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ABSTRACT 

Our bodies go through cycles of feeding and fasting, and in order to control blood 

glucose levels, will respond by releasing hormones such as glucagon and insulin. After 

feeding, insulin is released from the pancreatic beta cells to reduce blood glucose levels. 

When our bodies are unable to do this the result is hyperglycemia, leading to diabetes, of 

which there are two types. Type 1 diabetes is an autoimmune disease where the body's T 

cells attack and destroy the insulin producing beta cells, rendering these patients insulin-

dependent. Type 2 diabetes however, results from chronic high blood glucose levels. 

This will lead to insulin resistance and eventually beta cell apoptosis. 

Recently it was observed that the transcription factor cAMP Response Element 

Binding (CREB) protein is required for beta cell survival. Expression of a dominant-

negative CREB under the control of the beta cell specific rat insulin promoter leads to 

progressive reduction of beta cell mass and diabetes in mice. Interestingly, the same 

signals that lead to insulin secretion, cAMP and Ca2+, are required for activation of 

CREB. 

Transducers of Regulated CREB activity (TORCs) were recently identified as 

CREB coactivators that are responsible for the synergistic activation of CREB target 

genes by cAMP and Ca2+. Under resting conditions phosphorylated TORCs are 

sequestered in the cytoplasm by 14-3-3 proteins. After stimulation with cAMP and Ca2+ 

TORCs become dephosphorylated and enter the nucleus, where they bind to the bZIP 

domain of CREB to activate transcription. In the absence of these stimuli, TORC2 is 

phosphorylated by the salt inducible kinase 2 (SIK2) at S171. Treatment of 293 cells 

with cAMP leads to the phosphorylation of SIK2 and therefore the dissociation of this 
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kinase from TORC2. Additionally, the calcium responsive phosphatase calcineurin (Cn) 

in response to calcium stimuli dephosphorylates TORC2 leading to dissociation of 14-3-3 

proteins and hence TORC2 nuclear entry. 

Interestingly while 293 cells require no more than a cAMP stimulus for TORC2 

nuclear entry, beta cells remain in the cytoplasm following the same treatment. 

Additionally, only after treatment with cAMP and calcium does TORC2 lose 14-3-3 

binding and enter the nucleus of beta cells to activate CREB. My hypothesis was that 

there remained additional regulatory phosphorylation site(s) that governed TORC2:14-3-

3 binding and therefore nuclear entry of TORC2 in beta cells. 

Work in this thesis reveals that S275 is the remaining phosphorylation site that 

governs 14-3-3 binding and is regulated by glucose/Ca2+ stimuli in beta cells. This 

evidence provides an explanation for the synergistic activation of TORC2 and therefore 

CREB in response to cAMP and Ca2+. Additionally the potential kinase responsible for 

phosphorylation of this site was identified to be MARK2, a member of the AMPK family 

of kinases. 

I have identified an additional phosphorylation site in TORC2, S275 that is 

involved in 14-3-3 binding. This serine, in addition to S171 must be dephosphorylated to 

induce TORC2 nuclear entry and subsequent CREB activation. I was also able to show 

that the phosphorylation of this site is responsive to glucose in beta cells and in primary 

mouse islets. 

The goal of this thesis was to identify these remaining sites in order to uncover 

the regulatory mechanisms of TORC2-dependent CREB activation in response to cAMP 

and Ca2+ in the insulin producing beta cells, 
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Chapter J 

LITERATURE REVIEW 

Glucose Metabolism 

Glucose is a source of energy that the body requires to carry out everyday 

activities. Human bodies respond to cycles of feeding and fasting cues by releasing 

hormones to maintain blood glucose homeostasis at a concentration ranging from 4-

6mM. Hormones such as insulin and glucagon are released from the islets of Langerhans 

to mediate this homeostasis (1). These hormones respond to feeding cues from the beta 

cell and fasting cues from the alpha cell respectively (2). After feeding, glucose enters 

the beta cell though the glucose receptor GLUT-2 (3) and is oxidized, leading to 

membrane depolarization through the closure of ATP-dependent K+ channels (4). This 

membrane depolarization induces opening of the voltage sensitive L-type Ca2+ channels 

and subsequent calcium influx from extracellular as well as intracellular stores (1). The 

extracellular influx of calcium is required for insulin secretion as blockage of voltage 

gated channels with hydropyridines blocks insulin secretion (5). Intracellular calcium is 

stored in the endoplasmic reticulum and released upon binding of inositol 1,4,5-

triphosphate (IP3) to its receptor (6). Interestingly, insulin secretion itself triggers 

transcription of the insulin gene for the second peak of insulin secretion (7). 

An additional response to feeding involves incretin hormones glucagon-like 

peptide-1 (GLP1) and glucose-dependent insulinotropic peptide (GIP) being secreted 

from the small intestine. Through binding receptors on the beta cell membrane these two 

proteins are able to activate adenylate cyclase leading to the increase in levels of cAMP 
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(8). The combination of these two signals, Ca and cAMP, results in insulin being 

secreted from the beta cells of the pancreas, (Figure 1-1). 

Insulin binds to the insulin receptor located in the cell membranes of adipose and 

muscle tissues. Binding of the substrate induces one (3-subunit tyrosine kinase domain of 

the receptor to trans-autophosphorylate the flanking subunit activating the kinase (9). 

The commonly known substrates of this receptor are the insulin receptor substrate (IRS) 

family members (IRS1 and IRS2), that upon phosphorylation, will in turn activate 

phosphatidylinositol 3-kinase (PI3K). The product of PI3K, phosphatidylinositol-3,4,5-

triphosphate will recruit and activate protein kinase B (PKB) and Akt protein kinases. 

The result of this signaling pathway being activated is translocation of the glucose 

transporter-4 (GLUT-4) to the cell membrane to promote glucose uptake (10), (Figure 

1-1). 

Under fasting conditions the liver releases glucose into the bloodstream from 

glycogen stores in response to glucagon signals from the alpha cells in the pancreas. This 

glucose can also come from non-carbohydrate stores such as alanine, and glycerol 

through the process of gluconeogenesis. This process is regulated by the enzymes 

glucose-6-phophatase (G6Pase), fructose-1,6-biphosphatase and phosphoenolpyruvate 

carboxykinase (PEPCK) (11). The expression of these genes in the liver is regulated by 

peroxisome proliferator-activated receptor-y, coactivator-la (PGC-la) (12), which is in 

turn regulated by the cAMP response element binding protein (CREB) (13). Glucagon 

stimulates gluconeogenesis in times of fasting through cAMP signaling and CREB (13). 

Insulin, on the other hand has been shown to down-regulate PGC-la as the liver-specific 

insulin-receptor knockout mouse (LIRKO) expresses increased levels of this protein. 
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Figure 1-1 Schematic of signaling required for insulin secretion. 

Glucose oxidation results in increased ATP concentration in the beta cell. Elevations in 
the ATP:ADP ratio in the cell closes the K+ channels leading to depolarization of the cell 
membrane. Depolarization then leads to influx of extracellular Ca2+ and stimulation of 
insulin secretion. In addition, a rise in cAMP concentration triggered by the binding of 
GLP1 to its receptor on the beta cell membrane, leads to PKA activation and subsequent 
insulin secretion. 
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Figure 1-2 Model of insulin action. 

Insulin binds to the insulin receptor in the cell membrane and activates PI3K. The 
product of PI3K, phosphotidylinositol-3,4,5-triphosphate activates Akt to initiate the 
translocation of the glucose transporter and glucose entry into the cell. 
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In addition this mouse shows increased blood glucose levels due to the inability of insulin 

to shut down glucose production (14). Insulin has also been implicated in down-

regulation of gluconeogenesis through the Forkhead protein FoxOl, which also regulates 

PGC-la (15). In response to insulin in the liver, activated Akt inhibits FoxOl by 

phosphorylation leading to decreased PGC-la (15,16). 

Diabetes 

The inability to maintain glucose homeostasis results in diabetes. Type 1 diabetes 

is the result of an autoimmune dysfunction where the host's immune cells attack and 

destroy the beta cells and accounts for 10% of all diabetes cases (17). For a long time the 

only treatment available to these patients has been an injection the hormone insulin itself. 

However, there has been much research into various treatments such as gene therapy to 

target the immune system (18), islet transplantation (19) and (3-cell regeneration (20). 

Often following a transplant immunosuppressant drugs are used to inhibit the 

host's immune system attacking the new tissues. Two drugs that are commonly used are 

Cyclosporin A (CsA) and Tacrolimus, however, treatment can result in diabetes (21). 

The mechanism of action of these drugs is the inhibition of the serine/threonine 

phosphatase calcineurin (Cn), essentially blocking early T-cell activation by blocking 

transcription factors NFAT and CREB (22, 23). In fact, studies show that treatment of 

islets with CsA results in decreased insulin gene transcription (24) and apoptosis (25, 26). 

Additionally CsA is able to block cAMP and Ca2+ induced CREB-dependent insulin gene 

transcription (27). 
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Type 2 diabetes develops from overnutrition and chronic high glucose levels. 

This phenotype often leads to insulin resistance and later insulin deficiency caused by 

beta cell loss through apoptosis (28). Interestingly, beta-cell mass can increase during 

insulin resistance (29), mediated by the response of IRS2 to increased glucose levels (30, 

31). However, the principle difference between insulin resistance and insulin deficiency 

is the rate of apoptosis of the beta cell. Particularly, beta cell loss exceeding 60% results 

in insulin deficiency and diabetes (32). At this time, the mechanism by which 

hyperglycemia causes beta cell death is not clear, but several possibilities have surfaced. 

Glucotoxicity is calcium concentration-dependent, and results in increased gene 

expression of hexokinase-1, glucose-6-phosphatase, and the CREB antagonist CREM, 

while decreasing the expression of insulin, GLUT-2, glucokinase and calcium channel 

genes (33). Interestingly chronic high glucose abolishes phosphorylated CREB and even 

causes a decrease in CREB protein in the cell (34). 

CREB 

Structure and Function 

The cAMP response element (CRE) binding protein is a member of a 

transcription factor family that include CRE modulator (CREM) and the activating 

transcritiption factor-1 (ATF-1) that bind to cAMP response element containing 

promoters to activate transcription (35). The structure of CREB includes a kinase 

inducible domain (KID) (36), flanked by two glutamine rich domains (Ql and Q2), and a 

bZIP domain located at the carboxy terminus (37) that is required for transcriptional 

activity (38) (see Figure 1-3). CREB is phosphorylated in the KID at Serine 133 by 
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protein kinase A in response to increased cAMP in the cell (39). In basal conditions PKA 

resides in the cell as a heterotetramer consisting of two regulatory (R) and two catalytic 

(C) subunits (40). Upon cyclic AMP binding to the regulatory subunits the catalytic 

units are released from inhibition and the protein becomes active (40). CREB will bind 

to DNA as a dimer through its bZIP domains to activate transcription (41). 

Phosphorylation by PKA at SI33 promotes recruitment of the histone acetyl transferase 

CREB binding protein (CBP/p300) (42) and the glutamine-rich Q2 domain enhances the 

interaction of CREB with TAF„130/135 (43). As its name indicates CREB 

transcriptional activation is initiated in response to cAMP and will bind to cAMP 

responsive elements (TGACGTCA (44,45)). Interestingly, a study published in 2005 

had shown that CREB was found in DNA complexes of about 3000 genes (46), that's 

about 20% of the protein population. It is therefore not surprising that CREB has also 

been implicated in the regulation of many of those genes such as those involved in 

metabolism, transcription, neurotransmission, cell cycle/DNA repair, growth factors, 

reproduction/development, and cell structure (47). In addition, CREB transcriptional 

activity can be stimulated by a number of other stimuli and environmental factors such as 

EGF, testosterone, growth hormone, oxytocin, dopamine receptors, NMD A receptors, 

TGFp\ hydrogen peroxide, phospholipids, pain, Ca2+, and glucose (48). As SI33 

phosphorylation is thought to be the key element in CREB activation, many kinases in 

addition to PKA have been shown to do this in vitro and in vivo. For example, pp90 

ribosomal S6 kinase (RSK) (49), MAPKAP-K2 (50), and MSK1 (51) were shown to 
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Figure 1-3 The Structure of CREB indicating motifs and regulatory 
phosphorylation site. 

Ql and Q2 are hydrophobic glutamine-rich sequences, important for TAF„130 binding. 
The KID is the kinase inducible domain, which is responsible for binding CBP/p300. It 
also harbors SI33, which when phosphorylated, promotes binding of CBP and p300. The 
bZIP domain binds DNA and is required for transcription and is responsible for the CRE-
site specificity. 
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directly phosphorylate SI33 after stimulation with nerve growth factor. There is also 

much evidence that CREB activation is regulated by calcium signals in the cell. The 

specific kinases involved in phosphorylating SI33 in response to increased intracellular 

Ca2+ concentration are the calcium/calmodulin dependent kinases I, II, and IV, and of 

course PKA (47). 

CREB in Beta Cells 

In response to calcium signals CREB has been shown to regulate transcription of 

brain-derived neurotrophic factor (BDNF), which is important in survival and 

differentiation of neurons (52). However, of particular interest in our lab is how CREB 

regulates genes involved in beta cell survival. Recently, CREB had been implicated in 

the transcription of the insulin receptor substrate genes (IRS); which are known to be 

crucial to growth, differentiation, metabolism and survival of beta cells (53). Irs2 

knockout mice show reduced beta cell mass and a reduction in insulin content leading to 

diabetes at 10 weeks (54). Indeed the importance of this gene was demonstrated in 

human islets as overexpression of Irs2 was able to block the induction of apoptosis in 

response to chronic high glucose (55). The possible mechanism for this is that Akt, the 

survival kinase downstream of IRS 2 promotes cell survival by phosphorylating the cell 

death mediator BAD and inhibiting apoptosis (56). This is quite interesting clinically as 

beta cell loss induced by chronic high glucose is thought to be one of the key factors 

leading to type 2 diabetes (57,58). 

Jhala et al., while working with mice expressing a dominant negative CREB (A-

CREB) under the control the (3-cell specific rat insulin promotor (RIP) revealed that 

although these mice are indistinguishable from control littermates at birth, the transgenic 
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mice later develop hyperglycemia leading to overt diabetes at 12-14 weeks due to an 

insulin deficiency (59). Further investigation of this phenotype showed that although 

staining for insulin, Glut-2 and PDX-1 was comparable, there was a 70% decrease in beta 

cell mass of RIP A-CREB mice. The indication that CREB is required for (3-cell survival 

came from evidence of activation of the apoptotic program such as staining for cleaved 

caspase-3 and caspase-6 (59). Electron micrograph analysis also revealed nuclear 

condensation and fragmentation in the |3-cells of 8-week old RIP A-CREB mice. Gene 

profiling studies were carried out to determine how CREB regulates survival of these 

cells and uncovered that IRS-2 was highly regulated by cAMP and A-CREB in MIN6 

cells (59). Consistent with CREB binding to cAMP response elements, the IRS-2 

promoter contains a half CRE site and is able to bind CREB in MIN6 cells, 

demonstrating that CREB regulates transcription of IRS-2 directly (59). The 

requirement for CREB in beta cell survival was confirmed by a separate group several 

years later in human islets. Induction of human islets with dominant negative and 

inactive (SI33 to Ala) CREB mutants resulted in increased caspase-3 and 9 activity (60). 

TORC 

Structure and Function 

Recently, a family of co-activators: Transducers of Regulated CREB activity 

(TORC), were characterized by Conkright et al. in a screen of the Mammalian Genome 

Consortium encompassing 1/3 of the genome (61). This lab was screening for proteins 

that affected the activity of a CRE-containing EVX-1 luciferase reporter vector. There 

are three TORC proteins TORC1, 2 and 3 which are 32% homologous and are 
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ubiquitously expressed at low levels in all tissues (Figure 1-4). However, TORC1 was 

found to be abundant in certain regions of the brain, and increased TORC2 and TORC3 

levels were found in T and B lymphocytes (61). TORC2, our protein of interest has an 

N-terminal coiled-coil domain, a nuclear localizing sequence at aa 56-144, two nuclear 

export sequences (NES1 and NES2) between aa 145-320, and a C-terminal 

transactivation domain (Figure 1-5) (62). TORCs were shown to activate CREB via its 

bZIP domain, and interestingly, this activation was independent of CREBs S133 

phosphorylation status. Further investigation of the mechanism of TORC/CREB 

interaction revealed that TORC tetramerizes and binds through its highly conserved N-

terminal coiled coil domain to the CREB dimer (61). The specific amino acid on CREB 

required for the CREB:TORC interaction was identified as R314, as mutating this to 

alanine abolished the activating effect of TORC on CREB target gene expression (62). 

TORCs were named as coactivators because they do not bind DNA directly, but through 

their interaction with bZIP domain of CREB are able to enhance its interaction with 

TAF„130 component of the TFIID complex (61, 63). 

Calcium and cAMP signals appear to converge on CREB to promote a synergistic 

activation of transcription. Inhibition of calcium influx with nifedipine, an L-type 

calcium antagonist, blocked induction of CREB activity by glucose in MIN6 cells (mouse 

insulinoma cell line) (62). However, treatment of these cells with cyclosporine A (CsA) 

an inhibitor of the calcium responsive Ser/Thr phosphatase, calcineurin, blocked CREB 

target gene induction by both calcium and cAMP agonists. 
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Figure 1-4 TORC amino acid alignment and conservation. 

TORCs 1,2 and 3 amino acid sequence in mice (TORC1, TORC2, TORC3), zebrafish 
(zfTORC), and drosophila (dTORC). Conserved regions are shaded and regions such as 
the CREB binding domain, the regulatory region and the transactivation domain are 
boxed in red. 
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Figure 1-5 Structure of TORC indicating motifs and identified phosphorylation 
sites. 

Abbreviations are as follows: CBD (CREB binding domain), NES (nuclear export 
sequence), Ser/Pro (serine and proline rich region), TAD (transactivation doman). The 
red circles represent the 12 previously identified possible regulatory phosphorylation 
sites. 
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Further investigation of the mechanism of this activation revealed that the effect of the 

two stimuli together on CREB SI33 phosphorylation were no more than when added 

individually. Additionally, CsA did not alter the phsophorylation status of SI33 in 

response to either stimuli, indicating that there is an additional regulatory mechanism 

controlling the synergism of calcium and cAMP stimuli on CREB activation (62). 

TORC2 knockdown studies in beta cells revealed that TORC2 is the protein responsible 

for the cooperative action of calcium and cAMP on CREB (62). 

The ability of TORC2 to bind CREB is dependent on its cellular localization as it 

must bind CREB in the nucleus. Under resting conditions in either HIT-T15 (hamster 

insulinoma beta cell line) or MIN6 (mouse insulinoma beta cell line) cells TORC2 

resides in the cytoplasm and only relocates to the nucleus after both KC1 and forskolin 

(FSK), treatment, Ca2+and cAMP agonists respectively. Interestingly, TORC3 contains a 

single amino acid variant in its nuclear export sequence resulting in constitutive nuclear 

localization as well as increased CREB target gene activation (62). Similar to several 

transcription factors such as the FOXO family members (64), TORC nuclear localization 

is controlled by its phosphorylation status at specific amino acid residues. In congruence 

with this data, TORCs phosphorylation status is also regulated by cAMP signals in 293 

cells indicated by a single faster migrating species on a western blot after treatment with 

cAMP stimuli compared to a doublet under resting conditions. Interestingly, the same 

treatment in beta cells results in only partial TORC2 dephosphorylation as seen on a 

western blot (Figure 1-6). Additionally both TORC2 nuclear entry and 

dephosphorylation is inhibited after treatment with CsA. Screaton et al. identified S171 

as the amino acid dephosphorylated by cAMP signals in the beta cell line HIT-T15. 
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Figure 1-6 TORC2 is differentially phosphorylated in beta cells. 

Western blot analysis of endogenous TORC2 in HEK 293T and HIT-T15 cells with or 
without treatment of forskolin (FSK) for 0.5 hours. Membrane was probed with anti 
TORC2 from rabbit. After FSK treatment in 293 cells TORC2 is predominantly 
dephosphorylated as indicated by the lower band shift, however after the same treatment 
in beta cells, TORC2 remains approximately 50% phosphorylated. 
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Interestingly 14-3-3 proteins were recovered in immunoprecipitates of TORC2 from HIT-

T15 cells and shown to bind specifically to phospho-S171 and sequester TORC2 in the 

cytoplasm under resting conditions (62). 14-3-3s are a family of dimeric proteins that 

bind specifically to phospho-serine and threonine motifs (RSXpSXP and RXXXpSXP) 

and have important roles in cell functions such as signal transduction and apoptosis (65). 

The hypothesis of how these proteins inhibit the nuclear localization of TORC2 is that by 

binding to pS171 they may alter the conformation of TORC2 so as to disguise the NLS, 

as has been shown with class II histone deacetylases (66). Curiously, mutation of S171 

to alanine, decreased but did not abolish 14-3-3 binding indicating that although pS171 is 

sufficient for binding, it is not necessary. 

The calcium responsive phosphatase Calcineurin (Cn) was also retrieved in 

immunopreciptates of TORC2 and shown to dephosphorylate TORC2. This would 

explain the ability of CsA to inhibit de-phosphorylation (as it inhibits Calcineurin) and 

therefore nuclear entry and CREB target gene activation by TORC2. Investigation into 

the kinase that phosphorylates the regulatory S171 site uncovered the salt-inducible 

kinase 2 (SIK2). SIK2 contains an N-terminal serine/threonine protein kinase domain, a 

ubiquitin associate motif, and a C-terminal protein kinase A phosphorylation site (67). A 

member of the AMP-activated protein kinase (AMPK) family of kinases, SIK2 associates 

with wild-type but not the S171A mutant of TORC2 in the cytoplasm and becomes 

dissociated after phosphorylation by PKA, a kinase downstream of the cAMP pathway 

(62). Moreover, over-expression of SIK2 increases 14-3-3 binding to TORC2 as well as 

inhibits TORC2 nuclear localization. The model of TORC-dependent CREB activation 

is depicted in Figure 1-7. 
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Figure 1-7 Model of TORC regulation and CREB activation. 

TORC2 is sequestered in the cytoplasm of resting cells by 14-3-3 proteins that bind 
specifically to phosphorylated TORC2. Once stimulated with cAMP and Ca2+ TORC2 
becomes dephosphorylated and enters the nucleus and activates CREB-dependent gene 
transcription. In response to Ca2+, the phosphatase Calcineurin (Cn) dephosphorylates 
TORC2, and this is hindered by treatment with cyclosporine A (CsA). Additionally, 
cAMP inhibits TORC2 phosphorylation at S171 by the salt-inducible kinase (SIK2) 
through activation of PKA. 

17 



14-3-3 
Ca2+ CsA 

1433 TORC 

cytoplasm 

/ * 

S1K2 

^ 

9 
cAMP 

nucleus 

TORC 

\/r*jr*. 

mmrnm 

CREB 



TORC in Neurons 

Interestingly, TORC1, the most abundant TORC in the brain, is also regulated by 

cAMP and Ca2+ stimuli in neurons (68). Neurons and beta cells share a dependence on 

intercellular calcium concentrations for cell membrane depolarization that leads to 

secretion of neurotransmitters or insulin respectively. TORC1 is required for 

maintenance of late phase long term potentiation in the CA1 neurons of the hippocampus 

(69), confirming the importance of these proteins downstream of the second messengers 

calcium and cAMP. Additionally, TORC1 is essential for CREB-dependent 

transcription in response to cAMP and Ca2+ stimuli in cortical neurons (68). 

TORC in other Metabolic Tissues 

The involvement of TORCs in metabolism is not confined to the beta cells and 

neurons, however, TORC2 is very important in glucose metabolism in the hepatocytes of 

the liver. Glucagon released from the alpha cells in the pancreas will trigger cAMP 

signaling in the liver leading to activation of CREB target genes (47). Disruption of 

CREB activity in hepatocytes leads to hypoglycemia and a reduction in gluconeogenesis, 

revealing the requirement for CREB in gluconeogenic gene transcription (13). As 

previously stated, CREB regulates the transcription of several gluconeogenic genes such 

as PGC-la, phosphoenolpyruvate carboxy kinase (PEPCK) and glucose-6 phosphatase 

(G6Pase) (13), and this is dependent upon TORC2 (70). In hepatocytes both SIK1 

expression and AMPK activation block TORC2 nuclear entry in a S171 dependent 

mechanism. AMPK consists of three subunits, an a catalytic subunit, and two regulatory 

subunits, |3 and y. AMPK is activated by binding of AMP to the y-subunit which 
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activates the kinase activity of the a-subunit. This association with AMP promotes 

phosphorylation of Thrl72 which is required for the kinase activity (71). Metformin, a 

drug that has been used for over 10 years to treat symptoms of type 2 diabetes has been 

linked to AMPK and TORC2. Metformin has the ability to reduce blood glucose levels 

through an unknown mechanism of AMPK activation in insulin resistant states (72). In 

support of AMPKs involvement in lowering blood glucose levels, deletion of its 

upstream kinase LKB1 leads to AMPK inactivation, and hyperglyemia due to deregulated 

TORC2 dependent gluconeogenic gene expression (73). Fasting conditions require 

TORC2 in hepatocytes for gluconeogenesis when blood glucose levels are low, however 

how is this activity of TORC2 turned off after feeding? Very recently Dentin et al., 

showed that in re-feeding conditions insulin is responsible for the hepatic TORC2 re-

phosphorylation by SIK2 promoting cytoplasmic translocation and its subsequent 

proteosomal degredation (74). It has also been shown that TORC2 enhances IRS2 gene 

expression in hepatocytes and this leads to attenuation of the gluconeogenic program, 

limiting glucose output during fasting (75). 
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Rationale and Outline for the Thesis Project 

Since the identification of TORC2 as a CREB co-activator in beta cells, its 

importance in metabolism has become ever more apparent. Deletion or inhibition of 

CREB in beta cells results in increased apoptosis and decreased anti-apoptotic signaling 

(60), revealing the necessity of CREB for survival of these cells. In addition, deletion of 

TORC2 in beta cells abolishes CREB activation in response to the cAMP agonist, 

Forskolin (61). TORC2 provided the mechanism of the cooperative action of cAMP and 

Ca2+ on CREB activity. With this knowledge in mind, our lab made an important 

observation: in 293 cells TORC2 required only a cAMP stimulus to enter the nucleus 

and activate CREB, however, in the glucose responsive beta cells, both cAMP and Ca2+ 

signals were required for this very same action. Indeed previous work has shown that 14-

3-3 proteins will bind to phosphoryated TORC2 in the absence of these signals and that 

treatment of 293 cells with cAMP results in the dephosphorylation of S171 and 

subsequent nuclear entry of TORC2. However, following treatment of beta cells with 

Forskolin, or mutation of the cAMP responsive S171 to Ala, TORC2 retained 14-3-3 

binding and remained in the cytoplasm. Only treatment of both cAMP and Ca2+ resulted 

in dephosphorylation (as shown by a faster migrating species on a western blot), nuclear 

entry of TORC2 and CREB activation. This lead me to the hypothesis that there was an 

additional regulatory phosphorylation site besides S171 on TORC2 that governed 14-3-3 

binding and hence nuclear entry. Identification of this site and its regulation could 

provide insight into beta cell survival and function. 
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Chapter 2 

MATERIALS AND METHODS 

Cell Culture 

HIT-T15 (hamster insulinoma beta cell line) cells were maintained in 50% 

optimem (GIBCO), 50% Dulbecco's minimum essential medium (DMEM), with heat 

inactivated 5% fetal calf serum (FCS) and lU/ml penicillin and lug/ml streptomycin 

(P/S) (Fisher). HIT cells were used between passages 60-85. 

MIN6 (mouse insulinoma cell line) cells were maintained in DMEM with 10% 

FCS and penicillin and streptomycin with 0.8% P-mercapto-ethanol. MIN6 cells were 

used between passages 20-40. 

Human embryonic kidney (HEK) 293A cells were maintained in DMEM with 

10% FCS and P/S. 

All cells were kept at 37°C with 5% C02, and were passaged at 70-100% confluency. 

Cell Treatments 

Starvation conditions were done in KREBs ringer buffer (KRB) (128.8mM NaCl, 

4.8mM KC1, 1.2mM KH2P04, 1.2mM MgS04, 2.5mM CaC12, 5mM NaC03, lOmM 

HEPES and 0.1% BSA), pH 7, for 2 half-hour intervals. When cells were pre-treated 

with cyclosporine A (CsA) ljoM (Calbiochem), they were incubated in KRB for 0.5 

hours, then rinsed with new KRB and treated with CsA for 1 hour and then stimulated as 

indicated. Where indicated cells were equilibrated in KRB for 0.5 hours, rinsed with new 

KRB and treated with CsA 1 hour, then treated with 2.75mM glucose to starve for 1 hour, 

then stimulated accordingly. Stimulation of glucose was with 20mM, unless otherwise 
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stated. Forskolin and Exendin-4 (SIGMA) were used at IOJJM and lOnM respectively, 

and KC1 treatment was used at 45mM. For western and immunofluorescence data 

stimulation was for 0.5 hours, for reporter data stimulation was for 4-6 hours. 

Western Blot Analysis 

Cells were rinsed 2-3X with phosphate buffered saline (PBS) and lysed with IX 

lysis buffer (62.5mM TRIS-HC1 pH 6.8, lOmM glycerol, 2%SDS, 0.1% bromophenol 

blue, DTT 50mM) and run on a discontinuous polyacrylamide gel with a lower resolving 

gel (8% acrylamide mixture (BIO RAD), 380mM Tris-HCl pH 8.8,0.1% SDS and 0.1% 

ammonium persulfate, TEMED) and an upper stacking gel (4% acrylamide, 125mM Tris-

HCl pH 6.8,0.1% SDS, 0.1% ammonium persulfate, and TEMED). Gels were run for 1 

hour at a constant voltage of 150V. Gels were transferred to a 0.45 \im PVDF membrane 

(Millipore) for 1 hour and 20 minutes at 100V using the wet method. Membranes were 

blocked for 1 hour at room temperature or overnight at 4°C in 5% milk in TBST (20mM 

TRIS-HC1 pH 7.5, 125mM NaCl, 0.1 % Tween). 

Far Western Analysis 

Far Western protein analysis was performed as described for westerns. Cells 

were transfected with Flag-tagged proteins and cell lysates were then immunoprecipitated 

as described below and analyzed using an SDS-PAGE. However, instead of using a 

primary antibody to probe the membrane, purified recombinant GST-14-3-3 proteins 

(6p,g/ml) in 5%milk in TBST was used for lhour at room temperature. Following this 

incubation, membrane was probed with mouse anti-GST for lhour at room temperature. 
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Following rinsing it was then probed with a secondary antibody against mouse IgG and 

developed as a regular western blot. 

Protein Purification 

Recombinant 14-3-3 proteins were purified from XL 1-Blue bacteria. Bacteria 

were inoculated with AMP-resistant XLl-Blue that had been transformed with pGEX -

GST-14-3-3. Bacteria were induced at an OD of 0.6-0.8 at room temperature in a shaker 

with 0.2mM Isopropyl |3-D-l-thiogalactopyranoside (IPTG) for 4-6 hours. Cultures were 

centrifuged at 5000g, 10 minutes at 4°C and resuspended in lOmls ice-cold PBS. They 

were centrifuged again at 5000g, 10 minutes at room temperature and lysed with 10ml 

lysis buffer (50mM TRIS-HC1 pH 8.0, 200mM NaCl, ImM EDTA, ImM DTT, and 

2mM phenylmethylsulfonylfluoride (PMSF)). Lysates were the sonicated, 1% Triton X-

100 was added, sonicated again, and centrifuged at 13,000g for 10 minutes at 4°C. 

Glutathione sepharose beads (GE Healthcare) rinsed in PBS were added as a 1:1 slurry 

(200jxl) to the supernatant. Samples were mixed by inversion for 2minutes at room 

temperature and centrifuged at 300g for 1 minute. Once beads were rinsed, 5\\\ was 

taken and analyzed by SDS-PAGE and coomassie to confirm presence of GST-14-3-3 

protein. Proteins were eluted from a BIO RAD column with 20mM L-glutathione 

(SIGMA) pH 8.5. Protein concentration was measured using the BIO RAD Bradford 

Assay with Bovine Serum Albumin as a standard. 
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Antibodies 

Membranes were probed with primary antibodies 1 hour at room temperature or 

overnight at 4°C. Membranes were rinsed 3-6X for 1 hour in TBST. Secondary 

antibodies were used at 1:5000 (anti-mouse and anti-rabbit from goat, BIO RAD) for 30 

minutes-1 hour. The following primary antibodies were used: rabbit anti TORC2 1:2000 

and rabbit anti-phospho S171A (amino acids 161-181 of mouse TORC2) were generated 

as described in (61), rabbit anti-phospho Ser 275 TORC2 lOOng/ml (Covance), anti-

acetyl-CoA carboxylase (ACC), anti-phospho ACC, anti-AMPK, anti-phospho AMPK 

and anti PARP, all from rabbit 1:1000 (Cell Signaling), anti-cleaved caspase-3 1:500 

(Cell Signaling), anti-GST-GFP (raised in rabbits against GST-GFP fusion protein (61)), 

mouse anti-FLAG M2 1:2000 (SIGMA), Alexa Fluor® 488 donkey anti-mouse 1:1000 

(Invitrogen). 

Plasmids 

The following pcDNA FLAG-TORC2 plasmids (T2 WT, T2 S70A, T2 S171A, 

T2 S275A, T2 369A, T2 1-240, T2 389-692), as well as pTarget LUC vector containing 

the EVX promoter region, pBluescript, RSV-(3gal and pGEX-GST-14-3-3 plasmids were 

described previously (62). Other TORC2 constructs (T2 S171A + S275A (T2 S275A 

backbone), S70A + S171A (S70A backbone, S127A + S171A + S275, S171A + S238A + 

S275A, S171A + S245A + S275A (S171A + S275A backbone) were made using a quick 

change PCR protocol with the following oligonucleotides: 

mT2-S 127 A/f TACCCCCGCC AC ATTGACgcTTCTCCATATAGCCCTGCC 

mT2-S 127 A/r GGC AGGGCT ATATGG AGA AgcGTC A ATGTGGCGGGGGT A 
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mT2 S238A/f GATGCTAAGAAGCTGTCCgCATCTTCCTCTCGACCTCGA 

mT2 S238A/r TCGAGGTCGAGAGGAAGATGcGGACAGCTTCTTAGCATC 

mT2 S245A/f TCTTCCTCTCGACCTCGAgCCTGTGAAGTCCCTGGAATC 

mT2 S245A/r GATTCCAGGGACTTCACAGGcTCGAGGTCGAGAGGAAGA 

mT2 S171 A/f CTTA AC AGG AC AAGCGCTG ACTCTGCTCTTC AC AC 

mT2 S171 A/r GTGTG A AG AGC AG AGTC AGCGCTTGTCCTGTTA AG 

Plasmids were sequenced to confirm presence of the mutations and expression was 

confirmed in 293T cells. T2 1-321 and T2 1-389 WT, and S171 A, S275, and S171A + 

S275 constructs were made using standard cloning techniques with oligonucleotides for 

the T2 Not forward (start) 321 or 389 reverse using the WT or mutant backbones made 

previously. These were also sequenced and expression was confirmed in 293T cells. 

Transfections 

Plasmids were mixed with optimem according to table 1. Lipofectamine 2000 

(L2000) (Invitrogen) was added to Optimem, after 5 minutes this mix was added to 

DNA/Optimem tubes. After 20 minutes this was added directly onto cells. HIT-T15 and 

MIN6 cells were incubated for 40 hours, and cell media was changed at approximately 20 

hours. 293A and 293T cells were incubated for 24 hours. 

Cell numbers are given for a transfection with a 40-hour turnaround time (~20% fewer cells). 

Plate 

96-well 

48-well 

Surface 

Area 

(cm2) 

0.32 

0.95 

293T 

50,000 

1.4X 105 

MIN6 or 

HIT 

80,000 

2.4 X 105 

TOTAL (ul) 

Optimem/well 

[DNA + L2000] 

10 

25 

L2000 per 

well 

(ul) 

0.1 

0.38 

TOTAL 

DNA/well 

(ug) 

0.1 

0.15 

Total 

medium 

volume 

100 ul 

250 ul 
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24-well 

12-well 

6-well 

1.9 

3.8 

9.5 

2.8 X 105 

5.7 X 105 

1.25 X 10" 

4X 105 

8X 105 

2.4 X 106 

50 

100 

200 

0.75 

1.5 

3 

0.25 

0.4 

1 

500 ul 

1 ml 

2 ml 

Cell numbers are given for a transfection with a 24-hour turnaround time. 

Plate 

48-well 

24-well 

12-well 

6-well 

Surface 

Area 

(cm2) 

0.95 

1.9 

3.8 

9.5 

MIN6 or 

HIT 

2.0 X 105 

3.2 X 105 

6.4 X 105 

1.8 X 106 

TOTAL (ul) 

Optimem/weH 

[DNA + L2000] 

25 

50 

100 

200 

L2000 per 

well 

(ul) 

0.38 

0.75 

1.5 

3 

TOTAL 

DNA/well 

(ug) 

0.15 

0.25 

0.4 

1 

Total 

medium 

volume 

250 ul 

500 ul 

1 ml 

2 ml 

Immunoprecipitation 

Transfected cells were rinsed with PBS and lysed with Lysis buffer (25mM TRIS-

HC1 pH 7.5, 150mM NaCl, 50mM NaF, 0.5mM EDTA pH 8,0.5%Triton-X 100, 5mM 

|3-glycerophosphate, with fresh ImM DTT, ImM PMSF, ImM NaVO-,) and scraped into 

eppendorf tubes. Lysates were sonicated and centrifuged for 20 minutes at 4°C at 

13,000rpm. Ly sates were then transferred to a new tube and 2% was reserved as an 

"input". Beads (2pig/ml anti-Flag M2 agarose from mouse SIGMA) rinsed 3X with lysis 

buffer were added to lysates (15ul of 1:1 beads:lysis buffer/sample) and placed on a 

rotator for 1 hour at 4°C. Beads were then rinsed 3X with lysis buffer. After the third 

rinse, all buffer was removed with a 27gauge syringe and 50̂ x1 of IX SDS lysis buffer 

with DTT was added and samples were analyzed by SDS-PAGE. 
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Immunofluorescence 

Transfected (at 24 hours post-transfection) or non-transfected cells were 

trypsinized and plated onto poly-L lysine coated coverslips in 6-well plates. At 40 hours 

post-transfection cells were treated as indicated and rinsed with PBS, then fixed with 4% 

paraformaldehyde in PBS for 20 minutes at room temperature. Fixative was removed 

and cells were then rinsed 3X for 5 minutes each with 0.1M fresh glycine in PBS. Cells 

were permeabilized with 0.1% Triton X-100 in PBS for 2 minutes then rinsed with PBS. 

Cells were then blocked with 3% BSA in PBS for 1 hour on a shaker. Slides were 

placed cells down onto 75ul of primary antibody (concentrations as described for 

western) on parafilm for 1 hour at room temp. Slides were rinsed 3X with PBS then 

probed with secondary antibody (AlexaFluor® 488) 40 minutes at room temperature. 

Slides were again rinsed 3X and placed onto slides with Vectashield (Vector Laboatories) 

that contains DAPI stain and sealed with nail polish. 

CREB Reporter Assay 

Cells were transfected in triplicate into 24-well plates. 40 hours post-tranfection 

cells were treated as indicated and lysed with lOOui extract buffer (25mM Gly-Gly 

(SIGMA), 15mM MgS04, 1% Triton X-100, lmM DTT) then incubated at room 

temperature for 10 minutes. Lysates were transferred to a 96-well v-bottom plate and 

centrifuged for 10 minutes at room temperature at 3500rpm. The supernatant was then 

used to measure luciferase and (3gal activity. 10(0.1 of supernatant was transferred to an 

opaque 96-well plate and 90^1 of assay buffer (80mM Gly-Gly, 12.5mM MgS04, 

16.3mM KP04,2mM ATP and 2mM DTT) was added. The plate was placed in the 
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BioTek Synergy 2 plate reader equipped with Gen5 software and 100^1 of O.lmM 

luciferin potassium salt (BD Bioscience) in Gly-Gly buffer (1M Gly-Gly (Sigma), 15mM 

MgS04) was added by the dispenser and luminescence was measured. The (3gal assay 

required 50(0,1 of lysate with 50^1 of 2X (3gal buffer (1.33mg/ml ortho-Nitrophenyl-(3-

galactoside (ONPG) (SIGMA) lOOmM p-mercaptoethanol, 2mM MgCl2,40mM NaHP04 

pH 7.3). Activity was measured at 420nm with the same plate reader. Luciferase data 

was then normalized using Pgal activity. 

Kinase Assay 

Min6 cells were seeded and transfected in a 6-well tissue culture dish. Cells were 

transfected with a DNAxell ratio (lug DNA/well) according to the table above and 

incubated at 37°C for 24 hours. Cells were harvested with lOOul of lysis buffer (25mM 

Tris-HCl pH 7.5, 150mM NaCl, 50mM NaF, 0.5mM EDTA pH 8,0.5%Triton-X 100, 

5mM ^-glycerophosphate, with fresh ImM DTT, ImM PMSF, ImM NaV03) and 

incubated for 1 hour on ice. Lysates were sonicated and transferred to a 96-well V-

bottom plate and centrifuged for 10 minutes at 3,000rpm at 4°C. Supernatants were then 

transferred to a glutathione coated plate, sealed and incubated for 2 hours on ice to allow 

binding of the GST-tagged plamids to the plate. Plates were rinsed 3 times with lOOul of 

lysis buffer, then rinsed once with 50ul of kinase buffer (20mM Tris pH 7.5, 5mM (3-

glycerophosphate, 0.2mM NaV04). The peptide substrate in kinase buffer was added to 

the plates along with 330uM MgC12, luM ATP and y32-ATP. This was covered and 

incubated in a hybridization oven at 30°C for 20 minutes. The reaction was transferred 

back to ice and 2X lysis buffer (lX=62.5mM TRIS-HC1 pH 6.8, lOmM glycerol, 
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2%SDS, 0.1% bromophenol blue, DTT 50mM) was added. This mixture was then run on 

a 12% polyacrylamide gel and exposed to film at -80°C. Performed by Accalia Fu 

(Screaton lab). 

Islet Extraction and Treatment 

All animal protocols were approved by and carried out according to the Canadian 

Council for Animal Care (CCAC). C57/B16 mice between 3 and 4 months were 

anesthetized with isofluorane and euthanized by cervical dislocation. Islets were isolated 

as previously reported (76) with modification. The pancreatic duct was cannulated with 

3mls of 0.7 mg/mL collagenase from Clostridium histolyticum type XI (Sigma) in Hanks 

Buffered Saline Solution (HBSS) with ImM MgCl2, 5mM D-glucose, pH 7.4. Once the 

pancreas was injected, it was removed and placed into 50mL conical with remaining 

buffer on ice. Pancreata were digested at 37°C for 9-12min and vortexed. Islets were 

rinsed 7-10X, 4 minutes each with Hanks Buffered Saline Solution (HBSS) with ImM 

MgCl2, 5mM D-glucose, pH 7.4, ImM CaCl2 added. Islets were then manually purified 

from petri dishes twice and placed into RPMI media overnight at 37°C in petri dishes. 

Following overnight incubation the islets were counted and split as evenly as possible 

into treatment groups into eppendorf tubes. Approximately 80-100 islets were used for 

each treatment. Islets were starved in KRB for 2 30 minute rinses at 37°C. They were 

then treated as indicated (Exendin-4, glucose or both) for lhr at 37°C. Islets were lysed 

by removing all but 20fxl of buffer, and adding 20\tl 2X SDS lysis buffer (125mM Tris-

HC1 pH 6.8, 20mM glycerol, 4%SDS, 0.1% bromophenol blue, DTT 50mM) and 

analyzed by SDS-PAGE. 
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TORC2 knockdown in islets 

The TORC2 knockdown virus was made by Tassnim Moradipour, an honours 

student in the Screaton lab in 2007. Three 21-nucleotide regions of the mouse TORC2 

cDNA were selected using algorithms from the Invitrogen website. 5' and 3' 

complementary oligomers to these regions were ordered and reconstituted to 200mM. 

Touchdown PCR was performed on each set of oligomers in order to anneal the strands. 

Each set of shRNAs were cloned into pENTR/U6 RNAi entry vector and transformed 

into Top 10 competent E. coli and DNA was obtained from minipreps. Hairpins were 

tested by co-transfection into HEK293T cells with a pTARGET-luc-mTorc2 reporter 

vector. Sequences used to make the hairpins are as follows with the underlined region 

targeting TORC2: 

mT2_shrna_1787_bottom AAA AGG AAT CTG GAG CAA TTC AAC ATT CGT GTT GAA TTG CTC 

CAG ATT CC 

mT2_shrna_l 787_top CAC CGG AAT CTG GAG CAA TTC AAC ACG AAT GTT GAA TTG CTC 

CAG ATT CC 

Preparation of the adenovirus was made by recombination of the pENTR/U6-

hairpin with pAd/BLOCK-iT™ -DEST RNAi Gateway® Vector (Invitrogen) according 

manufacturers instructions. Plasmids were then transformed into DH5a competent E. 

coli. Viral amplification was done in HEK293A cells. Cells were transfected the day 

following seeding with 2ug of pAd/BLOCKiT-hairpin per 60mm tissue culture dish using 

Lipofectamine 2000 (Invitrogen). Cells were overlaid with 5% agar in PBS:low serum 

tissue culture media in 1:3 ratio. Upon plaque formation, plaques were picked and 
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freeze-thawed three times and stored at -80°C. The virus was propagated in HEK293T 

cells using the plaques that were picked and dead cells were collected. Viral 

concentrations were approximated using a known GFP expressing adenovirus. 

Islets were extracted and previously described, however, immediately following 

purification islets were infected with the T2i virus at 2.6 x 109 pfu/mL for three days and 

harvested. 
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Chapter 3 

RESULTS 

Identification of the Remaining 14-3-3 Binding Site on TORC2 

Previous data showed that mutation of serine 171 to alanine of TORC2 resulted in 

reduced but not complete loss of 14-3-3 binding by far western analysis and co-

immunoprecipitation experiments in the beta cell line HIT-T15 (62). I examined the 

ability of recombinant 14-3-3 proteins to bind both the wild-type and S171A mutant of 

TORC2 by transfecting FLAG-TORC2 wild-type and the S171A mutant into HIT-T15 

cells. Cell lysates were run on an 8% SDS-PAGE and after transferring the proteins to a 

PVDF membrane it was probed with recombinant GST-tagged 14-3-3 proteins to 

examine direct binding. I was able to confirm by far western analysis in HIT-T15 cells 

that the S171A mutant bound less 14-3-3 protein compared to wild-type TORC2, (Figure 

3-1, top). In addition, as 14-3-3 binding regulates TORC2 cellular localization I sought to 

observe the localization of the S171 mutant in comparison to wild-type TORC2 in beta 

cells. Again to confirm previous data I performed immunofluorescence staining for 

FLAG in 293A and HIT-T15 cells transfected with either the wild-type or the S171 

mutant of FLAG-tagged TORC2. In regular media, although wild-type TORC2 resides 

in the cytoplasm in both cell types, in 293A cells the S171A mutant resides in the 

nucleus, and in beta cells this mutant is located in the cytoplasm (Figure 3-1, bottom). 
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Figure 3-1 TORC2 is differentially regulated in beta cells. 

Top: Far western analysis of HIT-T15 cells transfected with FLAG-tagged TORC2 
constructs. TORC2 was immunoprecipitated from cell lysates and analyzed using SDS-
PAGE. Blots were probed with recombinant GST-14-3-3 protein. 14-3-3 binding to 
wild-type and S171A mutant TORC2 is shown. Total FLAG protein also shown. 
Bottom: FLAG-tagged TORC2 was transfected into HIT-T15 (beta cells) and HEK 
293A cells. Cells were grown in regular cell media, fixed and stained for FLAG. Bar 
indicates 25\im. The nuclear entry of the Serine 171 to Alanine (S171A) mutant of 
TORC2 in HEK 293 cells and the cytoplasmic localization of TORC2 in HIT-T15 cells is 
shown. 
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These experiments indicated that T0RC2:14-3-3 binding and localization were 

differentially regulated in beta cells. Since it has been shown previously that TORC2:14-

3-3 binding is regulated by phosphorylation, it is possible that TORC2 phosphorylation is 

also differentially regulated in beta cells. 

In order to identify other possible site(s), I used a far western approach to narrow down 

the region of TORC2 required for 14-3-3 binding. Using a series of FLAG-tagged N-

terminal and C-terminal deletions I was able to narrow down the region of TORC2 

required for 14-3-3 binding to the first 321 amino acids. As seen in figure 3-1, wild-type 

TORC2 was able to bind the recombinant 14-3-3 proteins, as were the deletion mutants 

consisting of amino acids 1-389, and 1-321 (figure 3-2, lanes 2, 3 and 6 respectively). 

Interestingly 14-3-3 binding was completely abolished when amino acids 1-389 were 

deleted (Figure 3-2 lane 4). The smallest fragment of TORC2 to retain 14-3-3 binding 

even in the presence of the S171A mutation enabled me to identify amino acids 1-321 of 

TORC2 as being required for 14-3-3 binding (Figure 3-2, lanes 6 and 7). I also noticed a 

loss of 14-3-3 binding when deleting the first 240 amino acids of TORC2 (data not 

shown), however, this could have been a result of this region being the coiled-coil 

domain (61), and removing it could severely alter the proper folding of the TORC2 

protein thus rendering the result inconclusive. For this reason I continued my search for 

the phosphorylation site in the region between amino acids 1-321. I also confirmed that 

this binding was specific to phosphorylated TORC as when I treated the cell lysate with 

calf intestinal phosphatase (CIP) to remove the phosphate group from TORC2, binding 

was lost (Figure 3-2, lanes 8 and 9). 
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Figure 3-2 Amino acids 1-389 in TORC2 are required for 14-3-3 binding in beta 
cells. 

Far western analysis of HIT-T15 cells were transfected with FLAG-TORC2 wild-type 
(wt), C-terminal and N-terminal deletions and Serine-^Alanine mutants (CON is pcDNA 
FLAG vector alone, numbers designate amino acids present in FLAG-tagged construct, 
S171A indicates that Serine 171 is mutated to Alanine, + indicates treatment with calf 
intestinal phosphatase (CIP)). FLAG proteins were immunoprecipitated and analyzed 
SDS-PAGE. The membrane was then probed with recombinant GST-tagged 14-3-3 
proteins to examine binding. The smallest region to retain 14-3-3 binding is amino acids 
1-321, indicating that this region is required for the interaction between TORC2 and 14-
3-3. 
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The previous experiments served to narrow-down the region containing the remaining 

regulatory phosphorylation site(s) in TORC2 to the first 321 amino acids. In order to 

identify specifically the functional phosphorylation site we examined the amino acid 

sequences surrounding potential Serines within the region 1-321 of TORC2. 

Additionally, I hypothesized that this regulatory site would be important in survival of the 

beta cell, as such I focused on regions that were highly conserved throughout TORC1, 

TORC2 and TORC3 and found several possible 14-3-3 binding sites that conformed to 

the 14-3-3 binding sites R/KXXpSXP or RKXXXpSXP where X is any amino acid and 

pS is phosphorylated Serine (77), (Figure 3-3). I expected that if the regulatory 

phosphorylation site was mutated, and could not be phosphorylated, then 14-3-3 binding 

would be lost on a far western. Using the 1-321, and 1-389 TORC2 plasmid backbones I 

used quickchange PCR to create Ser->Ala mutants of the Serines in question. I 

transfected these new FLAG-tagged TORC2 mutants into HIT-T15 cells and analyzed 

the lysates using SDS-PAGE. The proteins were transferred to a PVDF membrane and 

after blocking in milk were probed with the recombinant GST-tagged 14-3-3 proteins to 

determine binding. In the context of either the first 321, or 389 amino acids both the 

S171A and S275A mutation resulted in a decrease in 14-3-3 binding (Figure 3-4, lanes 

3,4,7 and 8). Additionally, the double mutant S171A and S275A had a co-operative 

effect and abolished 14-3-3 binding completely (Figure 3-4, lane 5 and 9). This data 

could only be functionally relevant if confirmed in the full length TORC2 protein, 

therefore I repeated the experiment by transfecting with the full-length Flag-tagged 

TORC2 proteins into HIT-T15 cells and examined 14-3-3 binding. 
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Figure 3-3 Consensus binding sequence of 14-3-3 proteins in conserved TORC 
domains. 

14-3-3 proteins have 2 consensus binding sequences: mode 1 and mode 2. The conserved 
regions in TORCs 1, 2 and 3 are listed that conform to this sequence. The Serines in bold 
in TORC2 were mutated to alanine to investigate 14-3-3 binding. The + signs indicate 
that the mutation did reduce 14-3-3 binding in far western analysis. The - sign indicates 
no significant difference from the wild-type. 
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Figure 3-4 Mutation of S171 and S275 to A abolishes 14-3-3 binding in the context of 
the first 389 amino acids. 

Far western analysis of HIT-T15 cells transfected with C-terminal deletions (1-321, and 
1-389 are amino acids present) of FLAG-tagged TORC2 wild type and Serine-^ Alanine 
mutants (S171A, S275A and S171A+S275A). FLAG-tagged proteins were 
immunoprecipitated and run on SDS-PAGE. Membranes were probed with GST-tagged 
recombinant 14-3-3 proteins to examine binding. Membranes were also probed for 
FLAG as a control of loading. In the context of either of the deletion mutants mutation of 
either S171 or S275 to Alanine reduced binding, however, mutating the both two amino 
acids together eliminated binding of 14-3-3. This experiment was done twice. 
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This result was interesting as 14-3-3 binding was reduced by the mutation of S171, S275 

and the double S171 and S275 mutant (Figure 3-5, lanes 4,5 and 6), however it was not 

lost completely as was expected. Further mutation of Serines 127, 238 and 245 in the 

background of the double S171 and S275 mutant did not further reduce the binding of 14-

3-3 proteins (Figure 3-5, lanes 7, 8,9 and 10). I was able to identify S275 as a possible 

regulatory phosphorylation site, affecting TORC2:14-3-3 binding, however, the full 

length double S171A and S275A mutant retained 14-3-3 binding. This led me to believe 

that there remained an additional phosphorylation site(s) that regulated 14-3-3 binding. 

For this reason I examined the effect of the S369A mutant, a residue that was identified 

as a phosphorylation site previously (62). I repeated the previous experiment where HIT-

T15 cells were transfected with FLAG-tagged wild-type, S171A, S275A, S171A and 

S275A, S369A and the S171A, S275A and S369A triple mutant to examine 14-3-3 

binding. Once again, the single mutants, as well as the double (S171A and S275A) 

mutant resulted in reduced 14-3-3 binding (Figure 3-6, lanes 3,4 and 5). Interestingly, the 

S369A mutant reduced but did not abolish 14-3-3 binding (Figure 3-6, lane 6). However, 

it was only the triple mutant with S171A, S275A, and S369A that completely lost 14-3-3 

binding (Figure 3-6, lane 7). 
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Figure 3-5 Full-length mutant TORC2 (S171A + S275A) retains 14-3-3 binding. 

Far western analysis of HIT-T15 cells transfected with full-length FLAG-tagged TORC2 
wild type and Serine-> Alanine mutants (amino acid mutated is indicated by number). 
FLAG-tagged proteins were immunoprecipitated and analyzed using SDS-PAGE. 
Membranes were probed with GST-tagged recombinant 14-3-3 proteins to examine 
binding. Membranes were also probed for FLAG as a control of loading. 14-3-3 
binding is reduced in the single mutants S171A, S275A as well as the double mutant, 
S171A + S275A. Binding is not significantly reduced by additional Serine^Alanine 
mutations to the double mutant, compared to the double mutant. This experiment was 
repeated at least three times. 
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Figure 3-6 Full-length TORC2 requires mutation of S171, S275 and S369 to abolish 
14-3-3 binding in beta cells. 

Far western analysis of HIT-T15 cells transfected with full-length FLAG-tagged TORC2 
wild type and Serine-> Alanine mutants (amino acid mutated is indicated by number). 
FLAG-tagged proteins were immunoprecipitated and analyzed using SDS-PAGE. 
Membranes were probed with GST-tagged recombinant 14-3-3 proteins to examine 
binding. Membranes were also probed for FLAG as a control of loading. 14-3-3 
binding is reduced in the single mutants S171A, S275A, S369A as well as the double 
mutant, S171A + S275A. However, 14-3-3 no longer binds the full-length protein when 
all three Serines (S171+S275+S369) are mutated to Alanine. 
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Localization of TORC2 Mutants 

The model thus far indicates that TORC2 dephosphorylation and subsequent release from 

14-3-3 proteins are required for its nuclear entry and subsequent CREB co-activation. 

As such, TORC2 dephosphorylation is thought to be a result of cAMP and Ca2+ signals. I 

hypothesized that the mutant that was unable to bind 14-3-3 proteins would enter the 

nucleus without a glucose or cAMP stimulus. In order to investigate this, I performed an 

immunofluorescence assay to localize TORC2 in beta cells. I transfected FLAG-tagged 

wild-type TORC2, along with the mutants S171A, S275A, and the double mutant (S171A 

+ S275A) into HIT-T15 cells. This experiment was first done in regular cell media, 

untreated. Cells were fixed and immunofluorescence was performed against FLAG, and 

the results were visualized with a fluorescence microscope. I had observed that the 

double mutant (S171A + S275A) was localized primarily to the nucleus, while all other 

TORC2 constructs resided in the cytoplasm (data not shown). However, since the real 

question was whether this double mutant was able to enter the nucleus without 

stimulation, and the cell media used in this case contained 20mM glucose, it was 

necessary to repeat the experiment in the absence of glucose. The same experiment was 

repeated and prior to fixation, the cells were starved for 1 hour in KREBs Ringer Buffer 

(KRB) without glucose. Quantification of the localization of TORC2 as either nuclear, 

cytoplasmic or both showed that the double mutant (S171A and S275A) was over 90% in 

the nucleus in the absence of glucose or cAMP stimuli (Figure 3-7, bottom). In addition 

there was no significant difference between the wild-type, or either of the single mutants 

(S171AorS275A). 
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Figure 3-7 Identification of a constitutively nuclear TORC2. 

HIT-T15 cells were transfected with FLAG-TORC2 wild-type and Serine -> Alanine 
mutants. 
Top: Cells were starved of glucose for 2X 0.5 hours in KRB then fixed. Cells were 
stained for FLAG and visualized with a fluorescence microscope. WT is wild-type 
TORC2, the numbers indicate the Serine residue mutated to Alanine, (Green indicates 
TORC2, blue indicates DAPI stain, bar indicates 10u,m). 
Bottom: Cells were quantified as cytoplasmic (cyto), nuclear (nuc), or both (nuc + cyto) 
with a total of 300 cells counted per transfection and experiment was done three times. 
Error bars indicate +/- standard deviation. The double mutant TORC2 S171a + S275A 
resides over 80% in the nucleus under glucose starved conditions. 
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The far-western data had revealed that the triple mutant (S171A + S275A + S369A) had 

been the only mutant unable to bind 14-3-3 proteins, yet it appeared not to be necessary 

for TORC2 nuclear entry as there was no significant difference in localization between it 

and the double mutant (Figure 3-8, top). This result could indicate that the 

phosphorylation of this specific amino acid might be required for 14-3-3 binding, 

however not involved in TORC2 nuclear localization. 

Previously TORC2 was shown to be responsible for the co-operative effect of 

cAMP and Ca2+ signals on CREB activation (62). The S171 site had been reported to be 

responsive to cAMP signaling in HEK293T cells by becoming dephosphorylated 

resulting in localization of TORC2 to the nucleus. These previous experiments had also 

shown that beta cells required both a cAMP and a glucose stimulus for nuclear entry. In 

order to elucidate the signaling mechanism governing the dephosphorylation of both 

S171 and S275 in beta cells I transfected both single mutants (S171A and S275A) into 

HIT-T15 cells. I was interested in the localization of these mutants in the presence of 

either cAMP or Ca2+ stimuli. To tease apart the signaling pathways involved in the 

regulation of these phosphorylation sites I quantified the localization of either single 

mutant in response to cAMP, or Ca2+ with KRB as an unstimulated control. The results 

revealed that the nuclear localization of the S171A mutant increased 5-fold in response to 

Forskolin (cAMP stimulus) compared to the control (Figure 3-8, bottom). Interestingly 

this mutant was localized in the nucleus approximately 80% of the time in response to 

glucose (Ca2+ stimulus). A similar, yet opposite result was seen for the S275A mutant; in 

the absence of stimulus this TORC2 mutant was found primarily in the cytoplasm. 
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Figure 3-8 S369 does not effect TORC2 nuclear localization. 

Top: HIT-T15 cells were transfected with Flag-TORC2 Serine->Alanine mutants. 
Numbers indicate the Serine -> Alanine mutation. Cells were starved of glucose for 2 X 
0.5 hours in KRB then fixed and stained for FLAG. (Green indicates TORC2, blue 
indicates DAPI stain, bar indicates lOjjm). This experiment was repeated at least three 
times. 
Bottom: HIT-T15 cells were transfected with FLAG-TORC2 S171A or S275A and 
starved for 2 X 0.5 hours, then treated with either Forskolin (lOuM) or 20mM glucose for 
0.5 hours. Cells were quantified as cytoplasmic (cyto), nuclear (nuc), or both (nuc + cyto) 
with a total of 300 cells counted per transfection and experiment was done three times. 
Error bars indicate standard deviation. 
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Upon treatment with glucose this S275A mutant relocated to the nucleus approximately 

50% of the time, and this number increased to over 80% with Forskolin treatment. This 

result would indicate that both phosphorylation sites respond primarily to one stimulus, 

S171 to cAMP and S275 to Ca2+. However, there was an increase of nuclear localization 

with both mutants in response to both cAMP and Ca2+, which indicates that there may be 

a certain level of cross-talk between these two signals. 
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Constitutively Nuclear TORC Activates CREB without Stimulation 

Beta cells require two signals; cAMP and Ca2+ to fully activate CREB-dependent 

transcription (62). These signals are triggered in the body from gut hormones GLP-1 and 

glucose respectively. Previously to induce Ca2+ signaling I would treat cells with KC1, 

which depolarizes the cell and leads to Ca2+ influx. However, physiologically, it is 

glucose that performs this function in the beta cells of the body. We wanted to determine 

if endogenous TORC2 responded to this physiological stimulus in beta cells by relocating 

to the nucleus and activating CREB. HIT-T15 cells were starved of glucose, then treated 

with either Forskolin (cAMP stimulus) or glucose, or the two together. The cells were 

then fixed and stained for endogenous TORC2. Andy Ng in the lab was able to show 

that in HIT-T15 cells neither glucose or cAMP alone were able to cause TORC2 nuclear 

relocation. However, in the presence of both stimuli, endogenous TORC2 is found in the 

nucleus where it can activate CREB dependent transcription (Figure 3-9, top). 

Additionally as CREB requires TORC2 nuclear entry in response to cAMP and Ca2+ 

stimuli, if glucose and cAMP can relocate endogenous TORC2 to the nucleus in beta 

cells it should be able to activate CREB-dependent transcription. Indeed data from 

Chantal Depatie showed that levels of CREB target gene mRNA in MIN6 cells increased 

only with both Exendin-4 (cAMP agonist) and glucose stimuli (Figure 3-9, bottom). 

Previously published data indicates that the Ca2+ responsive phosphatase Cn, is able to 

dephosphorylate TORC2 in response to a depolarizing stimulus (62). 
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Figure 3-9 TORC2 requires cAMP and glucose stimuli for nuclear entry and CREB 
target gene activation. 

Top: HIT-T15 cells were starved for 2 X 0.5 hours in KRB then treated with Exendin-4 
(cAMP stimulus) (lOnM) and/or glucose (20mM) for 0.5 hours then fixed. Cells were 
stained with TORC2 antibody from rabbit, and Alexa Fluor® 488-conugated anti-rabbit 
secondary antibody. TORC2 is only able to enter the nucleus following stimulation with 
both glucose and cAMP. Bar indicates 50jxm (Experiment done by Andy Ng). 
Bottom: Quantitative PCR analysis of CREB target gene, NR4A2 in mouse islets. 
Following isolation from C57B16 mice, islets were starved in KRB for 2 X 0.5 hours, 
then treated with Exendin-4 (lOnM) and/or glucose (20mM). Histogram reveals a 
synergistic activation of CREB in response to glucose and cAMP. (Experiment done by 
Chantal Depatie). 
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In order to investigate this and confirm TORC2 in the glucose responsive pathway, a 

CREB reporter assay was done to measure the ability of endogenous TORC2 to activate a 

CREB reporter gene in the presence of the phosphatase inihibitor cyclosporine A (CsA). 

To confirm that the Calcineurin inhibitor CsA was able to inhibit glucose induced CREB 

activity HIT-T15 cells were transfected with CRE-luciferase to measure CREB activity. 

After 40 hours half of the cells were pre-treated with CsA and then were treated with 

forskolin and/or glucose. Figure 3-10 reveals that CsA is able to inhibit CREB activity 

induced by cAMP and glucose. These experiments provided me with sufficient evidence 

that TORC2 is responsive to glucose and cAMP in beta cells. 

I have been able to demonstrate that there are two amino acids (S171 and S275) 

that are responsible for TORC2 nuclear localization, and there are two signals (cAMP 

and glucose) that are responsible for TORC2 nuclear localization and CREB activation. 

Furthermore mutation of these two serines abolishes the necessity of cAMP or glucose 

for TORC2 nuclear entry. The hypothesis that follows is that the mutant that could enter 

the nucleus sans stimuli, could potentially also activate CREB. In order to test this, I 

used a reporter assay to test the ability of the double mutant to activate a CRE-luciferase 

construct. I co-transfected into HIT-T15 cells FLAG-tagged wild-type as well as 

Serine-^Alanine mutants (S171A, S275A and the double mutant S171A+S275A) with 

the CRE-luciferase plasmid and RSV-(3-galactosidase to normalize. The reporter assay 

revealed that in glucose starved conditions while transfection of the single mutants 

S171A or S275A increase reporter activity approximately 20- and 10-fold compared to 

wild-type respectively and transfection of the double mutant (S171A+S275A) was able to 

activate the CREB reporter 60-fold compared to wild-type TORC2 (Figure 3-11, top). 

49 



Figure 3-10 The synergistic activation of CREB is dependent on Calcineurin (Cn). 

CREB reporter data measuring luciferase activity of a CRE-luciferase reporter gene in 
HIT-T15 cells. Cells were starved in KRB for 0.5 hours, then treated with Forskolin 
(IOJJM) and/ or glucose (20mM) for 4-6 hours. Histogram depicts fold activity of the 
CREB reporter gene in comparison to untreated. Black bars indicate pre-treatment of 2X 
1 hour with the Calcineurin inhibitor, Cyclosporin A (IJAM). Data is a representation of 
the experiment done twice, error bars are +/- standard deviation from samples performed 
in triplicate. 
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Figure 3-11 The TORC2 double mutant S171A + S275A is constitutively active in 
beta cells. 

CREB reporter data measuring luciferase activity of a CRE-luciferase reporter gene in 
HIT-T15 cells co-transfected with FLAG-TORC2 wild-type and mutants (numbers 
indicate Serine-^ Alanine mutations). Data is a representation of experiments done three 
times, error bars are +/- standard deviation from samples done in triplicate. 
Top: Fold activity of luciferase of TORC2 constructs compared to vector alone in HIT-
T15 cells starved 4-6 hrs with KRB. 
Bottom: Fold activity of luciferase of titrated TORC2 constructs compared to vector 
alone in HIT-T15 cells starved 4-6 hrs with KRB. CREB reporter activity is dependent 
on TORC2 concentration. 
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At first glance this does appear to be quite a substantial increase in activity, 

however, in reference to Screaton et al. 2004, which had shown a 300-fold activation it 

would appear that there was still some necessity for cAMP and/or Ca2+ stimuli for full 

CREB activation. For this reason I repeated the reporter experiment titrating in 

increasing amounts of TORC2 to determine if the CREB activation was somewhat 

dependent upon concentration of TORC2 plasmid transfected. The dependence of CREB 

activity on concentration of TORC2 was confirmed in a plasmid concentration dependent 

manner in HIT-T15 cells (Figure 3-11, bottom). 

TORC2 localization data had revealed that mutation of S171 and S275 was 

sufficient to relocate TORC2 to the nucleus in beta cells. However, the far-western 

analysis showed that mutation of S171+S275+S369 to alanine was required to lose 14-3-

3 binding. This would indicate that perhaps S369 played a role in the nucleus binding to 

14-3-3, and it was unclear whether that was related to CREB activity. Therefore I tested 

the ability of the single mutant S369A, as well as the triple mutants 

S171A+S275A+(S369A or S127A or S238A or S245A) to activate a CREB reporter 

gene. Reporter data indicated no significant difference of these triple mutants in CREB 

activity compared to the double mutant (Figure 3-12). This result does not mean that 

these amino acids do not play a role in TORC2 function, it might simply be that they are 

involved in another pathway of TORC2 that does not involve CREB. 
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Figure 3-12 Additional mutations are not significantly different from the double 
mutant in CREB activation. 

CREB reporter data measuring luciferase activity of a CRE-luciferase reporter gene in 
293T cells co-transfected with FLAG-TORC2 wild-type and mutants (numbers indicate 
Serine-^ Alanine mutations). Histogram depicts fold activity in comparison to vector 
alone in regular cell media. Black bars indicate treatment with forskolin for 4-6 hours. 
Data is a representation of experiments done three times, error bars are +/- standard 
deviation from samples done in triplicate. 
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Phosphorylation of S275 on TORC2 is Regulated by Glucose in Beta Cells 

Screaton et al. had shown that the phosphorylation status of S171 in TORC2 was 

regulated by cAMP signaling (62). Once TORC2 was dephosphorylated, 14-3-3 proteins 

would dissociate and allow TORC2 to enter the nucleus. The TORC2 mutant S275-> A 

that could no longer be phosphorylated, in addition to the S171A mutation reduced 14-3-

3 binding, allowed TORC2 nuclear entry and CREB target gene activation. Additionally, 

often the phosphorylation status of proteins can be detected by their migration on SDS-

PAGE. We noticed that TORC2 had a lower migrating species in response to glucose 

(Figure 3-13, top, lanes 2 and 3, experiment done by Rob Screaton), and this same shift 

was seen when S275 was mutated to Ala (Figure 3-13, bottom, lane 4). To confirm that it 

was indeed the phosphorylation status of S275 that was regulated by glucose in beta cells 

we generated a phospho-specific antibody against S275 of TORC2. I performed a 

western blot analysis of MIN6 cells in glucose starved media or treated with 20mM 

glucose for 30 minutes and examined phospho-275 levels. I observed that phospho-275 

levels decrease with glucose treatment, but not cAMP treatment (Figure 3-14, top, lane 2 

and 3 respectively). Additionally a time-course experiment in HIT-T15 cells showed that 

P275 levels begin to decrease after only 5-10 minutes of glucose treatment (Figure 3-14, 

bottom, lane 4). Pre-treatment of these cells with cyclosporine A (a known calcineurin 

inhibitor) restored phospho-S275 levels to control levels (in starved media) as seen in 

Figure 3-15, top, lane 6, indicating that glucose treatment activates the phosphatase 

calcineurin to dephosphorylate TORC2 at S275. 
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Figure 3-13 The shift in TORC2 in response to glucose corresponds to the shift of 
the S275A mutation. 

Top: Western blot analysis of endogenous TORC2 in MIN6 cells in normal growth 
medium (NM) or starved of glucose in KRB for 2X 0.5 hours (-Glucose) and treated with 
glucose (20mM) and/or Exendin-4 (lOnM) for 0.5 hours. Upper band indicates 
phosphorylated TORC2. (Experiment done by Rob Screaton). 
Bottom: Western blot analysis of HIT-T15 cells transfected with FLAG-TORC2 wild-
type and S-^A mutants in regular cell media. Membrane was probed for FLAG. 
Presence of S275->A mutation reveals a lower migrating species, consistent with shift 
following glucose treatment. 
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Figure 3-14 S275 phosphorylation responds to glucose in a time-dependent manner. 

Top: Western blot analysis of endogenous TORC2 in MIN6 cells. Cells were starved of 
glucose in KRB for 2X 0.5 hours, then treated with glucose (20mM) and/or Exendin-4 
(lOnM). Phospho-275 TORC2 antibody reveals reduced P275 in response to glucose. 
Bottom: Western blot analysis of endogenous P275 in response to glucose (20mM) in 
HIT-T15 cells. Reduced P275 is observed after only 5 minutes of glucose treatment. 

56 



CON GLU EX-4 
GLU 
EX-4 

P275-TORC2 

TORC2 

Time(min) n): 

100 — 

75— 

100 — 

75 — 

0 1 

•^w(pf 

2 5 

*9HHb&tB* 

10 

mum1 

15 

•Ma 

20 30 

P275 TORC2 

TORC2 



Figure 3-15 P275 responds to glucose and P171 responds to cAMP. 

Top: Western blot analysis of endogenous Phospho-275 TORC2 in HIT-T15 cells. Cells 
were starved of glucose for 2 X 0.5 hours in KRB and treated with FSK (IOJXM) and/or 
glucose (20mM) for 0.5 hours. Probing with a phospho-specific antibody to S275 or 
S171 reveals a reduction in P275 levels in response to glucose only, and a reduction in 
PI71 levels in response to cAMP only. Treatment with (+) or without (-) cyclosporin A 
(l^M) shows a rescue of P275 levels but not PI71 levels indicating that P275 is regulated 
by calcineurin. 
Bottom: Western blot analysis of endogenous Phospho-275 levels in HIT-T15 cells in 
regular growth media. Cells treated with forskolin (IOJXM) or a depolarizing stimulus 
(KC1,45mM) with (+) or without (-) cyclosporine A (luM) treatment. P275 blot reveals 
a decrease in P275 levels in response to both cAMP and Ca2+ stimuli. 
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To further delineate the regulation of TORC2 at the phosphorylation level I performed a 

western blot analysis of phospho-S171 levels with a phospho-specific antibody for S171 

and revealed that PI71 levels decrease with forskolin treatment but not glucose (Figure 

3-15, top, lanes 3-6). Whereas forskolin treatment had no affect on P275 status in the 

absence of glucose (Figure 3-15, top, lane 3), this treatment did cause a decrease in P275 

levels in regular cell media containing 20mM glucose (Figure 3-15, bottom, lane 3). 

Furthermore, while pre-treatment of cells with cyclosporine A rescued S275 

phosphorylation, it had no effect on PI71 levels. Data up to this point indicated that 

cAMP could affect phospho-S275 levels, therefore to confirm I examined the effect of 

the PKA inhibitor on P275 levels. PKA is a kinase that phosphorylates SIK2 in the 

presence of cAMP, inhibiting the phosphorylation of S171 (62). Hence, if the inhibitor 

of PKA (H89) affects P275 levels, then cAMP does achieve some level of cross talk in 

this pathway. Western blot analysis of P275 levels in response to H89 showed no 

difference in the absence of glucose (Figure 3-16, top, lanes 3 and 4). However, H89 

treatment did show a rescue of S275 phosphorylation when glucose was present (Figure 

3-16, top, lanes 5-8) and in regular growth media (Figure 3-16, bottom, lanes 3-8). This 

data would indicate the phosphorylation status of S171 responds primarily to cAMP, and 

S275 responds to glucose. However S275 dephosphorylation can be augmented by 

treatment with a cAMP stimulus signifying the importance of both cAMP and Ca2+ 

signals in TORC2 nuclear entry and CREB activation 
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Figure 3-16 The PKA inhibitor H89 rescues P275 dephosphorylation in the presence 
of glucose. 

Top: Western blot analysis of endogenous P275 TORC2 in HIT-T15 cells. Cells were 
starved of glucose and treated with forskolin (lOfxM) and/or glucose (20mM) with (+) or 
without (-) pretreatment of PKA inhibitor H89. In the absence of glucose H89 has no 
affect on P275 levels. 
Bottom: Western blot analysis of endogenous P275 TORC2 in HIT-T15 cells. CON 
indicates regular growth medium, cells were treated with forskolin (10^M) and/or KC1 
(45mM) with (+) or without (-) pretreatment of H89. Glucose is required for H89 rescue 
of P275 levels. 
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To demonstrate the biological importance of this glucose regulated phosphorylation site 

in primary cells, I isolated mouse islets from C57B16 mice. Islets were starved in Krebs 

Ringer Buffer (KRB) (zero glucose) and stimulated with glucose, forskolin or both. Half 

of the samples were also pretreated with cyclosporine A and P275 levels were examined 

by western blot (Figure 3-17). Consistent with the beta cell line data, P275 levels are 

unchanged with Exendin-4 treatment but are reduced in response to glucose in islets. 

Additionally the phosphorylation levels of S275 are rescued with pre-treatment of 

cyclosporine A. 

The necessity for CREB for islet survival has already been established (59). 

CREB activity has also been shown to be dependent on TORC2 in MIN6 cells (62). To 

tie this data together I set out to confirm the requirement of TORC2 for islet survival. In 

order to determine the necessity of TORC2 in islets I infected islets with an adenovirus 

expressing a TORC2 short-hairpin. Western blot analysis of the lysates revealed elevated 

levels of cleaved caspase-3 and cleaved PARP in the samples where TORC2 was 

knocked down (Figure 3-18). This would indicate that there is increased cell death in the 

absence of TORC2 in islets, resulting from hindered survival. This data further 

demonstrates that TORC2 is a critical component in beta cell survival. 
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Figure 3-17 Phospho-275 is regulated by glucose and Calcineurin in islets. 

Top: Western blot analysis of primary islets starved of glucose for 2 x 0.5 hours, and 
treated with Exendin-4 (lOnM) and/or glucose (20mM) reveals a decrease in P275 levels 
in response to glucose. Bottom: Western blot analysis of primary islets starved of 
glucose for 0.5 hours, treated with (+) or without (-) cyclosporine A (l^iM) for lhour, 
followed by Exendin-4 (lOnM) and glucose (20mM) treatment. The loss of P275 with 
Exendin-4 and glucose treatment is rescued by treatment with cyclosporine A. 
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Figure 3-18 Knockdown of TORC2 activates apoptotic signaling in primary mouse 
islets. 

Western blot analysis of primary mouse islets infected with adenovirus expressing a 
control short-hairpin or a hairpin targeting TORC2. Membrane was probed with anti-
cleaved caspase-3 and PARP, both indicators of apoptotic signaling. An approximately 
70% reduction in TORC2 in islets increases cleaved caspase-3 and cleaved PARP levels. 
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S275 on TORC2 is Phosphorylated by the AMPK family of Kinases 

Previously published data had shown that S171 was phosphorylated by SIK2 and 

in this phosphorylated state TORC2 is retained in the cytoplasm. Moreover, expression 

of a consistently active SIK2 was enough to retain TORC2 in the cytoplasm and reduce 

CREB activity even after forskolin treatment (62). We sought out to determine the 

signaling pathway that regulated the phosphorylation of S275 and therefore needed to 

discover the kinase that phosphorylated S275. We performed a kinase screen using 180 

recombinant GST-kinases transfected into 293T cells. The in vitro kinase assay using a 

peptide corresponding to the region of S275 revealed that MARK2 and MARK3 were 

able to phosphorylate S275 (78). As the MARKs are members of the AMPK family of 

kinases, Accalia Fu in the lab did an in vitro kinase assay testing the ability of AMPK, 

S1K1, SIK2, MARK2 and MARK3 to phosphorylate peptides corresponding to regions 

surrounding S275 and SI71. Interestingly the in vitro kinase assay using GST-purified 

kinases from MIN6 cells revealed that all were able to phosphorylate both substrates 

(Figure 3-19). 
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Figure 3-19 The AMPK family of kinases phosphorylate TORC2 S275. 

Top: In vitro kinase assay measuring ability of purified GST-kinases AMPK a l , SIK1, 
SIK2, MARK2, and MARK3 to phosphorylate peptides corresponding S171 and S275 
(TORC2 aa 161-179 and TORC2 aa 267-283, both wild-type and S^A mutants). MIN6 
cells were transfected with GST-tagged kinases and purified to use in an in vitro kinase 
assay * indicates TORC2 phosphorylation and ** indicates autophosphorylation of the 
kinase.. Experiments done by Accalia Fu. 
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The fact that these kinases can phosphorylate both sites does not necessarily mean that it 

will happen in vivo. In order to test the effects of these kinases on TORC2-dependent 

CREB activity in cells I co-transfected into HIT-T15 cells TORC2 wt or S->A mutants 

with the individual kinases to measure CREB reporter activity. The results revealed that 

both SIK1 and SIK2 were able to inhibit wild-type and mutant TORC2 (data not shown). 

However, MARK3 and to our surprise, constitutively active AMPK (AMPK-CA) were 

not able to inhibit CREB activity. MARK2 expression did inhibit wild-type TORC2 and 

the S171A mutant, but not S275A or the double S171A + S275A mutant (Figure 3-20). 

AMPK is known to be the energy sensor of the cell, however my results show that it does 

not affect TORC2 S275-dependent CREB activity. This is interesting because S275 is 

regulated by glucose. Therefore to confirm that AMPK is not affecting the 

phosphorylation status of S275 I performed western blot analysis of HIT-T15 cells under 

starved or glucose treated conditions. Phospho-AMPK levels confirmed that AMPK is 

phosphorylated, and activated in low glucose (Figure 3-21), which is why we were 

surprised when it did not effect CREB activity. To confirm that indeed AMPK is not 

acting on this phosphorylation site to inhibit TORC21 treated MIN6 cells with increasing 

amounts of and activator of AMPK, AICAR and blotted for P275. Figure 3-21, bottom, 

shows that although phosphorylation levels of the AMPK substrate acetyl-CoA 

carboxylase increase, P275 levels do not. 
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Figure 3-20 MARK2 inhibits TORC-dependent CREB activity in beta cells. 

Top: CREB reporter assay in HIT-T15 cells co-transfecting TORC2 wt and S->A 
mutants with vector or constirutively active AMPK. AMPK does not significantly affect 
CREB activity. Bottom: CREB reporter assay in HIT-T15 cells co-transfecting TORC2 
wild-type and S->A mutants with vector alone or MARK2 or MARK3 kinases. MARK2 
is able to inhibit TORC2 wild-type, and single mutants SI71A and S275A, but not the 
double mutant S171A + S275A. 
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Figure 3-21 AMPK does not affect TORC2 S275 phosphorylation. 

Top: Western blot analysis of endogenous P275 TORC2, and P-AMPK and AMPK levels 
of HIT-T15 cells starved with KRB 2 X 0.5 hours with or without treatment of 20mM 
glucose. Bottom: Western blot analysis of MIN6 cells treated with AICAR lhr blotted 
for P275 and TORC2 as well as phospho-acetyl CoA carboxylase (PACC) and ACC. 
Although AMPK is regulated by glucose, as is P275, AMPK does not affect P275 levels. 
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Chapter 4 

DISCUSSION 

Scientists are beginning to discover the importance of TORC2 in the metabolic 

tissues of the body that respond to feeding and fasting cues. Recent data reveals the 

importance of TORC2 in hepatocytes, its regulation by insulin (74) and as a glucose 

sensor (79). TORC1 has also been shown recently to be involved in leptin and Stat-3 

signaling of the hypothalamus, controlling weight gain and fertility (80). I was interested 

in delineating the pathway of TORC2 activity in the beta cells of the pancreas and have 

made some significant discoveries. 

Recently TORC2 was shown to be required for CREB activity in beta cells. It 

was my intention to identify the regulatory domains and specific amino acids responsible 

for CREB activation. TORC2, and therefore CREB, are both responsive to the second 

messengers, cAMP and Ca2+, which are interestingly the same signals that are required 

for insulin secretion. Indeed delineating the mechanism of this activation, specifically in 

beta cells, is metabolically and medically important. 

It was previously shown that TORC is responsible for the synergistic activation of 

CREB by cAMP and Ca2+ stimuli. My data has revealed that these two stimuli act on two 

separate amino acid residues in the signaling cascade leading to CREB target gene 

activation (see Figure 4-1). In non-glucose responsive cells such as HEK293T, cAMP 

causes the dephosphorylation of S171 on TORC2 resulting in its release by 14-3-3 

proteins followed by its nuclear entry. I have shown that in beta cells, cAMP stimulation 

is required but insufficient for TORC2 nuclear entry. In beta cells, glucose is required 

for dephosphorylation of S275, and this in combination with cAMP will produce nuclear 
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localization of TORC2. In addition, S275 can become dephosphorylated after cAMP 

treatment but only in the presence of glucose, re-iterating the dependence of the 

regulatory site on glucose. It is interesting that in 293 cells, S275 and S171 are 

phosphorylated, but both are dephosphorylated following cAMP treatment (Andy Ng, 

unpublished data 2008). One explanation that can be offered for this is perhaps beta cells 

have adapted to regulate the phosphorylation of S275 by glucose specifically. This 

would be logical because their response to glucose is crucial to the metabolism of the 

organism. As the amino acid sequence surrounding these two sites is conserved in 

TORC1,2 and 3 from zebrafish to humans, it would be fascinating to see how these sites 

are regulated in other metabolic tissues such as hepatocytes, muscle, and adipose tissues. 

Recent evidence has shown that in hepatocytes, S70 of TORC2 is responsive to glucose 

and when this serine is mutated to aspartate to mimic a phosphoryated residue, it loses the 

glucose response (79). I had tested this residue for its involvement in TORC2 nuclear 

localization and CREB activation. Curiously I had found that the mutation of this Serine 

to Alanine made no difference in 14-3-3 binding or CREB activity. This is yet another 

example of differential signaling of the same protein (TORC2) in two separate metabolic 

tissues. Specifically it would be interesting to determine the regulation and role of this 

phosphorylation site in neurons, which are constantly responding to signals cued by Ca2+ 

influx. 

I had also observed that although mutation of S171 and S275 to alanine in the 

context of truncated TORC2 abolished 14-3-3 protein binding, the full length protein 

required the additional mutation of S369 to Alanine to inhibit 14-3-3 binding. With this 

result the hypothesis was that mutation of all three Serines would be required to result in 

69 



constitutively nuclear TORC2; however, this was not the case. The double mutant S171 

+ S275 was over 90% nuclear in the absence of glucose or cAMP. The additional 

mutation of S369 was not significantly different. This poses the question: what is the 

regulatory purpose of this amino acid binding to 14-3-3s? The fact that the amino acid 

sequence surrounding S369 is not conserved suggests its role is evolutionarily novel. As 

mutation of S369 makes no difference in localization of TORC2 or CREB activity, 

perhaps it is important in another aspect of TORC function that is beyond its CREB 

coactivator role. Additionally, we have no knowledge of the signals that control S369 

phosphorylation. Is this site imperative to metabolic processes, or something completely 

different such as cell survival, differentiation, insulin secretion? 

Our lab identified MARK2 as the kinase that phosphorylates S275 on TORC2. The 

proposed model of the signaling pathway leading to TORC2 activation in beta cells to 

date is shown in Figure 4-1. Overexpression of this kinase in HIT-T15 cells inhibits 

TORC2-dependent CREB activity in a reporter assay. Interestingly, co-expression of 

TORC2 in the presence or absence of MARK2 in regular glucose conditions showed no 

difference in TORC2 localization (data not shown). This result could indicate that 

MARK2 activity itself is not regulated, that it is the phosphatase Cn alone that is 

regulated and it is a balance of MARK2 kinase activity versus the phosphatase activity 

that changes in response to glucose, instead of an on/off switch in the cell. Additionally 

SIK1 and SIK2 were able inhibit to CREB-induced activity all TORC2 mutants. We 

were quite confused by this result, if cAMP does not primarily affect S275, then why, 

when S171 is mutated do the SIKs play a role? Perhaps the reason is because the kinases 

are being overexpressed in these cells, therefore become less specific. The better 
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experiment to match the CREB reporter would be a knock-down of these kinases in the 

presence of the mutant TORCs to determine CREB inhibition. I was in the process of 

attempting to knock-down MARK2 in HIT-T15 and MIN6 cells, however was 

unsuccessful. Ultimately if possible islets would be the ideal cells in which to perform 

these experiments, however due to the difficulty in culturing islets for long periods, and 

their low transfection efficiency, using cell lines is the preferred method for now. 
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Figure 4-1 Model of TORC2 activation. 

A novel glucose responsive phosphorylation site in TORC2 has been identified. Serine 
275 is regulated by glucose in beta cells while cAMP controls serine 171 
phosphorylation. De-phosphorylation of these two sites leads to the synergistic TORC2 
dependent CREB target gene transcription. 
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As we did not have a reliable antibody for MARK2,1 had transfected esiRNAs targeting 

MARK2 into HIT-T15 and MIN6 cells and measured CREB target gene expression by 

PCR as a preliminary trial. I did not see any difference in the mRNA levels when 

expressing these esiRNA constructs. The reason for this could have been that the 

constructs did not work, or that the MARK2 protein has a long half life and the timeline I 

was using was simply too short. Additionally, there are 4 MARK proteins, and there may 

be redundancy between the different isoforms. However, this explanation is doubtful 

because recently transgenic MARK2 whole knock-out mice were made and these mice 

had presented with a fascinating phenotype. The MARK2 null mice were leaner, with 

increased metabolism, and insulin hypersensitivity (81). This is an indication that we are 

indeed on the right track, however the phenotype of the MARK2 knockout mice may be 

misleading. This knockout is throughout the entire mouse and as I have shown you, 

TORC2 is differentially regulated in different metabolic tissues. Therefore, to see the 

true metabolic effect of the TORC2:MARK2 signaling cascade, MARK2 must be 

removed from one tissue at a time. 

AMPK is known as the energy sensing kinase that controls glucose and lipid 

metabolism (82). Therefore, it appeared logical when it was identified as a potential 

kinase to phosphorylate S275. Indeed AMPK inhibits TORC2-dependent CREB activity 

in hepatocytes by phosphorylation of S171 (70). However, my research revealed that it 

was not involved in the phosphorylation status of S275 of TORC2 in beta cells. This 

leads to the conclusion that TORC2 is activated in two separate tissues by the same 

second messenger under opposing conditions. 
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In hepatocytes TORC2 is dephosphorylated under fasting conditions to activate 

gluconeogenic gene transcription by glucagon via the cAMP pathway to increase blood 

glucose levels (12). In beta cells TORC2 is dephosphorylated in feeding conditions by 

GLP-1 via the cAMP pathway to decrease blood glucose levels by enhancing survival 

and proliferation of beta cells (62). The ability of TORC2 to respond to opposite 

metabolic conditions in the liver and the pancreas via the same mechanism is fascinating 

and further investigation into this could prove quite valuable in the understanding of 

human metabolism. 

Although several new treatment options for diabetes have arisen in the past few 

years, there remains a common hurdle to overcome: maintaining beta cell survival. 

Studies of islet transplants have revealed that the immunosuppressant, cyclosporine A 

(CsA) or Tacrolimus, could be causing apoptosis of the beta cells. The desired 

mechanism of action of CsA is as a Calcineurin inhibitor, inhibiting T-cell activation and 

cytokine gene expression (21). However, this drug has shown adverse effects such as post 

transplant diabetes mellitus (PTDM) in renal transplant patients (21). In vitro studies 

show that prolonged CsA treatment results in decreased insulin secretion and insulin 

content in the cells. In addition, in vivo studies show cyclosporine-induced beta cell 

degranulation, vacuolization, and a 50% decrease in mRNA content rat islets (83). The 

possible mechanism for this may be that CsA inhibits the activity of the phosphatase 

calcineurin (Cn) (84). Calcineurin activity is required for membrane depolarization-

induced CREB activity (85) and promotes beta cell survival and proliferation (59). The 

signaling pathways that lead to CREB activation are not completely understood, and as 

such, the work in our lab will delineate the role TORCs play in beta cell survival. 
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The future of this research is ongoing in Dr. Screaton's lab. Of great importance 

is the effect of SIK2 or MARK2 knock down on beta cell survival and CREB activity. A 

transgenic mouse model of a SIK2 or MARK2 inducible knock-out specifically in the 

beta cells of the pancreas is being generated. The hypothesis would be that these mice 

could maintain lower glucose levels even under a high fat diet as their beta cells would be 

constantly proliferating and surviving, therefore producing insulin. Perhaps inhibitors of 

these kinases could target the pancreas of diabetic patients to promote survival of the beta 

cells and hence insulin secretion. The current study identified a specific amino acid in 

TORC2 that is regulated by glucose in the beta cells of the pancreas. This contributes 

significantly to our current understanding of the regulatory mechanisms involved in 

human metabolism and maintenance of homeostasis. 

75 



REFERENCES 

1. Newgard, C. B., and McGarry, J. D., Metabolic coupling factors in pancreatic 
beta-cell signal transduction, Annu Rev Biochem, 64, 689 (1995). 

2. Kanno, T., Gopel, S. O., Rorsman, P., and Wakui, M., Cellular function in 
multicellular system for hormone-secretion: electrophysiological aspect of studies 
on alpha-, beta- and delta-cells of the pancreatic islet, Neurosci Res, 42,79 
(2002). 

3. Orci, L., Ravazzola, M., Baetens, D., Inman, L., Amherdt, M., Peterson, R. G., 
Newgard, C. B., Johnson, J. H., and Unger, R. H., Evidence that down-regulation 
of beta-cell glucose transporters in non-insulin-dependent diabetes may be the 
cause of diabetic hyperglycemia, Proc Natl Acad Sci USA, 87, 9953 (1990). 

4. Cook, D. L., and Hales, C. N., Intracellular ATP directly blocks K+ channels in 
pancreatic B-cells, Nature, 311,211 (1984). 

5. Liang, Y., and Matchinsky, F.M., Mechanims of action of nonglucose insulin 
secretagogues, Annual Review of Nutrition, 14, 59 (1994). 

6. Prentki, M., and Wollheim, C. B., Cytosolic free Ca2+ in insulin secreting cells 
and its regulation by isolated organelles, Experientia, 40, 1052 (1984). 

7. Leibiger, I. B., Leibiger, B., Moede, T., and Berggren, P. O., Exocytosis of insulin 
promotes insulin gene transcription via the insulin receptor/PI-3 kinase/p70 s6 
kinase and CaM kinase pathways, Mol Cell, 1,933 (1998). 

8. Hoist, J. J., and Gromada, J., Role of incretin hormones in the regulation of 
insulin secretion in diabetic and nondiabetic humans, Am J Physiol Endocrinol 
Metab,287, El99 (2004). 

9. Hou, J. C , and Pessin, J. E., Ins (endocytosis) and outs (exocytosis) of GLUT4 
trafficking, Curr Opin Cell Biol, 19,466 (2007). 

10. Birnbaum, M., Identification of a novel gene encoding an insulin-responsive 
glucose transporter protein., Cell, 57, 305 (1989). 

11. Postic, C , Dentin, R., and Girard, J., Role of the liver in the control of 
carbohydrate and lipid homeostasis, Diabetes Metab, 30, 398 (2004). 

12. Yoon, J. C , Puigserver, P., Chen, G., Donovan, J., Wu, Z., Rhee, J., Adelmant, 
G., Stafford, J., Kahn, C. R., Granner, D. K., Newgard, C. B., and Spiegelman, B. 
M., Control of hepatic gluconeogenesis through the transcriptional coactivator 
PGC-1,Nature, 413, 131 (2001). 

13. Herzig, S., Long, F., Jhala, U. S., Hedrick, S., Quinn, R., Bauer, A., Rudolph, D., 
Schutz, G., Yoon, C , Puigserver, P., Spiegelman, B., and Montminy, M., CREB 
regulates hepatic gluconeogenesis through the coactivator PGC-1, Nature, 413, 
179(2001). 

14. Michael, M. D., Kulkarni, R. N., Postic, C , Previs, S. F., Shulman, G. I., 
Magnuson, M. A., and Kahn, C. R., Loss of insulin signaling in hepatocytes leads 
to severe insulin resistance and progressive hepatic dysfunction, Mol Cell, 6, 87 
(2000). 

76 



15. Diakotu, H., Yamagata, K., Matsuzaki, H., Hatta, M., Fukamizu, A., Regulation 
of PGC-1 promoter activity by protein kinase B and the Forkhead transcription 
factor FKHR., Diabetes, 52, 642 (2003). 

16. Puigserver, P., Rhee, J., Donovan, J., Walkey, C. J., Yoon, J. C , Oriente, F., 
Kitamura, Y., Altomonte, J., Dong, H., Accili, D., and Spiegelman, B. M., 
Insulin-regulated hepatic gluconeogenesis through FOXOl-PGC-1 alpha 
interaction, Nature, 423, 550 (2003). 

17. KM, G., Type 1 diabetes: pathogenesis and prevention, Canadian Medical 
Association Journal, 175, 165 (2006). 

18. Zaia, J. A., The status of gene vectors for the treatment of diabetes, Cell Biochem 
Biophys, 48, 183(2007). 

19. Pavlakis, M., and Khwaja, K., Pancreas and islet cell transplantation in diabetes, 
Curr Opin Endocrinol Diabetes Obes, 14, 146 (2007). 

20. Cohen, N. D., and Shaw, J. E., Diabetes: advances in treatment, Intern Med J, 37, 
383 (2007). 

21. Subramanian, S., and Trence, D. L., Immunosuppressive agents: effects on 
glucose and lipid metabolism, Endocrinol Metab Clin North Am, 36, 891 (2007). 

22. Barton, K., Muthusamy, N., Chanyangam, M., Fischer, C , Clendenin, C , and 
Leiden, J. M., Defective thymocyte proliferation and IL-2 production in 
transgenic mice expressing a dominant-negative form of CREB, Nature, 379, 81 
(1996). 

23. Kruger, M., Schwaninger, M., Blume, R., Oetjen, E., and Knepel, W., Inhibition 
of CREB- and cAMP response element-mediated gene transcription by the 
immunosuppressive drugs cyclosporin A and FK506 in T cells, Naunyn 
Schmiedebergs Arch Pharmacol, 356,433 (1997). 

24. Oetjen, E., Baun, D., Beimesche, S., Krause, D., Cierny, I., Blume, R., Dickel, C , 
Wehner, S., and Knepel, W., Inhibition of human insulin gene transcription by the 
immunosuppressive drugs cyclosporin A and tacrolimus in primary, mature islets 
of transgenic mice, Mol Pharmacol, 63, 1289 (2003). 

25. Plaumann, S., Blume, R., Borchers, S., Steinfelder, H. J., Knepel, W., and Oetjen, 
E., Activation of the dual-leucine-zipper-bearing kinase and induction of beta-cell 
apoptosis by the immunosuppressive drug cyclosporin A, Mol Pharmacol, 73, 
652 (2008). 

26. Drachenberg, C. B., Klassen, D. K., Weir, M. R., Wiland, A., Fink, J. C , Bartlett, 
S. T., Cangro, C. B., Blahut, S., and Papadimitriou, J. C , Islet cell damage 
associated with tacrolimus and cyclosporine: morphological features in pancreas 
allograft biopsies and clinical correlation, Transplantation, 68, 396 (1999). 

27. Oetjen, E., Grapentin, D., Blume, R., Seeger, M., Krause, D., Eggers, A., and 
Knepel, W., Regulation of human insulin gene transcription by the 
immunosuppressive drugs cyclosporin A and tacrolimus at concentrations that 
inhibit calcineurin activity and involving the transcription factor CREB, Naunyn 
Schmiedebergs Arch Pharmacol, 367, 227 (2003). 

28. Muoio, D. M., and Newgard, C. B., Mechanisms of disease: molecular and 
metabolic mechanisms of insulin resistance and beta-cell failure in type 2 
diabetes, Nat Rev Mol Cell Biol, 9, 193 (2008). 

77 



29. Butler, A. E., Janson, J., Bonner-Weir, S., Ritzel, R., Rizza, R. A., and Butler, P. 
C , Beta-cell deficit and increased beta-cell apoptosis in humans with type 2 
diabetes, Diabetes, 52, 102 (2003). 

30. Terauchi, Y., Takamoto, I., Kubota, N., Matsui, J., Suzuki, R., Komeda, K., Hara, 
A., Toyoda, Y., Miwa, I., Aizawa, S., Tsutsumi, S., Tsubamoto, Y., Hashimoto, 
S., Eto, K., Nakamura, A., Noda, M., Tobe, K., Aburatani, H., Nagai, R., and 
Kadowaki, T., Glucokinase and IRS-2 are required for compensatory beta cell 
hyperplasia in response to high-fat diet-induced insulin resistance, J Clin Invest, 
777,246(2007). 

31. Weir, G. C , and Bonner-Weir, S., A dominant role for glucose in beta cell 
compensation of insulin resistance, J Clin Invest, 117, 81 (2007). 

32. Lee, S. C , and Pervaiz, S., Apoptosis in the pathophysiology of diabetes mellitus, 
Int J Biochem Cell Biol, 39,497 (2007). 

33. Cnop, M., Welsh, N., Jonas, J. C , Jorns, A., Lenzen, S., and Eizirik, D. L., 
Mechanisms of pancreatic beta-cell death in type 1 and type 2 diabetes: many 
differences, few similarities, Diabetes, 54 Suppl 2, S97 (2005). 

34. Costes, S., Longuet, C , Broca, C , Faruque, O., Hani, E. H., Bataille, D., and 
Dalle, S., Cooperative effects between protein kinase A and p44/p42 mitogen-
activated protein kinase to promote cAMP-responsive element binding protein 
activation after beta cell stimulation by glucose and its alteration due to 
glucotoxicity, Ann N Y Acad Sci, 1030, 230 (2004). 

35. Hoeffler, J. M., TE Yun, Y Jameson, J and Habener JF, Cyclic-AMP-responsive 
DNA-binding protein: structure based on an cloned placental cDNA., Science, 
242,1430(1988). 

36. Brindle, P., Linke, S., and Montminy, M., Protein-kinase-A-dependent activator 
in transcription factor CREB reveals new role for CREM repressors, Nature, 364, 
821 (1993). 

37. Hai, T. W., Liu, F., Coukos, W. J., and Green, M. R., Transcription factor ATF 
cDNA clones: an extensive family of leucine zipper proteins able to selectively 
form DNA-binding heterodimers, Genes Dev, 3, 2083 (1989). 

38. Dwarki, V. J., Montminy, M., and Verma, I.M., Both the basic region and the 
'leucine zipper' domain of the cyclic AMP response element binding (CREB) 
protein are essential for transcriptional activation, EMBO, 9, 225 (1990). 

39. Gonzalez, G. A., Montminy, M.R., Cyclic AMP stimulates somatostatin gene 
transcription by phosphorylation of CREB at serine 133., Cell, 59, 675 (1989). 

40. JD, S., Cyclic nucleotide-dependent protein kinases, Pharmacology and 
Therpeutics, 50,123 (1991). 

41. Hagiwara, M. e. a., Coupling of hormonal stimulation and transcription via cyclic 
AMP-responsive factor CREB is rate limited by protein kinase A., Molecular and 
Cellular Biology, 13,4852 (1993). 

42. Kwok, R. P., Lundblad, J. R., Chrivia, J. C , Richards, J. P., Bachinger, H. P., 
Brennan, R. G., Roberts, S. G., Green, M. R., and Goodman, R. H., Nuclear 
protein CBP is a coactivator for the transcription factor CREB, Nature, 370, 223 
(1994). 

78 



43. Felinski, E. A., Kim, J., Lu, J., and Quinn, P. G., Recruitment of an RNA 
polymerase II complex is mediated by the constitutive activation domain in 
CREB, independently of CREB phosphorylation, Mol Cell Biol, 21, 1001 (2001). 

44. Comb, M., Birnberg, N. C , Seasholtz, A., Herbert, E., and Goodman, H. M., A 
cyclic AMP- and phorbol ester-inducible DNA element, Nature, 323, 353 (1986). 

45. Montminy, M. R., Sevarino, K. A., Wagner, J. A., Mandel, G., and Goodman, R. 
H., Identification of a cyclic-AMP-responsive element within the rat somatostatin 
gene, Proc Natl Acad Sci US A, 83, 6682 (1986). 

46. Zhang, X., Odom, D. T., Koo, S. H., Conkright, M. D., Canettieri, G., Best, J., 
Chen, H., Jenner, R., Herbolsheimer, E., Jacobsen, E., Kadam, S., Ecker, J. R., 
Emerson, B., Hogenesch, J. B., Unterman, T., Young, R. A., and Montminy, M., 
Genome-wide analysis of cAMP-response element binding protein occupancy, 
phosphorylation, and target gene activation in human tissues, Proc Natl Acad Sci 
U S A, 102,4459 (2005). 

47. Mayr, B., and Montminy, M., Transcriptional regulation by the phosphorylation-
dependent factor CREB, Nature Reviews: Molecular Cell Biology, 2, 599 (2001). 

48. Johannessen, M., Delghandi, M. P., and Moens, U., What turns CREB on?, Cell 
Signal, 16,1211 (2004). 

49. Xing, J., Ginty, D. D., and Greenberg, M. E., Coupling of the RAS-MAPK 
pathway to gene activation by RSK2, a growth factor-regulated CREB kinase, 
Science, 273,959(1996). 

50. Cuenda, A., Rouse, J., Doza, Y.N., Meier, R., Cohen, P., Gallagher, T.F., Young, 
P.R., and Lee, J.C., SB 203580 is a specific inhibitor of a MAP kinase homologue 
which is stimulated by cellular stresses and interleukin-1., FEBS letters, 364, 229 
(1995). 

51. Deak, M., Clifton, A. D., Lucocq, L. M., and Alessi, D. R., Mitogen- and stress-
activated protein kinase-1 (MSK1) is directly activated by MAPK and 
SAPK2/p38, and may mediate activation of CREB, Embo J, 17,4426 (1998). 

52. Tao, X., Finkbeiner, S., Arnold, D. B., Shaywitz, A. J., and Greenberg, M. E., 
Ca2+ influx regulates BDNF transcription by a CREB family transcription factor-
dependent mechanism, Neuron, 20, 709 (1998). 

53. Giovannone, B., Scaldaferri, M. L., Federici, M., Porzio, O., Lauro, D., Fusco, A., 
Sbraccia, P., Borboni, P., Lauro, R., and Sesti, G., Insulin receptor substrate (IRS) 
transduction system: distinct and overlapping signaling potential, Diabetes Me tab 
ResRev,16,A?>4{2W0). 

54. Kubota, N., Tobe, K., Terauchi, Y., Eto, K., Yamauchi, T., Suzuki, R., 
Tsubamoto, Y., Komeda, K., Nakano, R., Miki, H., Satoh, S., Sekihara, H., 
Sciacchitano, S., Lesniak, M., Aizawa, S., Nagai, R., Kimura, S., Akanuma, Y., 
Taylor, S. I., and Kadowaki, T., Disruption of insulin receptor substrate 2 causes 
type 2 diabetes because of liver insulin resistance and lack of compensatory beta-
cell hyperplasia, Diabetes, 49, 1880 (2000). 

55. Niessen, M., On the role of IRS2 in the regulation of functional beta-cell mass, 
Arch Physiol Biochem, 112,65 (2006). 

56. Datta, S. R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., and Greenberg, 
M. E., Akt phosphorylation of BAD couples survival signals to the cell-intrinsic 
death machinery, Cell, 91,231 (1997). 

79 



57. Efanova, I. B., Zaitsev, S. V., Zhivotovsky, B., Kohler, M., Efendic, S., Orrenius, 
S., and Berggren, P. O., Glucose and tolbutamide induce apoptosis in pancreatic 
beta-cells. A process dependent on intracellular Ca2+ concentration, J Biol Chem, 
275,33501 (1998). 

58. Maedler, K., Spinas, G. A., Lehmann, R., Sergeev, P., Weber, M., Fontana, A., 
Kaiser, N., and Donath, M. Y., Glucose induces beta-cell apoptosis via 
upregulation of the Fas receptor in human islets, Diabetes, 50,1683 (2001). 

59. Jhala, U. S., Canettieri, G., Screaton, R. A., Kulkarni, R. N., Krajewski, S., Reed, 
J., Walker, J., Lin, X., White, M., and Montminy, M., cAMP promotes pancreatic 
beta-cell survival via CREB-mediated induction of IRS2, Genes Dev, 17, 1575 
(2003). 

60. Sarkar, S. A., Gunter, J., Bouchard, R., Reusch, J. E., Wiseman, A., Gill, R. G., 
Hutton, J. C., and Pugazhenthi, S., Dominant negative mutant forms of the cAMP 
response element binding protein induce apoptosis and decrease the anti-apoptotic 
action of growth factors in human islets, Diabetologia, 50, 1649 (2007). 

61. Conkright, M. D., Canettieri, G., Screaton, R., Guzman, E., Miraglia, L., 
Hogenesch, J. B., and Montminy, M., TORCs: transducers of regulated CREB 
activity, Mol Cell, 12,413 (2003). 

62. Screaton, R. A., Conkright, M. D., Katoh, Y., Best, J. L., Canettieri, G., Jeffries, 
S., Guzman, E., Niessen, S., Yates, J. R., 3rd, Takemori, H., Okamoto, M., and 
Montminy, M., The CREB coactivator TORC2 functions as a calcium- and 
cAMP-sensitive coincidence detector, Cell, 119, 61 (2004). 

63. Ferreri, K., Gill, G., and Montminy, M., The cAMP-regulated transcription factor 
CREB interacts with a component of the TFIID complex, Proc Natl Acad Sci U S 
A, 97, 1210 (1994). 

64. Gross, D. N., van den Heuvel, A. P., and Birnbaum, M. J., The role of FoxO in 
the regulation of metabolism, Oncogene, 27, 2320 (2008). 

65. Muslin, A. J., and Xing, H., 14-3-3 proteins: regulation of subcellular localization 
by molecular interference, Cell Signal, 12, 703 (2000). 

66. Bridges, D., and Moorhead, G. B., 14-3-3 proteins: a number of functions for a 
numbered protein, Sci STKE, 2004, re 10 (2004). 

67. Horike, N., Takemori, H., Katoh, Y., Doi, J., Min, L., Asano, T., Sun, X. J., 
Yamamoto, H., Kasayama, S., Muraoka, M., Nonaka, Y., and Okamoto, M., 
Adipose-specific expression, phosphorylation of Ser794 in insulin receptor 
substrate-1, and activation in diabetic animals of salt-inducible kinase-2, J Biol 
Chem, 278, 18440 (2003). 

68. Kovacs, K. A., Steullet, P., Steinmann, M., Do, K. Q., Magistretti, P. J., Halfon, 
O., and Cardinaux, J. R., TORC1 is a calcium- and cAMP-sensitive coincidence 
detector involved in hippocampal long-term synaptic plasticity, Proc Natl Acad 
Sci USA, 104,4700 (2007). 

69. Zhou, Y., Wu, H., Li, S., Chen, Q., Cheng, X. W., Zheng, J., Takemori, H., and 
Xiong, Z. Q., Requirement of TORC1 for late-phase long-term potentiation in the 
hippocampus, PLoS ONE, 1, el6 (2006). 

70. Koo, S. H., Flechner, L., Qi, L., Zhang, X., Screaton, R. A., Jeffries, S., Hedrick, 
S., Xu, W., Boussouar, F., Brindle, P., Takemori, H., and Montminy, M., The 

80 



CREB coactivator TORC2 is a key regulator of fasting glucose metabolism, 
Nature, 437, 1109(2005). 

71. Hardie, D. G., AMP-activated/SNFl protein kinases: conserved guardians of 
cellular energy, Nat Rev Mol Cell Biol, 8,114 (2007). 

72. Zang, M., Zuccollo, A., Hou, X., Nagata, D., Walsh, K., Herscovitz, H., Brecher, 
P., Ruderman, N. B., and Cohen, R. A., AMP-activated protein kinase is required 
for the lipid-lowering effect of metformin in insulin-resistant human HepG2 cells, 
J Biol Chem, 279,47898 (2004). 

73. Shaw, R. J., Lamia, K. A., Vasquez, D., Koo, S. H., Bardeesy, N., Depinho, R. A., 
Montminy, M., and Cantley, L. C , The kinase LKB1 mediates glucose 
homeostasis in liver and therapeutic effects of metformin, Science, 310, 1642 
(2005). 

74. Dentin, R., Liu, Y., Koo, S. H., Hedrick, S., Vargas, T., Heredia, J., Yates, J., 3rd, 
and Montminy, M., Insulin modulates gluconeogenesis by inhibition of the 
coactivator TORC2, Nature, 449, 366 (2007). 

75. Canettieri, G., Koo, S. H., Berdeaux, R., Heredia, J., Hedrick, S., Zhang, X., and 
Montminy, M., Dual role of the coactivator TORC2 in modulating hepatic 
glucose output and insulin signaling, Cell Metab, 2, 331 (2005). 

76. Leiter, E. H., The NOD mouse: a model for insulin-dependent diabetes mellitus, 
Curr Protoc Immunol, Chapter 15, Unit 15 9 (2001). 

77. Yaffe, M. B., Rittinger, K., Volinia, S., Caron, P. R., Aitken, A., Leffers, H., 
Gamblin, S. J., Smerdon, S. J., and Cantley, L. C , The structural basis for 14-3-
3:phosphopeptide binding specificity, Cell, 91, 961 (1997). 

78. Jansson, D., Ng, A. C , Fu, A., Depatie, C , Al Azzabi, M., and Screaton, R. A., 
Glucose controls CREB activity in islet cells via regulated phosphorylation of 
TORC2, Proc Natl Acad Sci U S A, 105, 10161 (2008). 

79. Dentin, R., Hedrick, S., Xie, J., Yates, J., 3rd, and Montminy, M., Hepatic glucose 
sensing via the CREB coactivator CRTC2, Science, 319, 1402 (2008). 

80. Altarejos, J. Y., Goebel, N., Conkright, M. D., Inoue, H., Xie, J., Arias, C. M., 
Sawchenko, P. E., and Montminy, M., The Crebl coactivator Crtcl is required for 
energy balance and fertility, Nat Med, 14, 1112 (2008). 

81. Hurov, J. B., Huang, M., White, L. S., Lennerz, J., Choi, C. S., Cho, Y. R., Kim, 
H. J., Prior, J. L., Piwnica-Worms, D., Cantley, L. C , Kim, J. K., Shulman, G. I., 
and Pi wnica-Worms, H., Loss of the Par-lb/MARK2 polarity kinase leads to 
increased metabolic rate, decreased adiposity, and insulin hypersensitivity in vivo, 
Proc Natl Acad Sci USA, 104, 5680 (2007). 

82. Long, Y. C , and Zierath, J. R., AMP-activated protein kinase signaling in 
metabolic regulation, J Clin Invest, 116, \116 (2006). 

83. Nanji, S. A., and Shapiro, A. M., Islet transplantation in patients with diabetes 
mellitus: choice of immunosuppression, BioDrugs, 18, 315 (2004). 

84. Liu, J., Farmer, J. D., Jr., Lane, W. S., Friedman, J., Weissman, I., and Schreiber, 
S. L., Calcineurin is a common target of cyclophilin-cyclosporin A and FKBP-
FK506 complexes, Cell, 66, 807 (1991). 

85. Oetjen, E., Thorns, K. M., Laufer, Y., Pape, D., Blume, R., Li, P., and Knepel, 
W., The immunosuppressive drugs cyclosporin A and tacrolimus inhibit 

81 



membrane depolarization-induced CREB transcriptional activity at the coactivator 
level, Br J Pharmacol, 144, 982 (2005). 



Curriculum Vitae 

Ms Deidre J Jansson 
deidre@dieselpuddle.com 

Academic Background and Training 

Master's Biochemistry: Master's University of CANADA 
Human 
Molecular 
Genetics 

Bachelor's, Forensic 
Honours Biology 

of Science Ottawa 

Bachelor Laurentian CANADA 
of Science University 

05/2007-
05/2009 

09/2002-
04/2006 

Technical Experience 
MSc. Thesis Project: TORC2 Regulation in Beta Cells of the Pancreas 
Objective: to investigate the regulation of the CREB coactivator TORC2. Used 
methods such as protein manipulation, expression and purification, western blot 
analysis, gene regulation and expression as well as cloning techniques, 
immunofluorescence, maintaining and treating cell cultures, kinase assays with 
radioactive materials and islet isolation from mice. 

BSc. Preliminary experience with forensic techniques such as blood spatter 
analysis, fingerprinting, entomology, biological sample examination as introduced 
in course/laboratory work. 

Work Experience 

Senior Research 
Technician 

Student Research 
Assistant 

University of 
Ottawa 
Cellular and 
Molecular 
Medicine 
University of 
Calgary 
Biochemistry & 
Molecular Biology 

Examining the role 
of NFKB in breast 
cancer using 
mouse and cell 
culture models 
Investigating 
telomerase activity 
and relation to 
ING proteins in 
cancer cells 

10/2008-05/2009 

08/2006-12/2006 

Summer Student 
Research 
Assistant 

Laurentian 
University of 
Sudbury 
Chemistry and 
Biochemistry 

Design of a 
telomerase 
inhibitor via solid-
phase protein 
synthesis 

05/2005 - 08/2005 

Page 1 

mailto:deidre@dieselpuddle.com


Laboratory Laurentian Monitored and 09/2004-12/2004 
Teaching University of conducted 
Assistant Sudbury marking and 

Chemistry and teaching 
Biochemistry assistance in 2nd 

year biochemistry 
course 

Publications: 
Jansson, D., Ng, A.C., Fu, A., Depatie, C, Al Azzabi, M., and Screaton, R. 
Glucose Controls CREB Activity in Islet Cells via Regulated Phosphorylation of 
TORC2. Proc Natl Acad Sci U S A, 105(28), 10161 (2008). 

Gionet, N., Jansson D., Mader S., and Pratt M.A. NF-kappaB and estrogen 
receptor alpha interactions: Differential function in estrogen receptor-negative 
and -positive hormone-independent breast cancer cells. J Cell Biochem, Apr 6 
[Epub ahead of print] (2009). 

Volunteer Experience and Extracurricular Activities: 
Volunteer for Habitat for Humanity 2001-2008. 
Volunteer for Actua Science Camp for Kids as a Mentor. 
Also participated in the Terry Fox Run and the Run for the Cure. 
I enjoy working part-time for, and playing recreational soccer, ultimate frisbee and 
floor hockey with the Ottawa Sport and Social Club. 

References: 

Dr. Alex MacKenzie 
Supervisor 
Apoptosis Research Centre 
(613)738-4180 
alex@mgcheo.med.uottawa.ca 

Dr. Martin Holcik 
Scientist, CHEO Research Institute 
Associate Professor, Department of Paediatrics 
(613)738-3207 
martin(a)mqcheo.med.uottawa.ca 

Dr. Robert Korneluk 
Director, Apoptosis Research Centre 
(613)738-3281 
bob@mgcheo.med.uottawa.ca 

Page 2 

mailto:alex@mgcheo.med.uottawa.ca
mailto:bob@mgcheo.med.uottawa.ca


Dr. Gerardo Ulibarri 
Assistant Professor, Laurentian University 
(705)675-1151 ext2107 
gulibarri@laurentian.ca 

Page 3 

mailto:gulibarri@laurentian.ca

