentration of ATP (Dennis et al., 2001).

Insulin signaling through the PI3K/AKT/mTOR pathway results in translocation of the
glucose transporter, GLUT4, to the cell surface to enable uptake of glucose from the extracellular
environment. Intracellular glucose production is also inhibited while increasing glycogen and

protein synthesis.
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Figure 1.7. Structural organization and protein homology of human AKT isoforms. A.
Organization of common AKT protein domains B. Multiple protein sequence alignment of the
three human AKT isoforms using Clustal W (1.83)
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1.7.2. Regulation of insulin signaling

Each step in the insulin signaling cascade is regulated by both positive and negative
factors resulting in either signal amplification or termination. Activated receptors can be
endocytosed and either be recycled back to the cell surface or shunted to a degradative pathway.
Signaling activity can also be negatively regulated by phosphatases such as protein tyrosine
phosphatase 1B (PTP1B) and phosphoinositide 3-phosphatase (PTEN) which dephosphorylate
key tyrosine residues in the insulin receptor and PIP3, respectively, and are important negative
regulators (Nakashima et al., 2000). Other proteins, such as suppressor of cytokine signaling-1
(SOCS1), SOCS3 and growth-factor-receptor—bound protein 10 (Grb10) inhibit IR activity by
sterically blocking its interaction with the IRS adaptor proteins, or by modifying the receptor’s
kinase activity directly (Ueki et al., 2004).

Another important mechanism for downregulating insulin signaling is through serine
phosphorylation of the receptor itself, or of its adaptor proteins, IRS 1-4, which inhibits binding
to the juxtamembrane region of the IR and impairs signal transduction (Paz et al., 1997,
Pederson et al., 2001). In women exhibiting insulin resistance and suffering from polycystic
ovarian syndrome (PCOS), increased serine phosphorylation of the receptor was observed, with a
corresponding decrease in tyrosine phosphorylation (Dunaif et al., 1995). Serine
phosphorylation of IRS1 is also increased in insulin-resistant states and is thought to contribute
to the pathogenesis of insulin resistance. IRS proteins are serine phosphorylated by GSK3 or
mTOR, both of which are activated downstream of IRS phosphorylation (Eldar-Finkelman and
Krebs, 1997). Activity of serine kinases can be further stimulated by the chronic elevation of

insulin levels, leading to a continuous chain reaction of insulin-induced insulin resistance.
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L.8. Insulin receptor biogenesis

The IR gene is located on chromosome 19 in humans, spans over 120 kb and contains 22
exons (Seino and Bell, 1989). Exons 1-11 encode the o-subunit and exons 12-22 the f-subunit.
There are two isoforms of the insulin receptor as a result of alternative splicing of the 36-
nucleotide exon 11 in the carboxy-terminus of the a-subunit. The IR-A or exon 11- isoform is
found predominantly in leukocytes while the IR-B or exon 11+ isoform is predominant in the
liver. Similar amounts of both variants are present in skeletal muscle and adipose tissue
(Benecke et al., 1992). Recently, differential expression of these two IR isoforms has been
implicated in a wide range of cancers (Denley et al., 2003) and suggests that the presence or
absence of exon 11 has important consequences in cell growth and development. The insulin
receptor plays a pivotal role in regulating glucose homeostasis and its synthesis and maturation
are regulated at the transcriptional, translational and post-translational levels.

The mature IR is initially synthesized as a single chain preproreceptor (prolR) containing
a signal peptide that directs it co-translationally to the endoplasmic reticulum (ER) (Figure 1.8).
The proreceptor is composed of an a-subunit, containing the insulin binding site, and the p-
subunit, containing a single transmembrane domain and a tyrosine kinase domain. Upon
translocation into the lumen of the ER and signal peptide cleavage, the proIR undergoes
extensive asparagine-linked glycosylation at 17 sites within the a-subunit (Ullrich et al., 1985).
Glycosylation is coordinated with binding to two ER-localized glycan-specific chaperones,
calnexin (Cnx) and calreticulin (Crt). Inhibition of Cnx/Crt binding accelerates dimerization but
reduces the efficiency of IR folding (Bass et al., 1998; Helenius and Aebi, 2001). Like other

oligomeric membrane proteins, dimerization is necessary prior to export from the ER. Following
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Figure 1.8. Insulin receptor maturation through the secretory pathway. The insulin receptor
is a Type II transmembrane protein that is initially synthesized as a single polypeptide with co-
translational insertion of its N-terminus in the ER lumen. N-linked glycosylation and glucose
trimming influence chaperone binding facilitating folding and dimerization within the ER prior
to export to the Golgi apparatus. The immature dimer then undergoes further glycan modification
in the Golgi and is cleaved by furin into o and 3 subunits. The mature receptor is then expressed
on the cell surface as a heterotetramer of stoichiometry a,f3,. Misfolding of the receptor due to
missense mutations or perturbation of glycan maturation, diverts the receptor to the ER-
associated degradation (ERAD) pathway where it is retrotranslocated out of the ER and into the
cytosol to be degraded by the proteasome.
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dimerization, the IR is transported to the Golgi apparatus where mannose trimming and addition

of N-acetylglucosamine (GIcNAc), galactose, sialic acid, and fucose occurs (Helenius and Aebi,
2001). Glycosylation is important in receptor biosynthesis and function since either mutating the
glycosylated asparagine residues in the IR (Caro et al., 1994; Elleman et al., 2000) or inhibiting
glycosylation results in decreased cell surface expression and insulin signaling (Ronnett et al.,
1984). Immediately prior to delivery to the cell surface, the prolR dimer undergoes proteolytic
cleavage at a subtilisin-cleavage site (RKRR | ) essential for high-affinity insulin binding. The
mature receptor is then delivered to the surface as a heterotetramer with a stoichiometry of 2 a

and 2 3 subunits (Ullrich et al., 1985).

1.8.1. Transcriptional regulation

Many of the metabolic effects mediated by insulin depend on the winged helix
transcription factor, FOXO (Forkhead bOX-containing protein, O subfamily). FOXO was first
identified in the worm C. elegans as Daf-16, a mutation that can suppress the increased lifespan
caused by loss of Daf-2, the worm ortholog of the insulin receptor (Lin et al., 1997; Ogg et al.,
1997). Daf-16 (FOXO) also mediates the Daf4/Daf7 (TGFf) pathways in the worm and the
same may be true in mammalian cells (Seoane et al., 2004). There is a single FOXO ortholog
found in Drosophila (Puig et al., 2003) and three mammalian FOXO genes (FOXO1, FOXO3a,
FOX04). FOXOL1 is the most ubiquitous isoform and most likely to mediate insulin action since
haploinsufficiency leads to increased Glut4 mRNA and reduced hepatic expression of
gluconeogenic genes.

AKT inhibits FOXO activity by phosphorylating the transcription factor, leading to its

nuclear exclusion. However, inhibition of FOXO-dependent transcription can also be achieved
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with constitutively nuclear FOXO mutants, suggesting that multiple mechanisms regulate FOXO

activity in addition to nuclear localization. Recent studies show that deacetylation of FOXO by
Sirtl (Silent Infromation Regulator 2.1) in C. elegans modifies transcription of target genes and
serves as another mode of regulating FOXO activity to promote cellular survival (Brunet et al.,
2004; Motta et al., 2004).

Earlier studies investigating FOXO function showed that this transcription factor
upregulates cellular glucose production by promoting expression of glucose-6-phosphatase and
PEPCK to mediate glycogenolysis and gluconeogenesis, respectively, resulting in increased
cellular glucose. However, recent studies in Drosophila have also implicated FOXOI in
transcription of the insulin receptor itself (Puig et al., 2003). Drosophila FOXO (dFOXO)
activity resulted in upregulation of the translational regulator d4EBP and the dInR. These results
established dFOXO as a key transcriptional regulator of the insulin pathway that modulates

growth and proliferation.

1.8.2. Translational regulation

Translation of mRNAs containing a 5’ cap structure (m’'GpppN, where N is any
nucleotide) represents the standard mode of translation used by most cellular mRNAs. Cap-
dependent translation is initiated by recruitment of ribosomes to the 5' end of mRNAs via the
eukaryotic translation initiation factor 4F (elF4F), a heterotrimeric complex comprised of a cap-
binding subunit (eIF4E) and an RNA helicase (eIF4A) bridged by a scaffolding molecule
(eIF4G). The translation factor eIF4E is held inactive by the hypophosphorylated translational

repressor 4EBP1 to inhibit cap-dependent translation. Hyperphosphorylation of 4EBP1 by
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mTOR disengages it from elF4E, allowing the translation factor to initiate cap-dependent

translation.

A second mechanism for translation initiation bypasses the need for the cap and elF4E
and instead relies on the presence of internal ribosome entry sites (IRES) in the untranslated
regions (UTRs) found on specific mRNAs. IRESs form a well-defined and highly conserved
RNA structure adjacent to AUG start sites which allow direct recruitment of ribosomes to
mediate cap-independent translation (Baird et al., 2006). This mechanism of translation was first
discovered in retroviruses as a way to boost production of viral proteins when regular cap-
dependent translation of the infected host cell is shut down. However, recent studies have
uncovered the existence of IRES sequences in cellular mRNAs (Baird et al., 2006; Fernandez et
al., 2002; Fernandez et al., 2001; Svitkin et al., 2005) and provide an alternate translational
pathway that is possibly utilized when the machinery for cap-dependent translation is
compromised.

Studies in Drosophila IR (dIR) mRNA constructs uncovered three unusually long 5’
UTRs in transcripts produced by dIR promoters that contained multiple AUG initiator codons
upstream of the legitimate IR initiator codon (Marr et al., 2007). More importantly, these 5’
UTR regions were demonstrated to contain IRES activity. Marr et al hypothesized that these
4EBPI1-resistant IRES containing mRNAs serve to functionally couple transcription and
translation and function to amplify insulin receptor production under conditions of nutrient

depletion.
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1.8.3. Post-translational regulation

The early maturation of transmembrane signaling receptor tyrosine kinases (RTKs)
occurs in the endoplasmic reticulum (ER) under the surveillance of an intricate quality control
(QC) system that redirects mutant or improperly processed proteins to ER-associated degradation
(ERAD) (reviewed in (Hampton, 2002; McCracken and Brodsky, 2005; Sayeed and Ng, 2005;
Werner et al., 1996). Like all integral membrane proteins, the level of expression and activity of
RTKs are determined by the action of the QC network comprised of protein folding enzymes,
molecular chaperones and proteases on both sides of the ER membrane. How these individual
ER and cytosolic factors collaborate to redirect mutant or misprocessed proteins to degradation is
still not completely clear. Genetic variants of the IR, and wild-type IR that are improperly
glycosylated, are targeted for endoplasmic reticulum associated degradation (ERAD). Although
substrates of ERAD ultimately undergo complete proteolysis, initial mechanisms for recognition,
retention and targeting of such substrates to the ERAD pathway have not been fully elucidated.

Previous studies have provided detailed information on at least three major families of
molecular chaperones that participate in membrane glycoprotein QC and ERAD. These include
the ER lumenal Hsp70 family member BiP (binding protein) (Chillaron and Haas, 2000;
Nishikawa et al., 2001; Plemper et al., 1997), calnexin (CNX) and calreticulin (CRT),
homologous calcium-binding proteins localized to the ER (Molinari et al., 2004) and Grp94, the
only known ER lumenal Hsp90 (Argon and Simen, 1999; Tatu and Helenius, 1997; Zhang et al.,
1997). BiP associates with the broadest range of nascent proteins within the ER lumen and it has
also been implicated in protein import into the ER (Hamman et al., 1998). Studies of exogenous
viral membrane protein folding led to the prevailing model for glycan-mediated QC involving

CNX and CRT. The model holds that glucose attachment and removal from high-mannose N-
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linked glycans results in continuous cycles of release and recapture by CNX/CRT (Ellgaard et

al., 1999; Helenius et al., 1997; Parodi, 2000b; Schrag et al., 2001). This model is based on in
vitro evidence that glucosyltransferase is selective for N-linked groups in regions containing
hydrophobic residues that become buried in the mature protein. Cycles of glucosylation and de-
glucosylation are thus coupled to maturation and CNX/CRT binding. Interestingly, CNX has
been shown to interact with multiple folding intermediates, whereas CRT associates with earlier
conformers (Hebert et al., 1996; Hebert et al., 1997). Furthermore, several laboratories have
uncovered a glycan-independent mode of CNX/CRT binding to client proteins (Danilczyk and
Williams, 2001; Saito et al., 1999; Swanton et al., 2003).

In addition to ER lumenal chaperones, ERAD has been observed with pharmacological
blockade of Hsp90, one of the most abundant eukaryotic chaperones in the cytosol. Interestingly,
the ansamycin class of inhibitors of the heat shock protein of 90 kDa (Hsp90), herbimcyin A
(HA) and geldanamycin (GA), which interfere with nucelotide binding to Hsp90, have been
shown to induce rapid degradation of a number of integral membrane proteins including CFTR
and members of the receptor tyrosine kinase superfamily including the EGFR, IGF1-R and IR
(Loo et al., 1998; Saitoh et al., 2002; Sakagami et al., 1999; Sepp-Lorenzino et al., 1995; Supino-
Rosin et al., 2000). Moreover, Hsp90 binding to the RTK epidermal growth factor type 2
(ErbB2) has been shown to involve interactions between residues in the receptor kinase domain
and the cytosolic molecular chaperone (Tikhomirov and Carpenter, 2000; Xu et al., 2001).

Despite topological separation between the ER lumen and cytosol, ERAD is thought to
involve integration of activities within both compartments. New studies using live cell imaging
have shown that client proteins targeted to degradation retain a high degree of fluidity within the

ER membrane (Haggie et al., 2002; Nehls et al., 2000). Yet, it remains unclear as to whether
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substrates targeted to ERAD are first immobilized, or instead retain mobility within the plane of

the ER.

1.8.4. Effect of altered IR structure on receptor function

Decreased cell surface expression of the IR has been implicated in both genetic and
acquired forms of insulin resistance and may contribute to the pathogenesis of diabetes mellitus
(Pessin and Saltiel, 2000; Shulman, 2000; Taylor, 2002). Most mutations in the insulin receptor
gene that lead to impaired intracellular transport to the plasma membrane, or decreased insulin
binding affinity, map to the extracellular domain of the receptor (Figure 1.9A). Previous work in
our laboratory involved two missense mutations that was previously identified in a woman with
classic congenital type A insulin resistance (Rouard et al., 1999; Rouard et al., 1997). The
maternally inherited allele, D59G is located in a right angle bend between two 3 sheets while the
paternally inherited allele, L62P, lies within the adjacent {3 strand, both within the L1 domain of
the receptor. Substituting the aspartic acid at the amino acid residue 59 for a glycine did not
substantially perturb maturation of the receptor. However, this substitution was shown to
diminish affinity of the receptor for insulin. The leucine to proline substitution at amino acid
residue 62, on the other hand, resulted in a significant structural change and served to destabilize
the conformation of the receptor and diverted it to a degradative pathway from the ER,
preventing it from reaching the cell surface. Specific residues involved in insulin binding have
recently been elucidated in the crystal structure of the human IR (Lou et al., 2006; McKern et al.,
2006). The residues essential for ligand specificity were found to cluster in the L1 domain of
the human insulin receptor (Figure 1.9B) supporting our previous studies on D59 and L62 and

highlighting the importance of these residues in insulin binding affinity and receptor stability.
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Figure 1.9. Human insulin receptor ectodomain. 4. Inherited human mutations that have been
discovered in patients exhibiting metabolic disorders have predominantly mapped to the extracellular
region of the IR, with a great majority occurring within the L1 binding domain of the receptor. B. “Stick”
model of the human IR ectodomain I generated using the structural software application, Jmol, based on
recently published crystal structures (Lou et al., 2006; McKern et al., 2006). Insulin-binding residues are
highlighted in yellow and the D59 and L62P residues found to be mutated in a young woman suffering
from Type A insulin resistance are colored in magenta and red, respectively.
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1.9. Goals of this thesis

Given the important roles that receptor tyrosine kinases play in cellular growth and
development, aberrant regulation of RTK expression and degradation have been implicated in a
variety of neoplastic and metabolic diseases. The insulin receptor is a prototypical RTK
involved in glucose metabolism and organismal growth and much research has been performed
to elucidate its signaling pathways and its biogenesis. Recently, altered expression of the IR has
also been discovered in various forms of cancer. These properties make the insulin receptor an
excellent tool to study RTK expression and degradation and serve as a model protein to
investigate the complex mechanisms that regulate RTK homeostasis in mammalian systems.
More specifically, I will address three different aspects that impact insulin receptor homeostasis.

First, I will investigate how signaling activity through the receptor serves as a negative
feedback mechanism to regulate receptor function. Much research has been focused on
investigating how insulin signaling is attenuated via inhibitory mechanisms directed at
components of the pathway distal to the receptor. However, with the discovery and expansion of
recent studies on the role of AKT in transcriptional and translational regulation of insulin
receptor expression in Drosophila, I will perturb AKT expression or function in mouse or human
models to determine the effect of this kinase on expression and stability of the insulin receptor in
mammalian systems. We hypothesize that attenuating insulin signaling downstream of the
receptor will lead to upregulation of insulin receptor expression.

Second, given the important role of the insulin receptor in glucose uptake and cell
metabolism, I will explore how changes in glucose or ATP availability impacts IR expression

and stability. Furthermore, as various steps in the PI3K/AKT/mTOR pathway have been shown
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to be sensitive to ATP levels inside the cell, I will investigate whether there is cross-talk between

insulin signaling and nutrient sensing to coordinately regulate IR stability.

Finally, I will examine the earliest steps involved in biogenesis of the membrane-
spanning IR. Recent studies have shown that downregulation of the receptor from the cell
surface is not the only mechanism by which RTK signaling is attenuated and that altered IR
synthesis may also play a role. Thus, I will explore how IR biogenesis is modulated from the ER
to the cell surface under varying conditions of cell stress and metabolic perturbations. In
addition, as the RTKs are membrane-spanning proteins and interact with factors on both the
lumenal side and the cytosolic side of the endoplasmic reticulum, I will investigate how
chaperones located on both sides of the ER membrane affect IR stability when receptor
misfolding is triggered by perturbing N-linked glycosylation or the introduction of missense
mutations. Since protein maturation is a dynamic process involving movement through various
compartments in the cell, I will also measure diffusional mobility of the IR using novel GFP
chimeras. I hope to determine if movement through the ER is altered when the protein is
misfolded and whether ER or cytosolic chaperones play a role in spatial and temporal regulation
of the IR.

Insights from these studies will lead to a better understanding of insulin receptor
homeostasis that can be extended to other members of the RTK superfamily and lead to
development of more effective therapies for Type 2 diabetes, other metabolic diseases and

neoplasia.
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2.1. Abstract
Receptor tyrosine kinases (RTKs) play an important role in eukaryote cell growth and
metabolism by initiating an intracellular signal transduction cascade upon binding their growth
factor ligands. However, the mechanisms by which signaling through these receptors regulate
their own expression and degradation are not fully understood. Here we investigate how activity
of kinases downstream of the insulin receptor (IR), a prototypical RTK which serves as the
primary control node in cellular processes involving glucose metabolism and growth, affects its
expression and degradation. Insulin signaling activity was altered through both genetic and
pharmacologic methods and their effects on insulin receptor homeostasis was investigated. We
discovered that eliminating AKT, a critical kinase downstream of the IR, either through
transgenic knock-out mouse models or RNAi in human cells, increased IR expression and
decreased its degradation. Similarly, inhibiting PI3K or mTOR activity, kinases upstream and
downstream of AKT, respectively, also resulted in increased IR protein levels. In contrast,
constitutively active PI3K decreased IR protein expression. Interestingly, expression of other
RTKs such as EGFR and IGF1-R were similarly upregulated when PI3K/AKT/mTOR signaling
was inhibited. Together, these data suggest that negative feedback mechanisms exist for the
insulin signaling pathway at both transcriptional and post-translational levels to regulate RTK

stability in mammalian systems.
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2.2. Introduction

In eukaryotic cells, members of a large family of membrane-spanning receptors that
possess intrinsic tyrosine kinase activity play a fundamental role in cell growth, metabolism and
survival. Examples of these receptor tyrosine kinases (RTKs) include the epidermal growth
factor receptor (EGFR) and insulin-like growth factor 1 receptor (IGF1-R). Altered cell surface
expression of these receptor tyrosine kinases (RTKs) has profound effects on organismal
physiology and is associated with both metabolic disease and neoplasia. The insulin receptor
(IR) is a prototypical RTK that regulates metabolism and lifespan and both genetic and
epigenetic changes in receptor expression are involved in the initiation and progression of human
Type 2 diabetes. More recently, the IR and the highly related IGF1-R, have both been
implicated in various forms of cancer (reviewed in (Denley et al., 2003) and (LeRoith and
Roberts, 2003), respectively), making the IR an excellent tool to investigate the regulatory
mechanisms that are involved in RTK homeostasis.

Signaling through the insulin receptor is the key step that initiates the intracellular signal
transduction cascade needed for growth and glucose metabolism (Figure 2.1). Upon binding
insulin, the IR undergoes a conformational change that enables trans autophosphorylation of key
tyrosine residues in its catalytic domain (Eck et al., 1996; Hubbard et al., 1994). This leads to
recruitment and phosphorylation of insulin-related substrates 1-4 (IRS 1-4), adaptor proteins
which bind the IR via a phosphotyrosine binding domain (PTB) (Eck et al., 1996). IRS proteins
then recruit and activate SH2-containing (Src-homology 2) effector proteins like PI3K, Grb-2
and SHP-2, which can then activate other kinases such as AKT and MAPK, among others.
Activation of the MAPK pathway is associated with the proliferative effects of insulin while the

PI3K/AKT/mTOR pathway is primarily responsible for the metabolic and anabolic effects of
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Figure 2.1. PI3K/AKT/mTOR signaling mediated by the insulin receptor. Upon binding
insulin, the insulin receptor undergoes autophosphorylation of tyrosine residues in its catalytic
domain, leading to recruitment and phosphorylation of insulin-related substrates 1-4 (IRS 1-4).
IRS proteins then recruit and activate the lipid kinase PI3K. Activation of PI3K on the cell
surface results in phosphorylation of phosphatidyl inositol 4,5-bisphosphate (PIP2) which in
turn, recruits the serine-threonine kinase Akt beneath the cell membrane and facilitates its
phosphorylation by phospholipid-associated PDK1 and PDK2. Akt then activates mTOR, an
ATP sensor, which serves to initiate cap-dependent translation by activating p70S6K and
inhibiting the 4EBP-1 repressor. AKT also phoshorylates the transcription factor, FOXO1,
leading to its nuclear exclusion and preventing it from upregulating IR transcription.
Pharmacologic inhibitors for particular steps in the insulin signaling pathway include
wortmannin and rapamycin which block PI3K and mTOR activity, respectively. However, how
the different steps in this pathway regulate insulin receptor expression and degradation remain
unknown.
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insulin. This signaling pathway can also be triggered by activation of other RTKs such as the

highly-related IGF1-R and the EGFR. To further highlight its importance in growth and
development, PI3K signaling is highly conserved in metazoans as it plays a crucial role in
mediating cellular growth and metabolism that is coupled to lifespan. Recruitment and
activation of PI3K to the cell surface results in phosphorylation of phosphatidyl inositol 4,5-
bisphosphate (PIP2) and recruitment and phosphorylation of AKT by PDKI1 (Alessi, 2001;
Myers and White, 2002; Vanhaesebroeck and Alessi, 2000). AKT is a serine-threonine kinase
which can directly activate mTOR by phosphorylating it at Ser2448 (Nave et al., 1999). AKT
can also indirectly activate mTOR by phosphorylating TSC2, an mTOR inhibitor, and enabling
mTOR activation by the small GTPase, Rheb (reviewed in (Hay and Sonenberg, 2004)).
Recently, a third mechanism of action has been demonstrated which involves PRAS40 (proline-
rich AKT substrate 40 kDa) phosphorylation by AKT, enabling the release of PRAS40 from
mTOR resulting in mTOR activation (Vander Haar et al., 2007). Active mTOR then
phosphorylates both p70S6K and the translational repressor 4EBP-1, enabling cap-dependent
translation to occur.

Akt mediates many of the metabolic actions of insulin, including stimulation of glucose
transport, glycogen synthesis, protein translation, inhibition of apoptosis and promotion of cell
survival (Barber et al., 2001; Pap and Cooper, 1998; Summers and Birnbaum, 1997). AKT has
also been shown to be involved in IR expression by phosphorylating the transcription factor
FOXOLI, leading to its cytoplasmic retention and preventing it from promoting IR transcription
(Puig et al., 2003).

Like most signaling pathways, the insulin signaling cascade is regulated by both positive

and negative factors resulting in either signal amplification or termination. For example,
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serine/threonine phosphorylation of IRS 1-4 inhibits binding to the juxtamembrane region of the

IR and negatively regulates insulin signaling (Paz et al., 1997; Pederson et al., 2001). Other
important negative regulators include phosphatases such as protein tyrosine phosphatase 1B
(PTP1B) and phosphoinositide 3-phosphatase (PTEN) which dephosphorylate key tyrosine
residues in the insulin receptor(Nakashima et al., 2000). Pharmacological reagents, such as
wortmannin and rapamycin, can also target particular steps in the pathway by inhibiting activity
of PI3K an mTOR, respectively.

Studies investigating the PI3K/AKT/mTOR pathway have shown that chronic insulin
signaling initiates a negative feedback mechanism through downregulation of proteins distal to
the insulin receptor. However, research in obese mouse models show reduced insulin receptor
expression (Kahn et al., 1973; Le Marchand-Brustel et al., 1978) and that insulin resistance in
humans was also attributed to decreased insulin receptor expression (Caro et al., 1987;
Kolterman et al., 1981)). In addition, recent evidence in Drosophila suggests that regulation at
the level of insulin receptor biosynthesis may also have important implications in growth and
development (Puig et al., 2003; Puig and Tjian, 2006). These suggest that understanding the
mechanisms that regulate homeostasis of the insulin receptor, the initial point of contact for
insulin, is crucial for a more comprehensive understanding of the complex signaling pathway it
initiates and perhaps lead to better therapies to combat type 2 diabetes.

In order to understand how signaling through the receptor may regulate its own
biosynthesis or downregulation, we investigated how specifically altering activity of AKT, a
crucial kinase in the PI3K signaling pathway which mediates many of the metabolic actions of
insulin, affects IR expression in both mouse and human models. AKT has three different

isoforms that share greater than 85% sequence homology, all of which play important roles in
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growth but vary in their tissue-specific expression. AKT1 and AKT2 are both ubiquitously

expressed throughout the organism, with the latter having a higher level of expression in insulin-
responsive tissues, such as skeletal muscle, liver and fat (Altomare et al., 1998). The third
isoform, AKT3, is expressed at the lowest level and is found solely in the testes and the brain and
is not essential for glucose homeostasis (Easton et al., 2005). To further dissect how different
steps in the insulin signaling pathway affect IR expression, we utilized both pharmacological and
genetic methods to investigate the role of PI3K and mTOR, kinases upstream and downstream of
AKT, in regulating IR homeostasis.

Here we provide novel evidence that clearly shows that inhibiting AKT function, in both
mouse and human models, increased steady-state protein levels of the insulin receptor through
increased transcription and decreased degradation. Altering activity of PI3K or mTOR had a
similar but more modest effect on IR expression and highlights the central role that AKT plays in
regulating expression of the insulin receptor. Interestingly, similar effects were observed on
other RTKs such as EGFR and IGF1-R suggesting that common regulatory mechanisms exist to
regulate homeostasis of RTKs. Together, these results suggest that negative feedback
mechanisms exist for the insulin signaling pathway at both transcriptional and post-translational

levels to regulate RTK stability in mammalian systems.
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2.3. Materials and Methods

Miscellaneous

Cell culture reagents were from Mediatech (Manassas, VA). Antibodies were from Cell
Signaling Technology (Beverly, MA) except for AKT2 (Stressgen), FOXO1 (Abcam),
transferrin receptor (Zymed) and tubulin (Calbiochem). Secondary antibodies were from GE
Healthcare. Chemiluminescence reagents were from Pierce and Millipore. Autoradiography film
was from MidSci (St. Louis, MO). Wortmannin and rapamycin were from Calbiochem. All

other reagents were purchased from Sigma or Fisher Scientific (Fairlawn, NJ).

Protein analysis of mouse embryonic fibroblasts and livers from AKTI”" mice

Generation of Aktl” mice has been previously described (Chen et al., 2001). Primary mouse
embryonic fibroblasts (MEFs) were isolated from 14.5-day-old embryos of wild-type C57BL/6J
and AKTI” mice and grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 2mM glutamine, 0.1mM non-essential amino acids, 1mM sodium pyruvate
and 100U/mL penicillin-streptomycin at 37°C in 5% CO,. MEFs were grown in poly-lysine
coated 6-well plates (Falcon) for 24 hours prior to lysis in 100 uL of lysis buffer with thaw-
freeze-cycle extraction, as previously described (Peng et al., 2003). Liver samples from wild-
type and AKT1 knock-out mice were lysed via sonication in lysis buffer containing protease and
phosphatase inhibitors (Sigma). Protein concentration was measured using the Bradford protein
quantitation protocol and equivalent amounts of lysate per sample was resolved by SDS-PAGE
and then transferred to polyvinylidene difluoride membrane and incubated with a blocking buffer
(5% nonfat milk in 0.2% Tween-20 in PBS) for 1 hour at room temperature. The membranes

were incubated with primary antibodies overnight at 4°C, washed thrice with 0.2% Tween-
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20/PBS, incubated with horseradish peroxidase-conjugated mouse or rabbit secondary antibodies

(1:3000-1:5000 dilution) for 2 hours at room temperature, washed five times and detected with
enhanced chemiluminescence using West Pico Chemiluminescence (Pierce Chemical Co.,
Rockford, IL) or Millipore (Billerica, MA). Blots were exposed to autoradiography film and
developed using Futura 3000 SV (Fisher Industries, Inc). Bands were quantitated by
densitometry using LabWorks software on the Epi Chemi II darkroom system from UVP
(Upland, CA).

For multiple blotting, PVDF membranes were stripped by soaking in 2% SDS, 100mM
[-mercaptoethanol and 62.5 mM Tris-Cl, pH 6.8 and incubating at 65°C for 30 minutes before

re-probing with another primary antibody.

RNA analysis

Total RNA was extracted from frozen tissue or fibroblasts with TRI Reagent (Molecular
Research Center, Inc.), and real-time PCR was performed and analyzed using an Applied
Biosystems 7900HT Fast Real-Time PCR System with 1X SYBR green master mix (Applied
Biosystems) and gene-specific primers (Appendix). PCR conditions were 10 min at 95°C
followed by 35 cycles of 10 s at 95°C, 15 s at 60°C. Relative expression levels were determined

using the comparative Cr method to normalize target gene mRNA to GAPDH.

Transfection and RNAi of 293T HEK cells
Pooled siRNA oligomers targeting AKT or mTOR were obtained from Dharmacon and
conditions were optimized for maximum knockdown of the target gene after 72 hours of

transfection in 293T human embryonal kidney (HEK) cells. Transient transfections were
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performed using Lipofectamine 2000 (Invitrogen) and grown in minimum essential medium

(MEM) with Eagle’s salts containing 10% heat-inactivated fetal bovine serum, 2mM glutamine,
ImM sodium pyruvate, 0.lmM non-essential amino acids and 100 U/mL of
penicillin/streptomycin at 37°C in 5% CO,. After transfection, cells were washed twice with
PBS before lysis in Triton X-100 lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.55,
150mM mM NacCl) and freshly prepared protease inhibitors from Sigma including PMSF
(20ug/mL), leupeptin (0.5 ug/mL), aprotinin (0.1 ug/mL), pepstatin (1ug/mL), sodium fluoride
(100mM), tetrasodium pyrophosphate (4mM) and sodium orthovanadate (2mM). Separate
samples were used for protein and RNA extraction. Protein lysates were processed as described
above for immunoblotting. Total RNA was extracted from cells with TRI Reagent (Molecular

Research Center, Inc.) and processed for real-time PCR as described above.

Cycloheximide chase

MEFs were washed twice with PBS before incubation with media supplemented with 50 ug/mL
of cycloheximide (Calbiochem) at 37°C and 5% CO, for increasing time periods. After each
time point, cells were washed with PBS and lysed and processed as described above for

immunoblotting.
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2.4. Results

Transgenic AKTI knock-out mice have increased IR and EGFR expression and decreased
degradation

To investigate the role of AKT in insulin receptor homeostasis, protein and mRNA levels
of the IR were compared in embryonic fibroblasts from both wild-type mice and mice where the
aktl gene (AKT17), the most highly expressed AKT isoform in MEFs, was deleted. Regulation
of the IR during its biogenesis can be monitored through a series of characteristic gel shifts that
correspond with movement of its pro-form (220 kD) from ER to trans Golgi, where it is cleaved
into a and B subunits of 135 and 90 kD, respectively. Figure 2.2A and B shows that steady-state
protein expression of both the uncleaved, immature prolR and the cleaved, mature IR f is
increased in MEFs from the AKT1” mouse. This increase was similarly observed for the
epidermal growth factor receptor (EGFR), another RTK, but not for the transferrin receptor, an
unrelated transmembrane protein with no intrinsic signaling activity. When mRNA expression
was examined through real-time PCR analysis, a slight increase in IR transcripts was observed in
the AKT1” mice. Interestingly, EGFR transcripts, but not that of the transferrin receptor, was
significantly increased in the AKT1 knockout MEFs, similar to the results obtained by analyzing
steady-state protein expression.

A similar analysis of protein and mRNA expression was performed in liver samples from
the wild-type and AKT1” mice. Figure 2.3 shows that indeed, IR and EGFR protein (Figure
2.3A) and mRNA expression (Figure 2.3B) are also increased in the livers from AKT1” mice,
similar to the observations seen with the MEFs. In addition, protein levels of downstream

insulin signaling components such as mTOR, p70S6K and 4EBP1 were not significantly
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Figure 2.2. Deletion of AKT1 increases IR and EGFR expression in mouse embryonic
fibroblasts. A. Fibroblasts from 14.5 dpc embryos of wild-type and AKT1”" mice were grown
overnight in 6-well plates, lysed and processed for western blotting, as described in the methods.
B. Band intensities of IR proteins were measured using densitometric analysis and normalized to
tubulin expression (n=4). C. Total RNA was extracted from MEFs grown overnight in culture
and converted to cDNA prior to real-time PCR analysis using gene-specific primers as described

in the methods (n=4).
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Figure 2.3. RTK expression is increased in liver samples from AKT1" mice. 4. Livers from
wild-type and AKT1”" mice were sonicated and processed for Western blotting, as described in
the methods. B. RNA from a portion of the same livers in 4 was extracted and converted to
cDNA prior to real-time PCR analysis, as described in the methods.



66
changed. However, basal expression of FOXO1, a transcription factor found to upregulate IR

transcription in Drosophila (Puig et al., 2003), was increased in AKT1” mice. This confirms
previous studies which showed that AKT activity is necessary for ubiquitin-mediated
proteasomal degradation of FOXO (Plas and Thompson, 2003).

The increase in IR mRNA and immature prolR protein in Figures 2.2 and 2.3 suggests
that increased protein synthesis may contribute to the increase in steady-state levels of the IR.
However, to test whether a change in rate of degradation also plays a role, cycloheximide (CHX)
chase analysis was performed. Comparing lane 4 to lane 1 in Figure 2.4A confirms the increase
in immature prolR and mature IR  found in AKT1” MEFs, as previously shown in Figure 2.2A.
Furthermore, when new protein synthesis is inhibited with CHX, the amount of remaining IR is
increased in the absence of AKT1 by approximately 25% (Figure 2.4A and B). Interestingly, a
similar effect was observed for EGFR, but not the unrelated transferrin receptor (Figure 2.4C).
Furthermore, basal expression of p70S6K, a kinase involved in cap-dependent translation, was
increased in the AKT1”~ MEFs and its degradation was similarly attenuated in the absence of

AKT1 (Figure 2.4C).

Eliminating AKT in human cells increases RTK expression and decreases degradation

To test whether the loss of AKT would have a similar effect on IR expression in human
cells, siRNA oligonucleotides that targeted AKT1 and AKT2, the isoforms most highly
expressed in insulin-responsive tissues, were transfected into 293T human embryonal kidney
(HEK) cells. AKT1 has been implicated in organismal growth (Chen et al., 2001) while the

pivotal role AKT2 plays in the insulin signaling pathway is further demonstrated by the fact that
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Figure 2.4. Deletion of AKT1 in MEFs attenuates degradation of RTKs. 4. MEFs from
wild-type or AKT1-/- mice were treated with 50 ug/mL of cycloheximide for 9 and 15 hours
before cell lysis and processing for Western blotting, as previously described. B. IR band
intensity from 4 was quantitated and graphed as a percentage of total IR observed before CHX
treatment. C. The same membrane in 4 was stripped and reprobed using the indicated
antibodies. D. Band intensities from C were quantitated and graphed as a percentage of total
protein before CHX treatment.
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inactivating mutations in this AKT isoform have been associated with severe insulin resistance

and type 2 diabetes (George et al., 2004). Using 293T cells transfected with a scrambled siRNA
sequence as a control, a 75% decrease in both AKT1 and AKT2 protein was observed after a 72-
hour transfection period (Figure 2.5A). Similar to the results observed in the MEFs and liver
samples from wild-type and AKT knock-out mice in Figures 2 and 3, IR protein and mRNA, as
well as EGFR protein, was also increased when AKT expression was reduced in human cells
(Figure 2.5A and B). Interestingly, p70S6K, a positive regulator of cap-dependent translation
was also increased, while 4EBP1, a repressor of cap-dependent translation was decreased (Figure
2.5A). In addition, inactive phosphorylated FOXO1 protein was decreased despite higher
protein levels of this transcription factor (Figure 2.5A), suggesting that increased mRNA
transcription mediated by active FOXO1 may contribute to the observed increase in steady-state
IR levels observed in this human cell line.

To determine if IR degradation in human cells was also decreased when AKT expression
was knocked-down, protein turnover was measured when new protein synthesis was inhibited by
cycloheximide. Knocking-down AKT expression decreases the rate of degradation of the insulin
receptor in 293T cells compared to cells transfected with the control siRNA (Figure 2.5C and D),
an effect similar to that observed with MEFs from AKT1 knock-out mice in Figure 2.4. In
addition, degradation was also attenuated for the EGFR and IGF-1 receptor, two other members

of the receptor tyrosine kinase superfamily, but not for the unrelated transferrin receptor (Figure

2.5E and F).
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Figure 2.5. AKT knockdown in human 293T HEK cells leads to increased IR expression
and decreased RTK degradation. 4. 293T HEK cells were transfected with pooled siRNA
oligomers containing either a scrambled sequence or human AKT. Lysates were extracted after
72 hours and processed for Western blotting, as described previously. B. (Top) IR band
intensities from the immunoblots were quantitated and graphed as a percentage of total IR found
in cells transfected with the scrambled siRNA oligomer. (n=4) (Bottom) 293T cells transfected
with scrambled or AKT siRNA were lysed and mRNA was extracted and processed for real-time
PCR analysis, using primers specific to human IR, as described in the methods. (n=4) C. 293T
cells were transfected with siRNA containing a scrambled sequence or AKT for 72 hours before
incubation with 50 ug/mL of cycloheximide (CHX) for 9 and 15 hours. After CHX treatment,
cells were lysed and processed for western blotting, as previously described. D. IR band
intensities from C were quantitated and graphed as a percentage of total IR observed before CHX
treatment. E. The same membrane in £ was stripped and reprobed using the indicated
antibodies. F. Band intensities from £ were quantitated and graphed as a percentage of total
protein before CHX treatment.
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Regulation of IR expression upstream and downstream of AKT in human cells

To test whether the activity of other kinases within the insulin signaling pathway also
affects IR homeostasis, the activity or expression of PI3K and mTOR, kinases upstream and
downstream, respectively, of AKT, was altered in 293T cells. Figure 2.6A and B show that
inhibiting PI3K function with wortmannin increased both immature prolR and mature IR . To
test whether increased PI3K activity would have the opposite effect on IR protein levels,
overexpression of the pl110 catalytic subunit of PI3K or another variant, p110-CAAX, was
performed. pl110-CAAX is a modified p110 that has a COOH-terminal CAAX motif. This
motif signals post-translation prenylation leading to membrane localization and activation. In
Figure 2.6C and D, we observed that transfection of cDNA with either the catalytic subunit of
PI3K or a constitutively active form of PI3K decreased both immature prolR found in the ER
and mature IR f.

Inhibiting mTOR function with rapamycin (Figure 2.7A and B) resulted in a similar
increase in immature prolR and mature IR B as observed with wortmannin treatment (Figure
2.6A and B). Similarly, when mTOR expression was knocked down using RNAI, steady state
expression of IR protein and mRNA (Figure 2.7C and D) was increased. Protein levels of
EGFR, another RTK was increased while the unrelated transferrin receptor was unchaged,
similar to the results observed in the AKT1”" mouse (Figures 2.2-2.4) and when AKT was
knocked down in human cells (Figure 2.6). Decreased mTOR expression also resulted in an
increase in IRS-1, which supports previous results implicating mTOR in facilitating IRS-1
degradation (Berg et al., 2002; Haruta et al., 2000; Pederson et al., 2001; Takano et al., 2001).

p70S6K and FOXO1 protein were also increased, similar to results obtained with RNAi of AKT
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Figure 2.6. PI3K activity negatively regulates IR expression. 4. 293T HEK cells
endogenously expressing human IR were treated with carrier (0.5% DMSO) or wortmannin
(1uM) for 20 hours and cell lysates were processed for immunoblotting, as described previously.
B. IR protein expression in blots from independent experiments were quantitated and graphed
(n=4). C. 293T HEK cells were transfected with cDNA containing the wild-type p110 catalytic
subunit of PI3K or with a constitutively active form of p110 (p110-CAAX). Lysates were
processed for immunoblotting, as described previously. D. IR protein expression in blots from
independent experiments were quantitated and graphed (n=2).
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Figure 2.7. Inhibiting mTOR increases RTK levels. 4. 293T HEK cells endogenously
expressing human IR were treated with carrier (0.5% DMSO) or rapamycin (300 nM) for 20
hours and cell lysates were processed for immunoblotting, as described previously. B. IR protein
expression in blots from independent experiments were quantitated and graphed (n=4). C. 293T
HEK cells were transfected with scrambled or mTOR siRNA oligomers for 72 hours and then
cell lysates were processed for immunoblotting, as described in the methods. D. Top: IR band
intensities from the immunoblots were quantitated and graphed as a percentage of total IR found
in cells transfected with the scrambled siRNA oligomer. (n=4) Bottom: 293T cells transfected
with scrambled or mTOR siRNA were lysed and mRNA was extracted and processed for real-
time PCR analysis, using primers specific to human IR, as described in the methods. (n=4).
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in Figure 2.5A but in contrast, 4EBP1 expression and levels of inactive phosphorylated FOXO

were unchanged with RNAi of mTOR (Figure 2.7C).
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2.5. Discussion

Type 2 diabetes is a growing worldwide epidemic that is also believed to trigger a rise in
other associated complications such as neuropathy and cardiovascular disease. Although much
work has been done to help understand the complex signaling pathways that are triggered by
binding of insulin to its receptor, much remains unknown about the regulatory mechanisms that
are involved in maintaining the dynamic balance needed to fine-tune the appropriate
physiological response. One of the defining features of type 2 diabetes is the prevalence of
diminished sensitivity to insulin, despite upregulated expression of this metabolic hormone.
Chronic insulin signaling has been shown to lead to an insulin-resistant state, even in healthy
subjects (Del Prato et al., 1994; lozzo et al., 2001). This feedback inhibition of insulin signaling
has been previously attributed to receptor internalization (Marshall, 1985; Trischitta et al., 1989)
and negative regulation of kinases downstream of the receptor. However, in vitro studies have
also shown that this insulin-induced decrease in signaling activity can be attributed to increased
degradation of the receptor itself (Cruz et al., 2004; Huang et al., 2002; Okabayashi et al., 1989).
Extending this analysis to humans, it has also been shown that obese human patients have
reduced insulin receptor expression and that the observed insulin resistance was due to decreased
IR expression (Arner et al., 1983; Caro et al., 1987; Kolterman et al., 1981). These studies
suggest that increased insulin signaling activity can decrease IR expression. However, the
converse hypothesis of whether inhibiting insulin signaling can upregulate insulin receptor
expression has not been fully investigated. Earlier studies on tyrosine-kinase deficient IR
provided the first clues that inhibiting insulin signaling could prevent downregulation of the
receptor (Grako et al., 1992) and increase its mMRNA expression (Nishiyama et al., 1994) but the

intermediate steps between insulin binding and altered IR expression remained unclear. Here we
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provide a more specific approach by targeting kinases downstream of the IR in its primary

signaling pathway to provide a better understanding of how insulin signaling regulates insulin
receptor expression and degradation.

We show that inhibiting activity of AKT, a critical kinase that mediates the many
metabolic and anabolic effects of insulin, leads to an increase in steady-state IR protein levels.
The observed increase included higher levels of immature prolR, suggesting that the increased
protein expression observed is not solely due to decreased downregulation of the receptor from
the cell surface. We propose several mechanisms that contribute to increased IR levels when
AKT activity is altered. First, increased IR transcription was observed when AKT activity was
decreased in mouse (Figures 2.2C and 2.3B) and human models (Figure 2.5C). This supports a
recent study which showed that depriving cells of serum, and thus inhibiting growth factor
signaling through receptors on the cell surface, resulted in an increase in IR expression (Puig and
Tjian, 2005). The increase in IR mRNA we observe here may be a direct result of upregulated
transcription mediated by the transcription factor FOXO1 since an increase in FOXO1 protein
expression was similarly detected, along with a decrease of its inactive, phosphorylated form
(Figure 2.5A). This correlates well with a converse experiment wherein knocking-down FOXO1
expression in primary hepatocytes showed a decrease in IR expression (Matsumoto et al., 2007).
It has been shown that insulin signaling leads to degradation of FOXO itself (Guo et al., 2006).
Thus, the increase in steady-state FOXO protein expression may be due to decreased degradation
of this transcription factor in the absence of AKT activity. This supports previous studies that
showed decreased FOXO1 expression when chicken embryo fibroblasts were transformed with
AKT (Aoki et al., 2004) since AKT activity facilitates ubiquitination and proteasomal

degradation of FOXO (Plas and Thompson, 2003). Together, these results show a similar role
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for AKT in regulating FOXO activity in mouse and human models and highlights its importance

in regulating FOXO-mediated IR transcription in mammalian systems as previously observed in
Drosophila (Puig et al., 2003; Puig and Tjian, 2005).

Putative FOXO1 binding sites were found in the promoter region of the highly-related
IGFI-R (Xuan and Zhang, 2005) and we observed increased expression of this RTK when AKT
activity was deleted. Further studies are needed to confirm if IGFIR is a target gene downstream
of FOXOI1. Interestingly, we also observed a significant increase in transcription levels of EGFR
(Figures 2.2C and 2.3B), another important RTK, raising the intriguing possibility that FOXO1
may also be involved in regulating transcription of other members of the RTK family.

Previous studies have shown that although AKT2 is overexpressed in 12% of ovarian
carcinomas and 3% in breast carcinomas, no significant association between AKT2 and
amplification of ErbB2, an epidermal growth factor receptor isoform, has been found (Bellacosa
et al., 1995). Our results here may help explain this phenomenon since we see that increased
AKT expression actually negatively regulates expression of RTKs such as the IR, EGFR and
IGF1R. However, increasing insulin receptor expression through upregulation of FOXO may
not be enough to overcome insulin resistance, since increased FOXO activity may also lead to
increased cellular glucose production (Nakae et al., 2002) by upregulating G-6-Pase and PEPCK,
rate-limiting enzymes involved in glycogenolysis and gluconeogensis (reviewed by (Greer and
Brunet, 2005)).

Second, the increase in steady-state IR protein levels, and that of other RTKs such as
EGFR and IGF1-R, can also be attributed to a decrease in the rate of degradation, as analyzed by
cycloheximide chase analysis (Figures 2.4 and 2.5). This observation is in agreement with

previous studies which showed increased proteasomal degradation of the insulin receptor after
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both acute and prolonged insulin signaling (Cruz et al., 2004; Huang et al., 2002; Okabayashi et

al., 1989) and suggests that AKT activity may play an important role in regulating insulin
receptor turnover. In addition, AKT may also play a previously unrecognized role in regulating
turnover of other important RTKs such as EGFR and IGF1-R.

Increased steady-state levels of p70S6K in the AKT knock-out MEFs (Figure 2.4C) and
in 293T cells wherein AKT was knocked-down (Figure 2.5A) suggest that upregulation of cap-
dependent protein translation may also play a role in the observed increase in IR expression upon
AKT inhibition. However, since AKT activity has been shown to be required for p70S6K
activation and repression of 4EBP-1 (reviewed in (Whiteman et al., 2002)), events necessary for
cap-dependent translation, increased cap-dependent protein translation may probably have a
modest contribution to the observed increase in IR protein levels. A possible alternative may be
internal ribosome entry site (IRES)-mediated translation. AKT has been shown to play a role in
IRES-mdiated translation of cellular mRNAs including that of cyclin D1 (Shi et al., 2005a).
This, combined with the recent discovery of internal ribosome entry sites in Drosophila IR
mRNA (Marr et al., 2007) and in rat IGF1-R (Giraud et al., 2001), suggests that cap-
independent, IRES-mediated translation may play a role in increased IR protein levels when
AKT activity is attenuated. IRES sequences have also been found in mRNA for fibroblast
growth factor (FGF) and vascular endothelial growth factor (VEGF) (reviewed in (Baird et al.,
2000)), ligands for other RTKSs and it would be interesting to see if similar sequences are found
in the untranslated regions in the corresponding RTK transcripts.

Investigating other components of the primary insulin signaling pathway, we observe
similar effects on upregulation of IR expression when activity of kinases upstream and

downstream of AKT was inhibited. PI3K lies upstream of AKT as it phosphorylates lipids on
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the cell membrane upon insulin stimulation, which then recruit AKT and enable its activation.

When PI3K activity was inhibited with wortmannin, insulin receptor protein expression was
increased (Figure 2.6A and B). Conversely, we observe that increasing PI3K activity by
introduction of a constitutively active PI3K lead to a decrease in steady-state insulin receptor
levels (Figure 2.6C and D). Previous studies have shown that inhibiting PI3K activity with
wortmannin (Burgering and Coffer, 1995) or ablating the catalytic subunit p110a (Zhao et al.,
20006), decreased AKT activation. Recently, it was shown that overexpression of a phosphatase
that dephosphorylates PI3K phospholipids also reduced AKT activity and increased nuclear
localization of FOXOI1 (Cho et al., 2006). Thus, the effects we observe on IR expression with
altered PI3K activity may be due to negative feedback mechanisms mediated by AKT and
FOXO 1 as described above.

A critical downstream effector of AKT is the serine-threonine kinase mTOR. When
mTOR activity was inhibited either by treatment with a specific inhibitor rapamycin (Figure
2.7A) or through RNAi (Figure 2.7B), insulin receptor expression was increased. This IR
upregulation we observe after inhibiting mTOR activity supports previous results which showed
that constitutively elevated mTOR signaling in the absence of its inhibitor, tuberous sclerosis
complex (TSC), results in almost undetectable levels of insulin receptor protein (Shah et al.,
2004). Similarly, TSC-null cell lines have reduced expression of the PDGF receptor, another
RTK (Zhang et al., 2003). However, although an increase in p70S6K was observed with knock-
down of mTOR, protein levels of the translational repressor 4EBP1 was not significantly
changed. This raises the possibility that instead of cap-dependent translation, the increase in IR
protein levels with mTOR inhibition in mammalian systems may instead be attributed to IRES-

mediated translation. In addition, we also observed a more subtle increase in IR levels when
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mTOR expression was knocked down compared to when AKT expression was reduced (compare

Figure 2.7C with Figure 2.5B). This blunted effect may be due to a compensating increase in
AKT]1 expression upon mTOR inhibition. This observation is consistent with a previous study
which saw an increase in AKT levels when mTOR shRNA was used to knock-down mTOR
expression in Drosophila (Sarbassov dos et al., 2005). It has also been previously shown that
blocking mTOR function or expression with rapamycin or RNAIi, respectively, results in
increased AKT signaling possibly due to attenuation of mTOR-mediated IRS-1 degradation
(Khamzina et al., 2005; Shi et al., 2005b; Tremblay et al., 2005; Wan et al., 2006). In addition,
the increased FOXO1 expression observed with mTOR siRNA may bind to TSC2 (Cao et al.,
2006) and lead to degradation of this indirect mTOR inhibitor, attenuating the reduction in
mTOR activity. Thus, the increase in AKT activity that accompanies inhibition of mTOR
activity may dampen the negative feedback that mTOR activity may have on IR homeostasis.
Even though disrupting AKT in Drosophila impaired normal cell survival during
embryogenesis and decreased cell size (Scanga et al., 2000; Verdu et al., 1999), reduced AKT1
activity was well tolerated in a mammalian mouse model and it was suggested that this kinase
can be used as a target for therapy in cancers where the PI3K/AKT pathway is constitutively
activated (Chen et al., 2001). However, our results here suggest that caution must be taken with
this strategy as inhibiting AKT activity can serve to upregulate receptor tyrosine kinase
expression, which may lead to increased signaling of other growth-related pathways and may not
effectively diminish tumor growth and development. Furthermore, regulation of IR expression
by insulin signaling is by no means a linear pathway and various factors come together to control

receptor expression and degradation. For example, deleting PTP1B, which dephosphorylates
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activated IR, resulted in increased insulin signaling but had no observable effect on IR levels

(Elchebly et al., 1999).

Taken together, these results suggest that insulin signaling downstream of the receptor
leads to a negative feedback mechanism to regulate insulin receptor expression and stability and
that AKT plays a central role in maintaining IR homeostasis. As the PI3K/AKT signaling
cascade can be triggered by signaling through receptors for many growth factors and cytokines,
including epidermal growth factor (EGF) family members, insulin, and IGF-I, it was not
surprising to see that inhibiting AKT expression also increased protein levels of IGF1-R and
EGFR. Recent studies have suggested a possible connection between insulin receptor expression
and cancer progression (reviewed in (Denley et al., 2003)). This suggests that common
mechanisms mediated by AKT signaling exist to regulate RTK expression and degradation.
Observations from these studies may thus provide greater insight in both metabolic disease and

neoplasia and help in the development of better therapies for diabetes and cancer.
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3.1. Abstract

Receptor tyrosine kinases (RTKs) comprise a large group of transmembrane receptors
with intrinsic tyrosine kinase activity that play an essential role in eukaryotic cell growth,
metabolism and survival. Given their crucial role in mediating signals from extracellular cues,
cell surface expression of these receptors is a dynamic process that is highly sensitive to
metabolic flux. Studies in our lab and others have revealed that the insulin receptor (IR), a class
IT RTK, is subject to intracellular degradation upon nutrient deprivation. However, the
molecular mechanisms linking metabolic homeostasis and growth factor signaling are not
completely understood understood. Here we show that both inhibition of glycolysis and
mitochondrial oxidative phosphorylation result in reduction of IR protein levels, suggesting that
glucose metabolism is linked to IR biogenesis. Interestingly, we found that the decrease in
steady-state IR protein expression due to ATP depletion is attenuated when PI3K signaling
through AKT and mTOR is blocked by either pharmacological or genetic manipulation.
Together, these results indicate that new pathways interconnecting insulin signaling with

metabolic flux may reflect a coordinated and reciprocal regulation of IR homeostasis.
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3.2. Introduction

Receptor tyrosine kinases (RTKs) represent a class of integral membrane proteins that are
involved in numerous signaling pathways within the cell, including cell proliferation,
differentiation, migration and metabolism. RTK signaling and expression is tightly controlled
and is highly sensitive to extracellular cues. However, the detailed mechanisms that coordinate
RTK homeostasis with metabolism remain poorly understood. The insulin receptor (IR) is a
prototypical RTK that facilitates uptake of glucose to regulate cell metabolism and gene
expression, making it an excellent tool to investigate how nutrient availability and receptor
signaling coordinately regulate IR homeostasis.

IR levels are highly dynamic and inappropriate expression and activity of these receptors
may have profound consequences. Decreased cell surface expression of the IR has been
implicated in acquired forms of insulin resistance and may contribute to the pathogenesis of
Type 2 diabetes (Pessin and Saltiel, 2000; Shulman, 2000; Taylor, 2002). The insulin resistance
found in patients exhibiting impaired glucose tolerance was also attributed to decreased IR
expression (Kolterman et al., 1981). Interestingly, other studies have shown that glucose
withdrawal from adipocyte cells in vitro induces insulin receptor proteolysis, possibly due to
depletion of uridine diphosphate-N-acetyl-glucosamine and impaired N-linked glycosylation
and/or activation of the cell stress response (Hwang and Frost, 1999; Rossetti, 2000) suggesting
that nutrient availability may impact receptor expression and stability.

Recent studies have highlighted the ability of the cell to sense the nutrient status of in its
environment via activation of key proteins sensitive to amino acid availability and intracellular
levels of ATP. Two important proteins that have been underscored in these studies are AKT and

mTOR, serine-threonine kinases that play crucial roles in mediating insulin-induced signaling to
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facilitate glucose metabolism. The serine/threonine kinase AKT is activated by PI3K and is an

upstream positive regulator of the mammalian target of rapamycin (mTOR). Activated AKT
maintains intracellular ATP levels and inhibits AMP-activated protein kinase (AMPK), an
enzyme activated by ATP depletion (Hahn-Windgassen et al., 2005). Inhibition of AMPK
prevents phosphorylation of tuberous sclerosis complex 2 (TSC2), an inhibitor of the Rheb
GTPase that activates mTOR (Inoki et al., 2003). In addition to its sensitivity to availability of
amino acids, mTOR has been shown to be inhibited by low intracellular ATP levels, independent
of the abundance of amino acids (Dennis et al., 2001).

We have recently discovered that inhibiting PI3K/AKT/mTOR signaling upregulates IR
expression in mammalian systems and leads to increased receptor levels in the cell. Thus, we
hypothesized that inhibiting insulin signaling may help attenuate the degradation induced by
metabolic inhibition. Here we demonstrate that inhibiting glycolysis and oxidative
phsophorylation in the cell specifically decreased total insulin receptor protein levels and
diminished its cell surface expression. However, inhibiting PI3K/AKT/mTOR signaling with
either pharmacological reagents or through RNAI attenuated this decrease. Together, these
results show that ATP depletion and insulin signaling can coordinately regulate insulin receptor

homeostasis and help provide insights for development of better therapies for Type 2 diabetes.
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3.3. Materials and Methods

Miscellaneous

Cell culture reagents were from Mediatech (Manassas, VA). Antibodies were from Cell
Signaling Technology (Beverly, MA) except for AKT2 (Stressgen), FOXO1 (Abcam),
transferrin receptor (Zymed) and tubulin (Calbiochem). Secondary antibodies were from GE
Healthcare. Chemiluminescence reagents were from Pierce and Millipore. Autoradiography film
was from MidSci (St. Louis, MO). Wortmannin and rapamycin were from Calbiochem. 2-

deoxyglucose (2DG) and sodium azide were purchased from Sigma Aldrich (St. Louis, MO).

Cell lines

293T HEK and HepG2 cells were grown in minimum essential medium (MEM) with Eagle’s
salts containing 10% heat-inactivated fetal bovine serum, 2mM glutamine, 1mM sodium
pyruvate, 0.1mM non-essential amino acids and 100 U/mL of penicillin/streptomycin at 37°C in

5% COs.

AKTI”" mouse embryonic fibroblasts

Generation of Aktl” mice has been previously described (Chen et al., 2001). Primary mouse
embryonic fibroblasts were isolated from 14.5-day-old embryos of wild-type C57BL/6J and
AKT1” mice and grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 2mM glutamine, 0.1mM non-essential amino acids, ImM sodium pyruvate and
100U/mL penicillin-streptomycin at 37°C in 5% CO2. MEFs were grown in poly-lysine coated
6-well plates (Falcon) for 24 hours prior to lysis in 100 uL of lysis buffer with thaw-freeze-cycle

extraction, as previously described (Peng et al., 2003).
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Transfection and RNAi of 293T HEK cells

Short interfering RNA (siRNA) oligomers targeting AKT or mTOR were obtained from
Dharmacon and conditions were optimized for maximum knockdown of the target gene after 72
hours of transfection in 293T human embryonal kidney (HEK) cells. Transient transfections
were performed using Lipofectamine 2000 (Invitrogen) and grown in minimum essential
medium (MEM) with Eagle’s salts containing 10% heat-inactivated fetal bovine serum, 2mM
glutamine, ImM sodium pyruvate, 0.ImM non-essential amino acids and 100 U/mL of
penicillin/streptomycin at 37°C in 5% CO,. After transfection, cells were washed twice with
PBS before lysis in Triton X-100 lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.55,
150mM mM NacCl) and freshly prepared protease inhibitors from Sigma including PMSF
(20ug/mL), leupeptin (0.5 ug/mL), aprotinin (0.1 ug/mL), pepstatin (1ug/mL), sodium fluoride
(100mM), tetrasodium pyrophosphate (4mM) and sodium orthovanadate (2mM). Separate
samples were used for protein and RNA extraction. Protein lysates were processed as described
above for immunoblotting. Total RNA was extracted from cells with TRI Reagent (Molecular
Research Center, Inc.) and converted to cDNA using a high-capacity cDNA archive kit from
Applied Biosystems (Foster City, CA). Real-time PCR was performed with primers specific for
human insulin signaling genes (Appendix A.1) and 1X SYBR green master mix and analyzed
using an Applied Biosystems 7900HT Fast Real-Time PCR System using GAPDH expression as

a control.
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Immunoprecipitation, gel electrophoresis and immunoblotting

Cell were lysed in Triton X-100 lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.55,
150mM mM NacCl) and freshly prepared protease inhibitors from Sigma including PMSF
(20ug/mL), leupeptin (0.5 ug/mL), aprotinin (0.1 ug/mL), pepstatin (lug/mL), sodium fluoride
(100mM), tetrasodium pyrophosphate (4mM) and sodium orthovanadate (2mM). Equivalent
amounts of lysate protein from the different samples, as determined using the Bradford protein
quantitation protocol, were immunoprecipitated by incubating with 0.5 uL of 8314, an antibody
against the o subunit of the human hIR, overnight at 4°C. After overnight incubation, protein A-
agarose (Pierce) was added and allowed to mix with the sample for 1-3 hours at 4°C. Samples
were briefly microfuged and 10 uL of the supernatant was set aside to use for blotting with
tubulin for comparision of total protein concentration in each immunoprecipitated sample. The
immune complexes in the pellet were washed with lysis buffer twice then diluted in concentrated
Laemmli sample buffer to yield a final 1X concentration (2% SDS, 50 mM Tris, 2mM EDTA,
0.01% bromophenol blue, 10% glycerol and 144 mM p-mercaptoethanol). Redissolved samples
were boiled in for 10 minutes prior to electrophoresis through 5% stacking and 8% running
(5/8%) gel in a Bio-Rad Mini-Protean III Electrophoresis tank at 120 V for two hours. Laemmli
sample buffer was added to the supernatant that was initially set aside as a protein loading
control and these samples were also processed for electrophoresis and blotted with anti-tubulin
(1:5000).

Immunoblotting was performed after electrophoresis by transferring the proteins from
SDS-PAGE to Immobilon P (membrane presoaked for ~1 min in methanol; Millipore Corp.,
Waters Chromatography, Milford, MA), in buffer containing 25 mM Tris-Hcl, pH 7.4, 192 mM

glycine and 20% methanol at 4°C and either 85 V for 2 hrs or 30 V overnight. The membranes
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were soaked in blocking buffer (5% wt/vol nonfat dry milk and 0.2% Tween 20 vol/vol in PBS)

for 1 hour and then incubated overnight at 4°C overnight with the primary antibody (or at room
temperature for 1 h) while mixing. The membranes were rinsed again in 0.2 % Tween 20/PBS,
incubated with HRP-linked secondary antibodies, and then rinsed and developed using Pierce

West Pico ECL reagents.

Biotinylation

To compare insulin receptor expression levels, cells endogenously expressing the receptor were
washed with PBS (with no Mg~ or Ca"") and then incubated with 0.5 mg/mL of sulfo-N-
hydroxysulfosuccinimide ester-biotin (Pierce Chemical Co.) for 30 min. on ice. Monolayers were
washed in PBS containing 15 mM glycine and then lysed in Triton X-100 lysis buffer.
Immunoprecipitation and electrophoresis and membrane transfer was as described above.
Membranes were blocked with 1% BSA (Sigma, Fraction V) overnight and probed with
streptavidin-HRP (1:3000 dilution; Amersham Pharmacia Biotech, Inc.). ECL was used to
visualize the biotinylated receptors (Pierce Chemical Company). Blots were subsequently

stripped and re-probed with anti-hIR [ subunit antibodies (1:10,000).
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3.4. Results

Insulin receptor protein expression is specifically decreased by the metabolic inhibitors 2DG
and sodium azide

The mature IR is initially synthesized as a single chain preproreceptor (prolR) containing
a signal peptide that directs it co-translationally to the endoplasmic reticulum (ER). The
proreceptor is composed of an a-subunit, containing the insulin binding site, and the 3- subunit,
containing a single transmembrane domain and a tyrosine kinase domain. Upon translocation
into the lumen of the ER and signal peptide cleavage, the prolR undergoes extensive asparagine-
linked glycosylation at 17 sites within the a-subunit (Ullrich et al., 1985). Glycosylation is
important in receptor biosynthesis and function since either mutating the glycosylated asparagine
residues in the IR (Caro et al., 1994; Elleman et al., 2000) or inhibiting glycosylation results in
decreased cell surface expression and insulin signaling (Ronnett et al., 1984). Following
dimerization in the ER, the IR is transported to the Golgi apparatus where the prolR dimer
undergoes proteolytic cleavage at a subtilisin-cleavage site (RKRR | ) essential for high-affinity
insulin binding. After cleavage, the mature receptor is delivered to the surface as a
heterotetramer with a stoichiometry of 2a and 2f3 subunits (Ullrich et al., 1985). Thus,
regulation of the IR during its biogenesis can be monitored by a series of characteristic gel shifts
which correspond with movement of its pro-form (220 kDa) from the ER to the trans Golgi,
where it is cleaved into a and 8 subunits of 135 and 90 kDa, respectively (Olson et al., 1988).

In models of non-insulin dependent Type 2 diabetes, such as the Goto-Kakisaki (GK) rat,
it has been shown that the significant decrease in glucose uptake in the liver corresponds with a
reduction in the number of insulin receptors (Bisbis et al., 1993). Furthermore, we and others

have previously demonstrated that glucose deprivation and insulin resistance lead to reduced
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expression of the insulin receptor in human models (Bass et al., 1998; Hwang et al., 2000). More

recently, we demonstrated that following exposure of cells to 2-deoxyglucose (2DG), a non-
metabolizable glucose analogue that blocks the production of UDP-glucose, we observed a
reduction in the amount of immature prolR and mature IR § and abnormalities in the gel
migration of the prolR, consistent with impaired glycan processing (Ramos et al., 2007). To
further investigate the effect of depleting cellular ATP on IR protein expression, sodium azide,
an inhibitor of the cytochrome C oxidase-complex IV of the mitochondrial transport chain
(Gasparini et al., 1997), was combined with 2DG. Treatment with 2DG, in combination with
other metabolic inhibitors of ATP synthesis, for up to 8 hours, has previously been shown to
reduce cellular ATP by up to 80% (Gunn et al., 1985) with varying effects on cell viability. To
determine optimum incubation times using 2DG and sodium azide, a preliminary time-course
experiment in 293T human embryonic kidney fibroblasts was performed. Figure 3.1
demonstrates that treatment with metabolic inhibitors effectively reduced cell surface expression
of the IR, but not that of an unrelated transmembrane protein, the transferrin receptor. The
decrease in total IR was observed starting at one hour of treatment and was sustained with up to
four hours of incubation.

To further investigate if the effects of metabolic inhibitors were specific to the insulin
receptor in human cells, both 293T HEK cells and HepG2, a human hepatocellular liver
carcinoma cell line, were used for 2DG and sodium azide treatment. Treatment with 2DG and
sodium azide reduced total IR proteins, including those found on the cell surface, in both cell
lines (Figure 3.2). None of the downstream insulin signaling proteins such as AKT, mTOR,
p70S6K, 4EBP1 or FOXO1, were affected, nor were protein expression levels of the unrelated

transferrin receptor altered.
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Figure 3.1. Metabolic inhibition decreases cell surface IR expression and total protein
steady-state levels. 293T HEK cells endogenously expressing insulin receptors were treated
with 2-deoxyglucose (50mM) and sodium azide, NaN, (0.05%) for increasing time periods. After
treatment, cells were biotinylated, lysed and processed for Western blotting (as described in the
methods).
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Figure 3.2. Metabolic inhibition specifically decreases cell surface IR expression and total
IR protein in both human kidney and liver cell lines. 293T HEK (left) and HepG2 cells
(right) endogenously expressing insulin receptors were treated with 2-deoxyglucose (50mM) and
sodium azide, NaN; (0.05%) for four hours. After treatment, cells were biotinylated, lysed and
processed for Western blotting (as described in the methods).
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Inhibiting PI3K or mTOR activity increases IR expression and attenuates reduction induced by

2DG and sodium azide

Previous studies have shown that chronic insulin treatment leads to a reduction in insulin
receptors, facilitating development of insulin resistance. In particular, studies showing that
persistent activation of PI3K leads to insulin resistance (Egawa et al., 2000; Egawa et al., 1999),
combined with observations that inhibiting mTOR leads to increased insulin receptor expression
in partially hepatectomized rats (Escribano et al., 2002), suggested to us that inhibiting the PI3K
signaling pathway may affect insulin receptor expression. Indeed, inhibiting PI3K or mTOR
with wortmannin or rapamycin, respectively, increased IR protein levels in 293T cells (Figure
3.3, lanes 9-12). Furthermore, PI3K or mTOR inhibition served to attenuate the degradation

induced by the metabolic inhibitors 2DG and sodium azide (Figure 3.3, lanes 3-8).

Genetic manipulation of AKT and mTOR attenuate degradation induced by metabolic inhibitors
To confirm whether the observed upregulation in IR protein levels with wortmannin and
rapamycin treatment was due to specific inhibition of the PI3K signaling pathway, genetic
manipulation was also performed. RNAi of AKT and mTOR was performed by transfecting
siRNA oligomers containing AKT or mTOR-specific sequences into 293T HEK cells
endogenously expressing the insulin receptor. After a 72-hr transfection period, cells were lysed
and protein expression of the targeted gene, as well as the insulin receptor, were measured using
Western blotting. RNAI1 of either mTOR or AKT lead to increased insulin receptor expression
but did not affect protein levels of the unrelated transferrin receptor (Figure 3.4A), similar to

results previously shown in Chapter 2.
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Figure 3.3. Inhibiting PI3K or mTOR increases IR expression and attenuates the decrease
in receptor levels induced by metabolic inhibition. 293T HEK endogenously expressing
insulin receptors were treated with 2-deoxyglucose (50mM) and sodium azide, NaN; (0.05%),
wortmannin (1uM), rapamycin (20 nM) or a combination of these treatments, for hours. After
treatment, cells were lysed and processed for Western blotting (as described in the methods).
Band intensities were measured using densitometric analysis and IR expression normalized to
tubulin was quantitated.
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Figure 3.4. RNAi of mTOR or AKT?2 increases IR levels and attenuates diminished
receptor expression induced by metabolic inhibitors. A. 293T HEK endogenously expressing
insulin receptors were transfected with siRNA oligomers containing a scrambled sequence
(SCR), mTOR or AKT. After 72 hours, transfected cells were lysed and processed for Western
blotting, as described in the methods. B. 293T HEK cells were transfected with siRNA, as
described for A. After transfection, cells were treated with carrier or 2-deoxyglucose (50mM)
and sodium azide, NaN; (0.05%), for four hours. After treatment, cells were lysed and processed
for Western blotting, as described avove. Band intensities were measured using densitometric
analysis and IR expression normalized to tubulin was quantitated. * p < 0.05 compared to
untreated cells transfected with SCR siRNA oligomers.
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Furthermore, 2DG and sodium azide treatment of cells transfected with mTOR and AKT siRNA

showed attenuated reduction in insulin receptor protein levels (Figure 3.4B), similar to the effect
observed with pharmacological inhibition of PI3K and mTOR with wortmannin and rapamycin,
respectively.

To further test the hypothesis that inhibiting AKT signaling can upregulate IR expression,
we measured insulin receptor content in mouse embryonic fibroblasts (MEFs) from mice where
AKT1, the most ubiquitous isoform in MEFS, was deleted (Chen et al., 2001). Figure 3.5A
confirms results previously shown in Chapter 2 that demonstrates increased insulin receptor
protein levels in AKT1” MEFs. In addition, treating the wild-type and AKT1” MEFs with 2DG
and sodium azide showed a blunted effect on insulin receptor proteins induced by the metabolic

inhibitors, confirming the results observed with RNAi of AKT in human fibroblasts.
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Figure 3.5. Deletion of AKT1 in mouse embryonic fibroblasts increased IR levels and
attenuated diminished receptor expression induced by metabolic inhibitors. A. 293T HEK
endogenously expressing insulin receptors were transfected with siRNA oligomers containing a
scrambled sequence (SCR), mTOR or AKT2. After 72 hours, transfected cells were lysed and
processed for Western blotting, as described in the methods. B. 293T HEK cells were transfected
with siRNA, as described for A. After transfection, cells were treated with carrier or 2-
deoxyglucose (50mM) and sodium azide, NaN; (0.05%), for four hours. After treatment, cells
were lysed and processed for Western blotting, as described avove.
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3.5. Discussion

Insulin receptor signaling plays a vital role in cell growth and metabolism and it is
important to understand how nutrient and energy availability affect insulin receptor expression.
Here we showed that decreasing intracellular ATP via the metabolic inhibitors, 2DG and sodium
azide, specifically decreased insulin receptor protein levels, without altering protein expression
of other insulin signaling proteins or an unrelated transmembrane protein. Mitochondrial
dysfunction has been implicated in the development of insulin resistance (Petersen et al., 2003)
and type 2 diabetes (Lowell and Shulman, 2005) and our observations here support the role of
mitochondrial function in ATP production to mediate insulin receptor expression. Furthermore,
RTK overexpression has been observed in a variety of cancers and the decreased IR expression
observed after metabolic inhibition may provide a possible explanation for the increased
sensitivity of tumor cells to glycolytic inhibitors when oxidative phosphorylation was inhibited
(Liu et al., 2001).

The decrease in IR protein levels with metabolic inhibition may have been mediated by a
decrease in insulin receptor mRNA expression, as suggested by previous studies involving
glucose starvation (Briata et al., 1990). However, decreased cellular ATP mediated by 2DG and
sodium azide elicits effects distinct from those shown by Puig et al wherein they demonstrated
that serum-deprivation of insect cells leads to an increase in IR expression (Puig and Tjian, 2005;
Puig and Tjian, 2006). These results suggest that availability of glucose or ATP may trigger
mechanisms that regulate IR expression that are distinct from those mediated by growth factor
signaling.

The increased IR expression we observe after inhibiting PI3K/AKT/mTOR signaling on

IR expression is in agreement with previous observations from serum deprivation experiments
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demonstrating negative feedback on IR levels. Inhibition of insulin signaling reflects a similar

situation in which cells are starved of growth factors and thus both conditions lead to increased
insulin receptor expression. In addition, it has been shown that inhibition of PI3K activity
phenocopies starvation in Drosophila (Britton et al., 2002) and our observations here further
strengthens the similarity in effects on IR expression mediated by inhibiting insulin signaling
activity with growth factor deprivation (Puig and Tjian, 2005; Puig and Tjian, 2006).
Furthermore, glycosylation plays an important role in protein processing of the insulin
receptor (Hwang and Frost, 1999; Leconte et al., 1994) and the effect of metabolic inhibitors on
post-translational maturation of the IR protein would need to be addressed, in addition to its role
in IR mRNA transcription. Moreover, effects on protein synthesis itself will also need to be
considered as mammalian translation factors have been shown to be affected by nutrient
availability (Proud, 2002). The decrease in IR protein levels we observe with metabolic
inhibitors may be due to decreased protein translation, induced by depletion of intracellular ATP.
Together, our observations from this study show that depleting intracellular ATP with
both glycolytic and mitochondrial inhibitors specifically reduced IR protein expression and that
this decrease was attenuated by inhibiting signaling through the receptor through either
pharmacological or genetic manipulation of PI3K, AKT or mTOR. Thus, redox flux and insulin

signaling through PI3K both coordinately regulate IR expression.
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Chapter 4

Calreticulin and Hsp90 Stabilize the Human Insulin
Receptor and Promote Its Mobility in the
Endoplasmic Reticulum

The work presented in Chapter 4 has been published with the following citation:
Ramos, R.R., Swanson, A.J., Bass, J. (2007). Calreticulin and Hsp90 stabilize the human insulin
receptor and promote its mobility in the ER. PNAS 704, 10470-10475.
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4.1. Abstract

Elimination of misfolded membrane proteins in the ER affects cell survival and growth
and can be triggered by either local physiologic events or disease-associated mutations.
Regulation of signaling receptor degradation involves both cytosolic and ER lumenal molecular
chaperones but the mechanisms and timing of this process remain uncertain. Here we report that
calreticulin (CRT) and Hsp90 exert distinct effects on the stability and cell surface levels of
native and misfolded forms of the human insulin receptor (hIR) and a human variant found in
type A insulin resistance. CRT was unique in stabilizing the disease variant and in augmenting
hIR expression when glycolysis was abrogated. Effects of Hsp90 were independent of receptor
tyrosine phosphorylation and did not change levels of downstream signaling kinases. Live cell
imaging revealed that movement of the hIR through the ER was accelerated by misfolding or by
overexpression of either CRT or Hsp90. Together, our results indicate that both CRT and Hsp90
control expression of hIR at its earliest maturation stages and modulate its movement within the

ER prior to either degradation or cell surface expression.
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4.2. Introduction

The early maturation of transmembrane signaling receptor tyrosine kinases (RTKs)
occurs in the endoplasmic reticulum (ER) under the surveillance of an intricate quality control
(QC) system that redirects mutant or improperly processed proteins to ER-associated degradation
(ERAD) (reviewed in (McCracken and Brodsky, 2005; Meusser et al., 2005)). The level of
expression and activity of RTKs affects cell metabolism and growth and is thought to involve a
network of protein folding enzymes, molecular chaperones and proteases on both sides of the ER
membrane. However, how these individual ER and cytosolic factors collaborate to redirect
mutant or misprocessed receptors to degradation and the factors that modulate cell surface levels
of wild-type RTKs under basal conditions are not fully known.

Studies of exogenous viral membrane protein folding have led to a model implicating
glycan maturation as a key step in signaling receptor quality control (Hammond et al., 1994).
This process begins with the binding of calnexin (CNX) and calreticulin (CRT) to N-linked
carbohydrates, and proceeds with cycles of glucosylation and deglucosylation that are coupled to
maturation and CNX/CRT dissociation (Molinari et al., 2004; Parodi, 2000a). Thus, CNX/CRT
are candidates for control of RTK expression. In addition to ER lumenal chaperones, RTK
expression is also influenced by Hsp90, one of the most abundant cytosolic proteins. Inhibiting
Hsp90 leads to degradation of RTKs through effects that involve autophosphorylation (Cabrera
et al., 1996). However, Hsp90 also participates in ERAD of non-phosphorylated ER proteins
including the cystic fibrosis transmembrane conductance regulator (CFTR) (Loo et al., 1998).

An additional important mechanism involved in control of RTK expression involves the
movement of these proteins through the ER, a process dependent upon the rate of folding,

oligomerization, and binding and dissociation from both ER lumenal and cytosolic chaperones.
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Here we have analyzed the spatiotemporal dynamics in the maturation and quality control of the

human insulin receptor (hIR), a prototypical RTK, to better understand stages in receptor
expression that affect its function and delivery to the cell surface. Previous studies have
established distinct stages in the maturation of the hIR, a major RTK involved in metabolism and
energy balance. Receptor folding, glycosylation and dimerization are post-translational steps
involved in the acquisition of the active binding site for insulin (Elleman et al., 2000; Olson et
al., 1988). Previously, we exploited chemical crosslinking to identify the major molecular
components associated with the nascent insulin receptor and the impact of N-linked
glycosylation on IR biogenesis (Bass et al., 1998). We found that the immature receptor
monomer is present in complexes comprised of the glycan-specific chaperones CNX and CRT in
addition to BiP, and that CRT was the predominant ER lumenal chaperone associated with the
newly translated receptor. Previous studies have also shown that Hsp90 interacts with the hIR on
its cytosolic surface. However, the effect of Hsp90 and the possible involvement of kinase
phosphorylation in receptor degradation remain controversial. Thus, to better define the roles of
CRT and Hsp90 in ERAD of the hIR, we exploited novel bioluminescent forms of both the
native protein and a misfolded disease variant and investigated how interactions with lumenal

and cytosolic chaperones influence the steady state expression of functional receptors.
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4.3. Materials and Methods

Miscellaneous

Molecular biology reagents were purchased from Pierce, Cell Signaling and Stressgen. The
mAD 83-14 was a gift from K. Siddle (Cambridge, UK). Purified bovine insulin was from Novo
Nordisk. The Hsp90 cDNA was a gift of Dr. R. Morimoto (Northwestern University) and
subcloned into pPBK-CMV. The calreticulin cDNA was a gift of Dr. M. Michalak (University of

Alberta).

Mutagenesis of hIR tyrosine kinase domain

Site-directed mutagenesis of the hIR was conducted using QuikChange® (Stratagene).
Forward/reverse strand primers for hIRY" were 5'-GACCAGAGACATCTTTGAAA
CGGATTTCTTCCGGAAAGG-3’/5’CCTTTCCGGAAGAAATCCGTTTCAAAGATCTCTCG
CTC-3’ for mutagenesis of tyrosines in the catalytic triad of the hIR kinase domain at amino acid

position 1158, 1162 and 1163 to phenylalanine (the mutated nucleotides are underlined).

Cloning of hIR-GFP

The terminal region of the 3’end of wild-type hIR from pSel-hIR was amplified with Pfu Turbo
polymerase using forward and reverse primers (5’-GACGGTACCAGATCTTGCG
CATGTGCTGGCAATTC-3’/5’-CGAGGGGCCCGGAAGGATTGGACCGAGGCAAG-3’), to
facilitate cloning hIR in-frame into the pEGFP-N2 vector (Clontech). The 355 bp PCR product
was blunt ligated into pCR-BluntII-TOPO (Invitrogen). An EcoRI/Apal fragment was then

subcloned into the MCS of pEGFP-N2. An Xbal/EcoRI fragment of pSel-HIR was then
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subcloned into the Nhel/EcoRI sites of pEGFP-N2. The entire hIR-GFP cDNA was sequenced at

restriction junctions and across the entire coding region of the hIR.

Biotinylation, immunoprecipitation, gel electrophoresis and immunoblotting

Transient transfections were performed in 293T HEK cells using Lipofectamine 2000
(Invitrogen) and grown in conditions as described previously. Biotinylation, cell lysis,
immunoprecipitation, gel electrophoresis and immunoblotting were performed as previously
described (Bass et al., 1998). For studies of IR expression, total protein was measured (Bradford
assay) and equivalent protein amounts were immunoprecipitated with anti-IR a antibody (8314)
or loaded directly onto an SDS gel. Tubulin blotting was performed on all Western blots to

confirm equivalent amounts of total loaded protein.

Metabolic labeling

293T cells were starved for 1 hour by preincubation in met/cys-free DME containing 5%
dialyzed FBS. Pulse labeling was then performed by addition of met/cys-free medium
containing 200 uCi/mL of [*°S] methionine and [**S] cysteine for 1 hr and chased with cold
media for up to 18 hours. After each time point, cells were washed and equivalent amounts of

lysates were immunoprecipitated with anti-IR o (8314) and processed as described previously.

Photobleaching and live cell imaging
293T HEK cells were seeded on 35-mm dishes with coverslip bottoms obtained from MatTek
(Ashland, MA) and transfected with the appropriate cDNA. After transfection, cells were either

incubated with 5 ug/mL of brefeldin A (Sigma) for a minimum of 6 hours, or dishes were
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directly mounted onto a Zeiss 510 confocal laser scanning microscope and maintained at 37°C

for the duration of the experiment. The 488-nm and 405-nm lasers and 100x plan apo objective
were used in imaging. An ER-specific dye, ER-Tracker-Blue-White (Invitrogen), was used to
specifically label the ER prior to targeted photobleaching. A laser power of 2.5-5% transmission
was used in image acquisition and 100% transmission was used for photobleaching. For FRAP
analysis, a single image was taken at 4™ zoom power and an area of ~1um?® was bleached for 3
seconds (100 iterations), after which an image was collected every 2 seconds until fluorescence
recovery had plateaued. Relative fluorescence intensity (RFI) and mobile fraction were
determined as described previously (Kim et al., 2002). Since the photobleached region was a
circular area, the diffusion coefficient was determined for two-dimensional recovery in spot
photobleaching (Axelrod et al., 1976). Briefly, an RFI versus time curve was fit to the equation
F=Ffina[ 1-exp(-nDt/w?)], where w? is the bleached area and D is the effective diffusion
coefficient. Prism software 4.0 (GraphPad Software) was used to determine the D value that
allowed best-fit with earlier time points and to perform one-way ANOVA to test for statistical

significance.
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4.4. Results

Calreticulin, an ER chaperone, buffers degradation of the insulin receptor

Expression of unliganded RTK proteins in mammalian cells varies under different
physiologic conditions and is also linked to protein structural maturation. Regulation of hIR
during its biogenesis can be monitored through a series of characteristic gel shifts that
correspond with movement of its pro-form (220 kD) from ER to trans Golgi, where it is cleaved
into o and P subunits of 135 and 90 kD, respectively (Olson et al., 1988). We and others have
previously demonstrated that glucose deprivation and insulin resistance lead to reduced
expression of the insulin receptor (Bass et al., 1998; Hwang et al., 2000). For example,
following exposure of cells to 2-deoxyglucose (2DG), a non-metabolizable glucose analogue that
blocks the production of UDP-glucose, we observed a reduction in the amount of immature
prolR and mature IR  (Figure 4.1A, left panel, lane 2)), and abnormalities in the gel migration
of the prolR, consistent with impaired glycan processing. The magnitude of receptor
degradation caused by 2DG was similar to the effects of inhibition of glycan modification with
castanospermine (CST), an inhibitor of glucosidases I and II in the ER (Figure 4.1A, right panel,
lane 2). The decrease in steady-state levels of the receptor was due to proteasomal degradation
since treatment with lactacystin, a potent proteasomal inhibitor, attenuated the reduction in hIR
induced by 2DG. We also used pulse-chase labeling to determine whether the reduction in
receptor levels was due to increased degradation. Figure 4.1B shows that pretreatment with 2DG
and CST decreased the stability and increased degradation of the receptor. Together, these
observations indicated that impaired glycan maturation and/or reduced availability of

intracellular UDP-glucose trigger receptor downregulation.
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Figure 4.1. ER chaperone CRT selectively attenuates ER-associated degradation of IR
induced by altered N-linked glycosylation. A. 293T cells stably expressing hIR were treated
with 50mM 2DG for 20 hrs (left panel) or ImM CST for 72 hrs (right panel) with or without 4.5
uM lactacystin. Cell lysates were processed as described previously and immunoblotted with
anti-IR f and anti-tubulin. Closed and open triangles refer to prolR and hIR [ subunits,
respectively. B. Cells were pre-treated with 2DG or CST prior to performing pulse-chase
analysis. Lysates from the pulse (P) and 6-hr chase (C) were processed as described previously.
C. Cells were transfected with an empty vector or with CRT cDNA and treated with 2DG or CST
and processed as above. Circles and diamonds indicate N-linked glycans and terminal glucose,
respectively. D. Cells stably expressing hIR were transfected with an empty vector or with CRT
cDNA and treated with 2DG as above. Cell surface receptors were biotinylated and analyzed as
described previously. E. Pulse-chase was performed on cells transfected with an empty vector or
with CRT cDNA. Lysates were harvested immediately after the pulse (P) and 6-hr chase (C) and
processed as described previously.
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In previous studies we identified hIR-CRT interactions as an important step linking

glucose metabolism to receptor maturation (Bass et al., 1998). We therefore sought to determine
whether changes in CRT levels affect expression of the hIR in cells grown under normal
concentrations of glucose or following inhibition of glycolysis. We found that CRT
overexpression overcame degradation of the hIR induced by either 2DG or CST (Figure 4.1C,
lanes 5-6). Interestingly, CRT did not alter basal expression of two signaling proteins
downstream of the IR, mTOR and p70S6K (reviewed in (Wullschleger et al., 2006)), consistent
with its restricted role in maturation of proteins in the secretory pathway. Moreover, the effect of
CRT on hIR was selective since expression of another transmembrane glycoprotein, the
muscarinic acetylcholine (Ach) receptor, was unchanged under identical conditions. More
importantly, under both basal conditions and following glycan misprocessing, CRT increased not
only steady-state levels of the nascent hIR proreceptor and total processed f-subunit, but also
increased the cell surface expression of the mature receptor (Figure 4.1D). In addition, pulse-
chase experiments also showed that CRT overexpression increased the stability of mature o and
[ subunits of the hIR (Figure 4.1E). These results indicate that CRT may function independently
of glycan binding to stabilize the hIR. Interestingly, glycan-independent interactions of CRT
have also been observed with IgY, citrate synthase and malate dehydrogenase (Leach et al.,
2002; Saito et al., 1999).

Second, we directly tested the effects of CRT on expression of a missense mutant variant
of the receptor (hIRmut) (Figure 4.2A) that we discovered in a young woman with classical type

mut

A insulin resistance (Bass et al., 2000). We previously reported that the hIR™ protein is present

primarily as an immature precursor (prolR) that is converted to an 80 kD species that is rapidly
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Figure 4.2. CRT abrogates ER-associated degradation of IR from subject with congenital
type A insulin resistance. A. The Leu—Pro mutation at aa62 (*L62P) is in the first leucine-rich
repeat domain (L1) of the IR. Protein domains in the IR include: leucine-rich repeat domains
(LT and L2), cys-rich region, fibronectin type III domains (Fn,, Fn,, Fn,) and Fn, insert,
transmembrane (TM), juxtamembrane (JM) and tyrosine kinase (TK) domains, and carboxy-
terminal tail (CT). Furin recognition at the RKRR site cleaves the polypeptide into o and 3
subunits. B. 293T cells were transfected with wild-type hIR or hIR™ cDNA. Cell surface
receptors were biotinylated and processed as described previously. C. Cells were transfected
with hIR™ ¢cDNA alone or with CRT ¢cDNA and processed for Western blotting or for pulse-
chase analysis (D), as described previously.
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degraded and unable to reach the cell surface (Figure 4.2B). When we examined processing of

the hIR™" variant, we found that glycan maturation was altered and interactions with calreticulin
were prolonged (Bass et al., 1998). However, the effect of CRT on maturation and homeostasis
of the mutant receptor was not previously investigated. Here, we show that overexpression of
CRT increased the steady-state levels of hIR™ (Figure 4.2C) and stabilized the prolR™" (Figure
4.2D). Nonetheless, CRT had no effect on cell surface expression of hIR™ (data not shown).
Taken together, our results suggest that CRT buffers the expression of the native wild-type
protein and has the capacity to attenuate degradation when glucose metabolism is abrogated.
However, severe structural disruption caused by human mutations in the hIR gene could not be

overcome by CRT overexpression.

Cytoplasmic Hsp90 stabilizes the nascent insulin receptor

In addition to binding to CRT within the lumenal surface of the ER, the transmembrane
IR kinase is positioned in the cytoplasm where it interacts with cytosolic Hsp90. Since the
effects of Hsp90 and its mechanism of action in controlling RTK expression have not yet been
fully elucidated, we next examined how the cytosolic chaperone Hsp90 might affect levels of
wild-type receptors. We took advantage of the ansamycin geldanamycin (GA), an Hsp90
inhibitor, to delineate the impact of cytoplasmic Hsp90 on receptor maturation, as GA has been
previously shown to exhibit 3-fold higher affinity for cytoplasmic Hsp90 than for ER lumenal
Grp94 (Xu et al., 2001), and association of hIR with Grp94 was not observed by co-
immunoprecipitation (Bass et al., 1998). In contrast to our studies with glycan inhibition, we

found that inhibitors of Hsp90 led to complete degradation of the fully processed cell surface
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receptor and an increase in immature prolR (Figs. 4.3A and B, lanes 1 and 2). Receptor

degradation following inhibition of Hsp90 was blocked by lactacystin, a potent proteasomal
inhibitor (Figs. 4.3A and B, lane 3). Furthermore, lysosomal function was not required for
ansamycin-mediated hIR degradation since addition of a lysosomal inhibitor, ammonium
chloride, did not abrogate degradation induced by GA (Figure 4.3C, lane 4). Since previous
studies had demonstrated a role for the kinase domain in degradation of the homologous RTK,
ErbB2 (Xu et al., 2001), we tested the effect of GA on a kinase-dead insulin receptor variant
(hIRY*") (Figure 4.3D). Surprisingly, the kinase-dead insulin receptor variant was still degraded
in the presence of GA (Figure 4.3E), indicating that Hsp90 interactions involve the non-
phosphorylated receptor. We also found that overexpression of Hsp90 led to increased levels of
the mature  subunits of hIR (Figure 4.3F, lane 3) whereas inhibition of Hsp90 with GA caused
the accumulation of the immature species (Figure 4.3F, lanes 2 and 4). We conclude that Hsp90
function is important in the conversion of immature prolR to its mature o/f} subunits. These
studies also reveal that Hsp90 selectively affects hIR levels since the downstream levels of
mTOR, and the unrelated transferrin receptor, were not altered under identical conditions (Figure

4.3F).

Non-overlapping function of CRT and Hsp90 in hIR quality control

To test whether the effects of CRT and Hsp90 on hIR expression were functionally
overlapping or distinct, we tested the reciprocal effects of each chaperone in the presence of
either glycolytic inhibition (2DG) or Hsp90 blockade (GA). Figure 4.4A, lane 3 shows that CRT

increased the basal level of hIR expression in cells grown in standard medium and following
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Figure 4.3. Kinase-independent ansamycin degradation of the hIR is attenuated by Hsp90.
A. 293T cells expressing wild-type hIR were treated with either carrier, 4.5 uM GA, or both GA
and 9.5uM lactacystin, for 20 hrs. Cell surface receptors were biotinylated and processed as
described previously. B. Blot in A was stripped and re-probed with anti-IR . Circles and
diamonds indicate N-linked glycans and terminal glucose, respectively. C. 293T cells were
treated with GA and either lactacystin or ammonium chloride (25mM) for 20 hrs. and lysates
were processed as described previously. D. 293T cells were transfected with either wild-type
hIR or hIR** ¢cDNA, serum-deprived for 24 hours before treatment with 107 M insulin for 5
mins. Cell lysates were immunoprecipitated with anti-IR o (8314) and processed for Western
blotting with anti-IR  (top) and anti-phosphotyrosine antibodies (bottom). E. Cells were
transfected with either wild-type hIR or hIR ¢cDNA and treated with either carrier
(0.5%DMSO) or 4.5uM GA for 20 hours. Cell lysates were processed as described previously.
F. 293T cells stably expressing wild-type hIR were transfected with an empty expression vector
or Hsp90 cDNA and treated with either DMSO or GA and processed as described previously.
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Figure 4.4. CRT and Hsp90 have independent roles in ERAD of IR. A. 293T cells
expressing wild-type hIR were transfected with an empty vector or with CRT cDNA and treated
with carrier or 4.5uM GA for 20 hrs. Cell lysates were processed as described previously. B.
Cells stably expressing wild-type hIR were transfected with an empty vector or with Hsp90
cDNA and treated with either carrier or 50mM 2DG and ysates were processed as described
previously. C. Cells were transfected with hIR™ ¢cDNA alone or with Hsp90 cDNA and lysates
were processed as described previously.
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2DG treatment (Figure 4.1C), but did not stabilize degradation induced by GA (Figure 4.4A, lane

4). Conversely, overexpression of cytosolic Hsp90 enhanced basal levels of wild-type hIR
expression (Figure 4.4B, lane 3, and in Figure 4.3F), but did not attenuate degradation of hIR
induced by glycolytic inhibition with 2DG (Figure 4.4B, lane 4). Interestingly, we found that
CRT had a more potent effect on stabilizing the disease-causing mutant than Hsp90 (compare
Figure 4.4C with Figure 4.2C). Together, these results indicate that the capacity of ER and
cytoplasmic chaperones to attenuate degradation of a membrane-spanning protein are non-
overlapping and may be dependent upon the location of the misfolded domain within the ER

lumen or cytosol.

Effect of mutation in lumenal domain on diffusional mobility within the ER

To extend our biochemical analyses of folding of wild-type and disease-associated IR, we
generated novel wild-type and mutant IR-GFP chimeras and established live cell imaging
techniques to monitor the dynamics of this process. Fusion to GFP did not impair biogenesis
(Figure 4.5A, C-E), nor signaling of the chimeric protein compared to wild-type receptors
(Figure 4.5B). Two strategies enabled us to restrict our analysis of hIR movement within the
ER: first, we used brefeldin A (BFA) to block ER-Golgi transport, and second, we analyzed
movement of misfolded hIR™-GFP chimeras that remain trapped in the ER (Figure 4.6A). We
used fluorescence recovery after photobleaching (FRAP) to compare the kinetics of movement of
the wild-type with those of the ER-trapped hIR™'-GFP chimera. A region of the ER was rapidly
bleached at 100% laser power to reduce fluorescence to 10-20% of its initial value and

subsequent fluorescence recovery was monitored using an attenuated laser.
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Figure 4.5. Characterization of bioluminescent hIR-GFP chimeras. A. Green fluorescent
protein (GFP) was fused in-frame to the carboxy terminus of the insulin receptor (hIR-GFP) as
described in the Methods. 293T cells were transfected with either hIR or hIR-GFP ¢cDNA and
processed as described previously. B. 293T cells transfected with either hIR or hIR-GFP cDNA
were serum-starved 24 hours prior to incubation with 107 M insulin for 5 minutes and processed
as described previously. Green triangles refer to IR-GFP fusion proteins. C. 293T cells were
transfected with either hIR or hIR-GFP c¢cDNA and processed for pulse-chase analysis as
described previously. D. Cells expressing hIR or hIR-GFP were fixed, permeabilized, incubated
with mouse anti-IR o (8314) followed by Texas Red donkey anti-mouse as the secondary
antibody. GFP (green, Panel 1) and Texas Red (red, Panel 2) fluorescence were visualized using
epifluorescence. Nuclei were stained with DAPI (blue). Bar = 10 microns. E. Cells expressing
hIR™-GFP were fixed and kept intact (top) or permeabilized with Triton-X (bottom) and then
processed as above.

+Triton-X
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Figure 4.6. Visualization of ER mobility of wild-type and mutant hIR by live-cell imaging.
A. Live 293T cells expressing hIR-GFP or hIR™-GFP were incubated in media alone, or in the
presence of Sug/mL BFA, at 37°C. Images were obtained at 100X magnification and 4X zoom.
Bar = 10 microns. B. Live 293T cells expressing hIR-GFP in the presence of BFA (top) or
hIR™-GFP (bottom) were kept at 37°C on a temperature-controlled stage using a Zeiss LSM 510
laser confocal microscope. FRAP was performed on these cells as described in the Methods. C.
The live cells were incubated with an ER-specific dye (ER Tracker Blue-White) for 15 mins at
37°C prior to FRAP for targeted bleaching of the hIR-GFP within the ER. D. The ratio between
mean fluorescent intensity in the photobleached ER region and in a non-photobleached region of
the cell (relative fluorescent intensity) was plotted as a function of time to generate a
fluorescence recovery curve, as described in the Methods.
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Fluorescence recovery curves were generated as described (Axelrod et al., 1976; Ellenberg et al.,

1997; Kim et al., 2002; Lippincott-Schwartz et al., 2001), and the diffusion coefficient (D) and
mobile fraction (M) were then calculated. Figure 4.6B shows a comparison of time-lapse
images captured by FRAP of wild-type hIR-GFP in the presence of BFA and hIR™-GFP.
Studies of hIR-GFP monitored in BFA-treated cells, and untreated cells expressing hIR™-GFP,
revealed a typical ER distribution that was confirmed by colocalization using an ER tracker dye
(Figure 4.6C). Quantitation of fluorescence recovery in the photobleached area showed that both
wild-type and mutant hIR-GFP had similar mobile fractions within the ER and diffusion
coefficients of 2.3 and 3.4 x 10" cm?s, respectively (Figure 4.6D and Table 4.1). Our
observations with FRAP analysis were further confirmed when we also performed studies using
fluorescence loss in photobleaching (FLIP) (Figure 4.7). Specifically, by continuously bleaching
a focal region within the ER and then monitoring loss of fluorescence in adjacent, but distinct,
regions of the cell, we detected equivalent disappearance of fluorescent signal in cells expressing
either wild-type or the mutant ER-trapped variant. Interestingly, the misfolded receptor
exhibited a significantly higher diffusion rate compared to that of the wild-type hIR (Table 4.1).
However, in cells expressing the wild-type receptor, we did not observe a difference in diffusion
rate following incubation with BFA. These results suggest that ER retention of the receptor is
not sufficient to influence its rate of diffusion but rather, alterations of structure, folding and
oligomerization are necessary to impact diffusion. Interestingly, we also observed that
augmenting chaperone expression significantly increased the diffusional mobility of wild-type
receptor, but only moderately increased the diffusional mobility of the misfolded variant. We
conclude that CRT and Hsp90 influence the mobility of the native wild-type receptor to a greater

extent than the non-native misfolded mutant variant.
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Figure 4.7. ER-retained wild-type or mutant hIR remains mobile within a continuous ER
compartment. A. Live 293T cells expressing hIR-GFP in the absence or presence of BFA (top
and middle panels, respectively) or hIR™-GFP (bottom) were maintained at 37°C on a
temperature-controlled stage using a Zeiss LSM 510 laser confocal microscope. A ~1 um? area
(white square) was continuously bleached at 100% laser power and continuous loss of
fluorescence was observed in images collected every 15 seconds (600 iterations) for 5 minutes.
Remaining intracellular pockets of hIR-GFP fluorescence in the top panel are indicated by the
white arrows. B. The ratio between mean fluorescent intensity in the photobleached ER region
and mean total fluorescence intensity of the intracellular region of the cell (relative fluorescent
intensity) was plotted as a function of time to generate a fluorescence loss curve, as described in
the methods, with n=12-14 different cells each for wild-type and mutant hIR-GFP.
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Table 4.1. Diffusion coefficients (D) and mobile fractions (M,) of hIR-GFP and hIR™-GFP

D (x10™"° cm’/s) = S. E. M;(%) = S. E.
Treatment
hIR-GFP hIR™-GFP hIR-GFP hIR™-GFP
- BFA 2.35+0.12 3.32+0.17 69.7 £ 6.3 81.0x2.9
+ BFA 2.29 £0.20 3.38 +0.30° 76.8 £4.1 82.3x44
+ CRT 3.57 £ 0.26%" 3.79 + 0.23™ 84.0 £2.2° 81.2+3.9
+ Hps90 3.55 +0.29*" 3.60 £0.37" 86.0 = 3.6" 78.0+4.9

" in the presence of BFA

n = 11-22 individual cells per set of experiments

ST p<0.05, 0.01, 0.001, respectively, compared to hIR-GFP + BFA
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4.5. Discussion

While cytosolic and lumenal molecular chaperones have been implicated in ER quality
control, the present study provides several novel findings that support a function for CRT and
Hsp90 in the dynamics of QC during biogenesis of a transmembrane signaling receptor kinase in
living cells. First, we demonstrate that CRT, a major ER lumenal chaperone, augments cell
surface expression of native wild-type proteins under basal metabolic conditions, and attenuates
degradation of a human mutant variant.

Second, our experiments clarify the mechanisms whereby Hsp90 influences cell surface
expression of one subtype of receptor tyrosine kinases. Although previous studies with EGFR
and GA indicated a role for receptor autophosphorylation in Hsp90-mediated degradation (Xu et
al., 2001), our analysis revealed that kinase-dead hIR remained susceptible to degradation
(Figure 4.3E). A related observation concerns the stage in hIR biogenesis during which cytosolic
Hsp90 affects expression. Specifically, our results showed that Hsp90 promoted the conversion
of immature hIR to mature proteolytically processed native protein (Figure 4.3A and F) which
indicate that Hsp90 affects not only the cell surface population of hIR but it may also facilitate
movement of the immature receptor to post-ER compartments and promote the progression of
the receptor through earlier stages of maturation. Indeed, previous studies with CFTR have
shown that Hsp90 participates in the ER degradation of the AF508 CFTR mutant variant (Fuller
and Cuthbert, 2000; Wang et al., 2006), indicating an important and broad role for cytosolic
Hsp90 in basal membrane protein biogenesis and quality control.

A third aspect of our studies addressed temporal dynamics of hIR movement within the
ER. Calculations from our fluorescence recovery studies showed a diffusion coefficient of

approximately 2.3-3.4 x 10"° cm*/sec for the hIR-GFP chimeras. While previous studies have
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established similar diffusion coefficients for various forms of aquaporin2 (AQP2), a multi-

spanning transmembrane protein (Levin et al., 2001), our results provide new evidence to show
comparable diffusion rates for native and misfolded proteins with single-pass topology.
Interestingly, we found that hIR™" had increased movement compared to wild-type hIR-GFP. In
contrast, previous experiments with AQP2 and CFTR showed that missense mutant variants had
mobilities equivalent to native proteins within the ER (Haggie et al., 2002; Levin et al., 2001).
More recently, mutant Gas3/PMP22, a misfolded tetraspan component of myelin protein, was
found to be less mobile than its wild-type counterpart (Fontanini et al., 2005), an effect attributed
to differences in the Stokes’ radius of the mutant protein oligomers. Additional studies support a
relationship between diffusional mobility and the physical size of the transmembrane domain
(Hughes et al., 1982; Lippincott-Schwartz et al., 2001). Given these observations, it is
noteworthy that our previous biochemical studies have shown that hIR™ does not dimerize in
the ER (Bass et al., 2000). We speculate that a reduced membrane-spanning radius and/or failure
to engage in the proper maturation steps enhances the movement of the mutant monomer through
the ER.

Fourth, our data further indicate a role for both CRT and Hsp90 in the temporal dynamics
of hIR movement. CRT significantly increased the diffusion coefficient of the wild-type hIR-
GFP, resulting in a rate of mobility similar to that of the misfolded hIR™"'-GFP (Table 4.1).
Recent analyses have shown that CRT itself is highly mobile within the ER (Snapp et al., 2006)
and may contribute to movement of its client proteins. Moreover, overexpression of BiP has
been shown to increase the solubility of paF and decrease its degradation (Kabani et al., 2003).
Thus, ER chaperones appear to generally promote protein mobility even following misfolding.

However, it should be noted that effects of each chaperone may depend upon the specific
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substrate since BiP overexpression was also shown to immobilize misfolded VSVG (Nehls et al.,

2000).

Cytosolic chaperones have been shown to play a role in ER substrate mobility and our
FRAP experiments showed that Hsp90 was also able to significantly increase mobility of the
wild-type receptor (Table 4.1). Our genetic transfection experiments extend previous
observations that inhibiting Hsp90 decreased CFTR mobility (Haggie et al., 2002) and that
Hsp90 maintains solubility of an aggregation-prone domain of CFTR (Youker et al., 2004).
Overall, we propose that Hsp90 also plays a facilitative role in transmembrane protein movement
within the ER.

Together, our studies reveal that CRT and Hsp90, chaperones found on opposite sides of
the ER membrane, exert distinct roles on the stability and mobility of the hIR, and ultimately its
cell surface expression. Our observations raise the intriguing possibility that regulation of
movement of transmembrane proteins within the ER may be substrate-specific and result from
distinct interactions with ER lumenal and cytosolic chaperones. Future studies elucidating the
spatiotemporal steps in RTK biogenesis may improve our understanding of disease conditions,
including diabetes and obesity, both of which are associated with dysregulation of IR

homeostasis.
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Chapter 5

Conclusions and Future Directions
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5.1. Conclusions

Receptor tyrosine kinases enable the cell to maintain constant communication with the
extracellular environment and facilitate the appropriate physiological response to promote cell
growth and development. Altered expression and activity of RTKs has been implicated in a
variety of diseases including metabolic disorders and a wide range of cancers. Thus, it is
important to understand the mechanisms that regulate RTK expression and degradation in order
to enable development of better therapies for metabolic disease and neoplasia.

Here, I used the insulin receptor and its signaling and biogenesis pathways as a model

system to investigate three different aspects of RTK homeostasis.

5.1.1. PI3K/AKT/mTOR signaling negatively regulates RTK expression

Previous studies have shown that downregulation of the IR and other RTKs occurs at the
cell surface via internalization upon phosphorylation of the kinase domain or via inhibitory
serine phosphorylation of the receptor or other proteins involved in the signal transduction
cascade. However, in chapter 2, I showed that activity of the PI3K/AKT/mTOR pathway, a
signal transduction cascade shared by many RTKS, directly affected IR, EGFR and IGF1-R
expression at both the protein and mRNA levels.

Deleting AKT1 in mice or knocking down AKT expression in human cells via RNAi
both showed similar increases in IR and EGFR protein expression. A corresponding increase in
mRNA transcripts was also observed. Active AKT phosphorylates FOXO leading to its
sequestration in the cytoplasm, preventing it from promoting transcription of its target genes.
Thus, deletion of AKT would increase active FOXO in the nucleus. The observed increase in IR

mRNA expression in mouse and human models when AKT was deleted confirms previous
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studies in the Drosophila insulin receptor that showed FOXO-mediated transcription of this gene

(Puig and Tjian, 2005). However, the observed increase in EGFR was unexpected. Even
though signaling through EGFR has been shown to affect FOXO activity on target genes
including dx/, Foxa2, and Insulin? (Buteau et al., 2006) and TNFa-related apoptosis inducing
ligand (Morris et al., 2005), there are no reports that implicate FOXO in transcription of another
RTK aside from the IR and IGFIR (Xuan and Zhang, 2005).

Deleting AKT in mice and human cells also showed an attenuated rate of degradation for
RTKs when new protein synthesis was inhibited, suggesting a role for AKT in the turnover of
RTKs. This decrease in degradation is independent of receptor kinase activity and
internalization via ubiquitination of phosphorylated receptors since the cells were endogenously
expressing wild-type receptors and inhibition of insulin signaling was performed downstream of
the receptor. However, the exact mechanism by which AKT activity is involved in degradation
of RTKS remains unclear.

Altering activity of PI3K confirmed initial observations that signaling through the
PI3BK/AKT/mTOR pathway negatively regulated RTK expression. These effects were probably
more directly mediated by AKT which is downstream of PI3K. Inhibiting mTOR function
resulted in a more blunted increase in RTK expression. This may be due to the different
signaling loops that AKT and mTOR are involved with that regulate each other’s activity, such
that inhibiting mTOR leads to increased AKT activity, highlighting the non-linearity of these

signaling pathways.
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5.1.2. Inhibiting PI3K signaling attenuates the decrease in IR induced by metabolic inhibitors

Recent studies have highlighted the importance of intracellular glucose and availability in
maintaining cellular homeostasis. Previous research has shown that glucose deprivation leads to
aberrant IR production (Hwang and Frost, 1999). However, the use of more specific metabolic
inhibitors such as 2-deoxyglucose, a non-metabolizable analogue of glucose, and sodium azide,
an inhibitor of the cytochrome C oxidase, enables a more targeted approach to depleting
intracellular ATP.

I showed in Chapter 3 that treatment with these metabolic inhibitors lead to a decrease in
cell surface expression and total protein levels of the insulin receptor, but did not alter protein
expression of other proteins in the insulin signaling pathway nor of unrelated transmembrane
proteins. This result is different from that observed in Drosophila experiments wherein insect
cells that were serum-deprived had increased IR production. This suggests that there may be
distinct mechanisms mediated by cellular ATP and growth factor signaling that regulate IR
expression.

To test whether the increased RTK production observed with inhibition of PI3K signaling
shown in Chapter 2 can partially rescue or reverse the decrease in IR proteins induced by
metabolic inhibitors, signaling was inhibited through both pharmacological and genetic
manipulation in combination with 2DG and sodium azide treatment. Results from Chapter 3
show that indeed, inhibiting PI3K, AKT or mTOR activity or expression attenuated the reduction
in IR levels induced by 2DG and sodium azide. These observations suggest that both redox flux

and PI3K signaling can coordinately regulate IR homeostasis.
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5.1.3. IR maturation is spatially and temporally regulated by ER luminal and cytosolic
chaperones

The observations shown in Chapters 2 and 3 involved looking at how altering growth
factor-mediated and energy-mediated signaling pathways affect the mature, functional receptor
and hinted at possible regulatory mechanisms at the earliest points of IR synthesis. In chapter 4,
I investigated the steps involved in the maturation of the IR, by specifically looking at how
interactions with chaperones topologically separated on either side of the ER membrane
influence IR homeostasis.

First, I found that perturbation of luminal domains of the IR by either perturbing N-linked
glycosylation or the introduction of a missense mutation lead to proteasomal degradation of the
receptor but was attenuated by overexpression of the cytosolic chaperone, calreticulin. Second, I
discovered that Hsp90 overexpression increased IR protein levels and that IR degradation
mediated by inhibiting Hsp90 function was independent of receptor kinase activity. Furthermore,
CRT and Hsp90 had distinct, non-overlapping roles in facilitating IR maturation.

A third aspect I investigated was diffusional mobility of the IR. Previous research has
shown that misfolded proteins can have equivalent or decreased mobilities in the ER compared
to their wild-type counterparts. However, in Chapter 4, I made a novel observation which
showed that the misfolded mutant IR had significantly increased mobility in the ER compared to
the wild-type isoform and that this mobility could not be further increased by overexpression of
CRT nor Hsp90. This demonstrated that misfolding of a luminal domain does not impede
movement within the ER and suggested that distinct intermolecular interactions within the ER

may be modulating its movement.
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5.1.4. Significance of this thesis

The results presented in this thesis provide insights into how signaling activity, cellular
metabolic status and polypeptide structural changes coordinately regulate expression and
degradation of RTKs using the insulin receptor as a model protein. In this work, I uncovered an
alternate strategy to control RTK signaling activity. I demonstrated that signaling through the
PI3K/AKT/mTOR pathway negativelys regulate receptor activity by diminishing expression and
increasing degradation of the RTK itself. Furthermore, inhibiting signaling activity partially
reversed RTK degradation induced by metabolic inhibitors. Since similar effects were observed
for IR and IGF1-R, class I RTKs, and EGFR, a class I RTK, my research findings establish a
novel regulatory mechanism important in RTK constancy and function.

In addition, my live-cell imaging experiments, using novel IR-GFP chimeras,
surprisingly revealed that misfolded receptors retained in the ER remained mobile within this
subcellular compartment and possessed a higher diffusional mobility compared to natively
folded proteins. This observation, combined with previous studies which showed equivalent or
slower diffusion of other non-native proteins, demonstrates that diffusional mobility of misfolded
proteins in the ER may be modulated by substrate-specific interactions with the quality control
machinery.

Collectively, this thesis work provides a more comprehensive understanding of the
different regulatory mechanisms involved in RTK homeostasis and may enable development of
better strategies to regulate RTK expression as a possible therapy for metabolic disease and

cancer.
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5.2. Future directions

Although several interesting and novel observations have been made in this thesis while
exploring the effects of signaling and nutrient availability on spatial and temporal regulation of
RTK homeostasis, more questions arise from these findings and I propose possible experiments

to explore these new hypotheses.

5.2.1. FOXO-mediated transcription of other RTKs

Bioinformatics methods to screen mammalian genes (Xuan and Zhang, 2005) and genetic
screens in Drosophila for DAF-16 targets (Pinkston-Gosse and Kenyon, 2007) did not reveal
new RTKs downstream of FOXO/DAF-16. Targets obtained from a chromatin
immunoprecipitation (ChIP) assay in Drosophila also did not reveal RTKs as FOXO target genes
and failed to detect a confirmed FOXO target gene, the dInR (Oh et al., 2006). The results in
chapter 2 suggests that human EGFR may also be a downstream target of FOXO, however
considering that previous general screens failed to pick up even confirmed RTKs as FOXO target
genes, perhaps a more targeted approach will be needed to investigate FOXO’s role in the
transcription of RTKs other than the IR and IGF1-R.

Given FOXO’s known roles in upregulating enzymes involved in cellular glucose
production and growth, discovering additional RTK genes that involve FOXO-mediated
transcription will provide a more comprehensive understanding of the pleiotropic effects of
FOXO.

In addition, serine phosphorylation may not only play a role in downregulation of protein
activity, but it may also facilitate additional downstream mechanisms to regulate RTK

expression. Knockdown of the serine/threonine cyclin G-associated kinase (GAK) by RNAi lead
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to a 50-fold increase in EGFR expression (Zhang et al., 2004). It will be important to learn

whether this increase in EGFR expression was mediated by FOXO, or a different pathway.

5.2.2. Regulation of FOXO expression by RTKs

PI3K and AKT activity downstream of most RTK signaling pathways has been shown to
be necessary for proteasomal degradation of FOXOs (Aoki et al., 2004; Guo et al., 2006). The
E3 ubiquitin ligase, Skp2, is responsible for recognizing phosphorylated FOXO (Ser-256),
facilitating ubiquitination and proteasomal degradation of the transcription factor. Confirming
the role of FOXO in upregulating RTK expression can be further tested by performing various
experiments that manipulate FOXO levels. First, RNAi of FOXO1 can be performed to test
whether mRNA expression of IR and other RTKSs is diminished. Second, a converse experiment
would involve generating a non-phosphorylatable FOXO mutant (Ser256Ala), preventing its
cytoplasmic sequestration and proteasomal degradation, and then examine if RTK levels
increase. However, since FOXO is involved in upregulating expression of a wide variety of
transcripts involved in cell growth and metabolism, it would be wise to monitor expression of
other target genes downstream of FOXO such as those involved in metabolic activities of the cell

like PEPCK, G-6-Pase to assess the more global impact of altered FOXO expression on the cell.

5.2.3. Translational regulation of RTK synthesis

The increase in the immature form of the IR when AKT signaling was inhibited shown in
chapter 2 suggests that increased protein synthesis may also play a role in the observed
upregulation of RTK expression. To address whether rates of translation were similarly increased

when PI3K signaling was inhibited, polyribosomes containing actively translated mRNA can be
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extracted from cells that have AKT deleted or have been treated with inhibitors of PI3K and

mTOR and the attached mRNA can be reverse-transcribed, amplified and quantitated using
primers specific for various RTKs.

However, this analysis will only show whether general protein translation rates are
affected but it will not enable identification of the type of translation initiation that occurred on
the attached mRNAs, whether it is cap-dependent or IRES-mediated translation. A way to
discriminate between these two possibilities would be to mutate the IRES sequences found
upstream of the insulin receptor promoter and see if this changes the rate of IR translation.

The very recent discovery of IRES sequences in cellular mRNA has opened up a whole
new paradigm in understanding how protein translation is regulated in metazoans. It has been
shown that serum deprivation increases IRES-mediated translation of 4EBP1, a repressor of cap-
dependent translation, thereby downregulating the bulk of protein synthesis. This phenomenon,
however, is accompanied by an increase in IR protein (Marr et al., 2007) and it has been
hypothesized that this is the mechanism by which a cell tries to conserve its resources and primes
itself for glucose uptake by increasing production of the IR. But we also know that there are
other IRES-containing sequences whose protein products are involved in a variety of cell growth
processes (Baird et al., 2006). What effect would serum-deprivation have on translation of these
other proteins and how would it help the cell cope with the nutrition-deficient conditions? In
addition to studies of IR translation, monitoring other IRES-containing mRNAs relevant to
regulation of growth might provide a more comprehensive picture of the cell’s response to such
conditions. Candidate proteins to examine would include the pro-apoptotic factor, Apafl, or
growth hormones such as fibroblast growth factor, since these proteins have previously been

shown to contain IRES sequences (reviewed in (Baird et al., 2006)).
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Would depleting cells of ATP, instead of growth factors, have a similar effect on

upregulation of IR protein synthesis? Results from chapter 3 suggested that the cell mechanisms
to cope with ATP depletion were distinct from those mediated by serum deprivation. Since
protein synthesis, whether via cap-dependent or IRES-dependent initiation requires energy, it
would be interesting to see whether IRES-mediated translation is similarly affected or whether

this pathway has developed alternative strategies to cope with nutrient depletion.

5.2.4. Effect of metabolic inhibitors on other aspects of RTK homeostasis

I showed in Chapters 3 and 4 that metabolic inhibition results in decreased IR protein
levels but we did not investigate its effect on RTK transcription. Previous studies have shown
that depletion of ATP can prevent phosphorylation and activation of proteins in the cell. It would
be intriguing to see whether FOXO-mediated transcription is affected by depletion of ATP.
Secondly, would movement of RTKs within the ER and through the secretory pathway be
affecected by ATP availability?

In addition, recent studies have shown that ATP levels can be regulated by AKT by
inhibiting AMP-activated protein kinase (AMPK), a kinase activated by ATP depletion (Hahn-
Windgassen et al., 2005). In addition, mTOR is also responsive to intracellular ATP and may act
downstream of AKT as inhibition of AMPK prevents phosphorylation of tuberous sclerosis
complex 2 (TSC2), an inhibitor of the Rheb GTPase that activates mTOR (Inoki et al., 2003).
Understanding how metabolic changes in the cell may similarly affect other important signaling

pathways is crucial to obtaining a more comprehensive understanding of its cellular response.
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5.2.5. Signal transactivation between other receptors

Crosstalk between different receptors resulting in multi-dimensional signaling between
various receptors has been observed between different members of the RTK family. In addition,
crosstalk between RTKs and other classes of receptors have also been reported. One example
involves signal transactivation between progesterone receptors and IGF1 receptors (Cui et al.,
2003; Lee et al., 2003). Given the importance of nuclear hormone receptors in the progression of
diseases such as breast cancer, where overexpression of RTKs like ErbB2 and EGFR have also
been implicated, it would be worth investigating how the signaling pathways from these two

different receptor classes may affect each other’s expression and homeostasis.

5.3. Final comments

Receptor tyrosine kinases play important roles in normal cell growth and development
and aberrant expression and function of these proteins are implicated in both metabolic disease
and tumor progression. The results presented in this thesis provide insight into how signaling
activity, cellular metabolic status, and polypeptide structural changes coordinately regulate
expression and degradation of RTKs using the insulin receptor as a model protein. Here we
provide evidence that activity of the PI3K/AKT/mTOR signaling pathway shared by various
RTKSs negatively regulates RTK homeostasis, and that inhibiting the function of the crucial
kinases involved in signal transduction upregulates RTK expression. Furthermore, inhibiting
signaling activity is able to partially protect against metabolic inhibitors by attenuating the

degradation of RTKs.
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In addition, I have established new insight into chaperone-mediated maturation of IR

biogenesis, revealing the surprising observation that misfolded receptors remained mobile within
the ER and possessed a higher diffusional mobility compared to natively folded proteins.
Elucidating the molecular components of RTK homeostasis pathways may ultimately

enable development of better strategies in therapeutic efforts to treat metabolic disease and

cancer.
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Table A.1. Sequences of optimized primers used in real-time PCR analysis for 293T HEK
and HepG?2 cell lines.

(Optimum concentrations are 10 uM except otherwise indicated.)

Name Forward primer Reverse primer
hGAPDH 5'-CCACATCGCTCAGACACCAT-3' 5'-CCAGGCGCCCAATACG-3'
hIR 3 5'-CGGAAGACAGTGAGCTGTTCG-3'" |5'-CTCGAGGGCAGCTTCAGC-3'
hErbB2 5'-CTGCTGGACATTGACGAGACA-3' 5'-GCCGGCGGAGAATGG-3'
hTrfRecl 5-GCTTTCCCTTTCCTTGCATATTC-3' |5'-GGTGGTACCCAAATAAGGATAATCTG-3'
hAKTI1 5'-AGCGACGTGGCTATTGTGAAG-3' 5'-GCCGCCAGGTCTTGATGTAC-3'
hAKT?2 5'- TGGCGGTCAGCAAGGCACG-3' 5'- CGGCCAGTGGCCTTCTCCC - 3
hAKT3 5'-CTGTGGCACTCCAGAATATCTG-3" |5'- TGCTCGGCCATAGTCATTATC - 3'
hmTOR (5uM) |5'-TCCCCAAAGTGCTGCAGTACTAC-3' |5'- CTCATCGCGGGCTTGGT - 3'
hIRS-1 5'-CCAGAAGCAGCCAGAGGAC-3' 5'-GTCTGGGTACCCATGAGTTAGAAGAG-3'
hp70S6K-1 5'-CGGGCTCTGAGGATGAG-3' 5'-GCCAAGTTCATATGGTCCAACTCC-3'

h4EBP1

5'-GGCGGCACGCTCTTCA -3'

5'- TCAGGAATTTCCGGTCATAGATG -3'




Table A.2. Sequences of optimized primers used in real-time PCR analysis for MEFs from

wild-type and AKT1" mice.

(Optimum concentrations are 10 uM except otherwise indicated.)

Name Forward primer Reverse primer
mGAPDH 5’-CAAGAAGTAAGAAACCCTGGACC-3°  |5’-CGAGGTGGGATAGGGCCTCT-3’
mlIR 5'-CATGGATGGAGGCTATCTGGAT-3' 5'-GGGTTGAACTGCCAGCACAT-3'
mEGFR-2 5’-GAGGCAGGGAGTGCGTGG-3’ 5’-GATGTTCATGGCCTGGGGC-3’
mTrfRecl-1 5'-CCCGTTGTTGAGGCAGACC-3' 5'-CCCTGATGACTGAGATGGCGG-3'
mAKTI1-1 (5uM) |5-CTTCCATGTGGAAACGCC-3' 5'-CTTGAGTCCATCTGCCAC-3'
mAKT2-1 5'-GGATGAAGTCGCCCACAC-3' 5'-CGGTCATGGGTCTGGAAG-3'
mAKT3-1 5'-CCCCGAACACTCTCTTCAGATGC-3' 5'-ATCTGGCCCTCCACCAAGG-3'
mFOXO1-1 5'-GAGCGTGCCCTACTTCAAGG-3' 5'-GCTGTGAAGGGACAGATTGTGG-3'
mmTOR #3 5'-CGCCTGGCTGCATTCC-3' 5'-CACAGCTCAGGACATGGTTCA-3'

mplI3Kp85a-2

5'-GCAGGGCTGCTATGCCTG-3'

5'-CAGGTTGTAGGGCTCGGC-3'

mplI3Kp110a-2

5'-CCAATTGGTCCGTGTCCCG-3'

5'-CCCGGGTGCAAAGTGCTC-3'

mp70S6K-1 (5uM)

5’-GCCAGAAGATGCAGGCTCTGA-3’

5’-TCCCCCATGGTCCATGCTTTC-3’

mp85S6K-1 5'-CACAGCTGGGTGTCAGGC-3' 5'-GGGCATCTTTGGACTGCTCC-3'
m4EBP1 (5uM) 5'-CCACAGGTGAGTTCCGACACT-3' 5'-GCACGCTCTTCAGCACCAC-3'
mIRS1-1 5'-AGGTGGGACTGACTCGGAGAT-3' 5'-ACTGATGCTGGACGGGACAT-3'

mIRS2-1

5'-GCCGCTCCATGTCCATGC-3'

5'-GGTGATGCAGTGGATGAGGCA-3'




Table A.3. Sequences of optimized primers used in real-time PCR analysis for liver
samples from wild-type and AKT1" mice.

(Optimum concentrations are 10 uM except otherwise indicated.)
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Name Forward primer Reverse primer
mGAPDH 5’-CAAGAAGTAAGAAACCCTGGACC-3’ 5’-CGAGGTGGGATAGGGCCTCT-3’
mIR-2 5'- GAT CAT CAA CAT CCG AGG GGG C-3' |5'- AGA GCA TAG GAG CGG CGG -3'
mEGFR-1 5’-GCTGGGGAGGAGGAGAGG-3° 5’-GGC AGC AGT CAC TGG GG-3
mTrfRecl-1 5'-CCCGTTGTTGAGGCAGACC-3' 5'-CCCTGATGACTGAGATGGCGG-3'
mAKTI1-1 (5uM) |5-CTTCCATGTGGAAACGCC-3' 5'-CTTGAGTCCATCTGCCAC-3'
mAKT2-1 5'-GGATGAAGTCGCCCACAC-3' 5'-CGGTCATGGGTCTGGAAG-3'
mAKT3-1 5'-CCCCGAACACTCTCTTCAGATGC-3' 5'-ATCTGGCCCTCCACCAAGG-3'
mFOXO1-1 5'-GAGCGTGCCCTACTTCAAGG-3' 5'-GCTGTGAAGGGACAGATTGTGG-3'
mmTOR #3 5'-CGCCTGGCTGCATTCC-3' 5'-CACAGCTCAGGACATGGTTCA-3'

mplI3Kp85a-2

5'-GCAGGGCTGCTATGCCTG-3'

5'-CAGGTTGTAGGGCTCGGC-3'

mplI3Kp110a-2

5'-CCAATTGGTCCGTGTCCCG-3'

5'-CCCGGGTGCAAAGTGCTC-3'

mp70S6K-1 5’-GCCAGAAGATGCAGGCTCTGA-3’ 5’-TCCCCCATGGTCCATGCTTTC-3’
mp85S6K-1 5'-CACAGCTGGGTGTCAGGC-3' 5'-GGGCATCTTTGGACTGCTCC-3'
m4EBP1 5'-CCACAGGTGAGTTCCGACACT-3' 5'-GCACGCTCTTCAGCACCAC-3'
mIRS1-1 5'-AGGTGGGACTGACTCGGAGAT-3' 5'-ACTGATGCTGGACGGGACAT-3'

mIRS2-1

5'-GCCGCTCCATGTCCATGC-3'

5'-GGTGATGCAGTGGATGAGGCA-3'
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