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ABSTRACT OF THE DISSERTATION 

 

 

The Role of the CRTC Family of CREB Coactivators in Glucose Homeostasis 
 

by 

Meghan Fennell Hogan 

 

Doctor of Philosophy in Biological Sciences 

 

University of California, San Diego, 2013 

 

Professor Marc R. Montminy, Chair 
 
 
 
 
 
 
 
 
 
 
 
 

 Obesity and its associated health issues are reaching epidemic levels 

worldwide.  There are many reasons for this increase in metabolic diseases 

including environmental and lifestyle changes.  However, there are also many 

biological mechanisms that shift the energy homeostasis of a system to a 



 xv 

dysregulated state, often resulting in obesity or diabetes.  One of these 

mechanisms that contribute to the rise of blood glucose levels and eventual 

failing of insulin producing beta-cells in the pancreas is hepatic 

gluconeogenesis.  The hormones that regulate this process include insulin and 

glucagon.  Glucagon acts through the secondary messenger cAMP, 

stimulating the cAMP Response Element Binding Protein (CREB) and its 

associated co-activators, the CRTCs to enhance gluconeogenic enzyme 

transcription.  It has been clear that CRTC2 plays a role in this process, but 

this dissertation provides evidence for overlapping roles of CRTC2 and 

CRTC3, explaining past observations regarding modest phenotypes of CRTC2 

null mice.  Additionally, we show here that chronic expression of a liver 

expressed, constitutively active CRTC2 through an adeno-associated virus 

that upregulated hepatic gluconeogenesis is able to lead to an insulin resistant 

phenotype that is eventually compensated for by the upregulation of IRS2, a 

CREB target gene.  



 1 

Chapter 1  Introduction 

 

1.1 Energy Metabolism 

 Metabolism involves all the processes that break down (catabolism) or 

build up (anabolism) various metabolites in a system.  These metabolites are 

used for storage, energy, and making the building blocks of life, such as 

nucleic acids, amino acids, proteins, enzymes, and tissues, that compose the 

body itself.  When scientists discuss a metabolic disorder, this most often 

refers to a problem with the metabolism of energy balance:  the energy spent 

must equal the energy brought into the system, often counted in caloric input 

and output.   

 The body is remarkably good at maintaining energy balance of a 

system: approximately 70% of calories are expended on maintenance of the 

body and its organs, keeping them working at their peak efficiency, called the 

resting metabolic rate.  Around 20% of calories go towards supplying energy 

for physical activity and the remaining 10% go to maintaining body heat, a 

process called thermogenesis.  The body is surprisingly accurate (about 99%) 

at keeping the body weight constant, and it is the 1-2% of intake that ends up 

causing shifts in metabolism over time, resulting in obesity and changes in 

energy homeostasis.  
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1.2  Regulation of Energy Metabolism 

 There are many ways of regulating metabolism, one of the most basic 

being that of nutrient regulation.  The body is able to recognize periods of 

scarcity compared to periods of plenty and in turn regulates the control of 

calories burned and the energy sources used to maintain basal metabolic 

rates.  It is exceedingly uncommon for humans to consume the same amount 

of nutrients each day and every day brings about different levels of activity that 

need to be supported by energy burning.  Despite this uneven consumption 

and spending, body weight remains remarkable stable, most likely due to the 

existence of systems that maintain energy homeostasis throughout the body 

(Yamada and Katagiri, 2007).  This maintenance necessitates that there is 

communication between various tissues to “collect” information on the state of 

nutrients and responding appropriately to changes in fuel availability.  The 

brain/central nervous system (CNS) is the master regulator of this process, 

gathering information from peripheral tissues and then sending signals to 

regulate the metabolic mechanisms in those tissues (Marshall, 2006; Yamada 

et al., 2008). 

 In order to adapt to cycles of nutrient availability throughout a standard 

24-hour period, energy metabolism in animals has itself evolved to be cyclical 

(Hatori et al., 2012).  These cell-autonomous circadian rhythms are based on 

interlocking feedback circuits in which multiple proteins, including BMAL1, 
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CLOCK, NPAS2, and ROR act as transcriptional activators, while PER, CRY, 

and REV-ERB act as inhibitors.  These proteins promote transcription of 

various target genes, all in cyclical rhythms, contributing to the maintenance of 

energy homeostasis (Reddy and O’Neill, 2010). 

 Several of the most well known regulatory pathways for maintaining 

energy balance are hormonal pathways: primarily insulin and glucagon.  

These hormonal pathways rely on intra-tissue communication, as the hormone 

is produced in one tissue (such as the pancreas) it then binds to particular 

receptors on various other tissues modulate transcription of a variety of other 

proteins (Yamada and Katagiri, 2007).  For example, insulin is produced in the 

β-cells in the islets of the pancreas and is secreted when glucose levels are 

increased.  The insulin signaling pathways themselves synchronize growth 

and development, fertility, and lifespan through three interwoven levels: 

proximal signaling, intermediate signaling, and distal signaling (Biddinger and 

Kahn, 2006).   

 Through intermediate signaling, insulin regulates the PI 3-Kinase (that 

subsequently activates the kinase AKT); the Mitogen Activated Protein Kinase 

pathway (which phosphorylates substrates in the cytoplasm to mediate the 

proliferative effects of insulin); and the transcription factor sterol regulatory 

element binding protein (SREBP)-1c which is capable of activating fatty acid 

biosynthesis, regulation of gluconeogenesis, and adipocyte differentiation 
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(Biddinger and Kahn, 2006).  Looking at a molecular level, insulin regulates 

many other pathways including protein synthesis in muscle and liver; lipid 

synthesis in liver and adipose tissue; glycolysis and glucose storage in the 

muscle and liver; and most importantly to the work described in this 

dissertation, the inhibition of gluconeogenesis in the liver (Cheng et al., 2010). 

 Standing opposite to insulin is the hormone glucagon, which is secreted 

by α-cells in the pancreatic islet in response to a decrease in blood glucose 

concentrations, especially during fasting.  Glucagon mainly affects the liver 

and adipose tissue (Fritsche et al., 2008).  In the liver, glucagon will bind to its 

G-protein coupled receptor, resulting in the activation of adenylyl cyclase that 

will catalyze the production of cAMP.  cAMP in turn will bind the regulatory 

subunits of protein kinase A (PKA), resulting in activation of the kinase 

comparable to that of AKT/PKB for insulin signaling (Altarejos and Montminy, 

2011; Fritsche et al., 2008).   

 The hormonal inputs in mediating metabolic energy balance are often 

important in intra-tissue/organ pathways.  These hormonal communication 

pathways lead to intermediate pathways that are able to directly control energy 

metabolism, known as the signaling pathways.  Signaling pathways include 

the aforementioned PI3-Kinase pathway, the sirtuin (SIRT-1) pathway, the 

mammalian target of rapamycin (mTOR), and the AMPK pathway.  These 

signaling pathways all act as modifiers by phosphorylation or de-acetylation of 
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downstream targets to ensure that feeding or fasting signals are integrated 

and transmitted to the cells themselves.   

 mTOR integrates inputs from upstream pathways, including that of 

insulin, and amino acid availability.  mTOR is also capable of sensing cellular 

nutrient, oxygen, and energy levels (Tokunaga et al., 2004).  AKT (activated 

by the PI3 Kinase pathway) in turn phosphorylates and inhibits TSC2, which 

inhibits mTOR.  When no longer inhibited, mTOR along with the protein raptor 

(making up mTORC1), regulates protein synthesis by phosphorylating and 

activating S6Kinase, which can increase ribosomal biogenesis (Biddinger and 

Kahn, 2006).   

 It has also been suggested that mTORC1 plays an important role in 

lipid synthesis through promotion of the cleavage which activates SREBP1c 

(Cheng et al., 2010; Peterson et al., 2011).  Additionally, mTORC2 participates 

in the storage of glycogen by activating AKT, which inhibits GSK3β, enhancing 

the activation of glycogen synthase.  It is also thought that because of the 

upstream role of AKT, mTORC2 may directly participate in the suppression of 

gluconeogenesis (Zoncu et al., 2010). 

 The AMPK pathway senses cellular energy levels through allosteric 

activation of AMPK by rising levels of AMP from reduced ATP levels.  This 

allosteric activation triggers a signaling cascade, through the phosphorylation 

of many downstream targets, including two from the mTOR pathway (Marshall, 
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2006).  AMPK mediates effects of known adipokines in regulating food intake, 

body weight, and glucose and lipid metabolism.  AMPK itself is mainly 

regulated by the master regulator, LKB1, and in the liver is very active in 

controlling gluconeogenesis (Cantó and Auwerx, 2010; Kahn et al., 2005; 

Shackelford and Shaw, 2009).  AMPK uses phosphorylation to mediate the 

effects of transcriptional regulators of gluconeogenesis, inhibiting the 

upregulation of transcription of important gluconeogenic enzymes (Cantó and 

Auwerx, 2010). 

 In the end, all of these pathways act through the activation or 

repression of transcription factors, which bind to certain DNA sequences to 

enhance the transcription of a particular gene.  Examples of those that act in 

energy balance include FoxO1, PGC1α, HNF4 α, ChREBP, SREBP1, and 

most important for this dissertation, CREB and the CRTC family (Cantó and 

Auwerx, 2010).  These transcription factors are either activated or repressed 

based on which signaling pathway is involved, uniting the information about 

nutritional status of the environment with the cells that will be able to respond 

appropriately to maintain energy balance. 

1.3  Obesity and Dysregulation of Energy Balance 

 The increase in the rates of obesity has been triggered by 

environmental and lifestyle changes driven by the overconsumption of energy-

dense foods and sedentary lifestyle.  These changes create a chronic 
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imbalance of energy that lead to dysregulation in metabolic homeostasis 

(Muoio and Newgard, 2006).  Many organisms have evolved to survive the 

more dangerous periods of starvation or scarcity, and now that humans live in 

times where there is little caloric restriction, these evolutionary mechanisms 

are “too much of a good thing.” 

 This idea that humans evolved to store excess energy as fat in times of 

abundance to deal with periodic episodes of famine is known as the “thrifty 

gene” hypothesis (Neel, 1962; Spiegelman and Flier, 2001).  One of the first 

thrifty genes to be identified was the gene for leptin—a cytokine secreted from 

the adipocyte and signals to the hypothalamus.  Under normal conditions, 

leptin increases energy expenditure by increasing sympathetic tone, which 

stimulates lipolysis and fatty acid oxidation (Altarejos and Montminy, 2011).  In 

mice with genetic inactivation of leptin, ob/ob mice, the protein is biologically 

inactive, and the obesity is corrected with infusion of an active version of leptin 

itself.  Not only does leptin act as a thrifty protein, but the receptor to which it 

binds also plays an important role in the nutritional feedback loop from adipose 

tissues to the brain.  If the signaling receptor of leptin is deleted, the mice are 

obese, but no amount of added leptin is able to correct the phenotype 

(Spiegelman and Flier, 2001). 

 Not all cases of obesity are due solely to changes in the environment 

and nutrient consumption.  Several studies have found that diverse 
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mechanisms throughout the body can contribute to the development of 

obesity.  One such example is endoplasmic reticulum (ER) stress, also known 

as the unfolded protein response (UPR).  ER stress occurs when there is an 

imbalance between the protein folding capacity and the protein load, resulting 

in a buildup of unfolded proteins.  The expected outcome of the UPR is 

essentially adaptation to new functional demands and a restoration of ER 

homeostasis.  However, under prolonged ER stress, this homeostasis may not 

be reached.  Under conditions of excess nutrients, the hypothalamus, liver, 

adipose, muscles, and β-cells all experience the UPR in a cell autonomous 

and context-dependent manner, but there are similarities in outcomes.  The 

UPR can cause insulin and leptin resistance, alter protein secretion, modify 

membrane receptor expression, can contribute to β-cell apoptosis, and lead to 

obesity and inflammation (Cnop et al., 2012). 

 Increased inflammatory responses links the UPR and ER stress 

response with obesity and insulin signaling.  An important initiator of the 

inflammatory response (including elevated pro-inflammatory cytokines, 

activation of the JNK/activator protein 1 and IKK/NF-κB) is adipose tissue that 

contains macrophages and lymphocytes.  Under inflammatory responses, the 

adipocytes can release several cytokines, macrophage migration inhibitory 

factor, and of course leptin and adiponectin, which can promote insulin 

sensitivity.  In obese conditions, a consequence of chronically inflamed 
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adipose tissue is a shift in the energy homeostasis’ set point, eventually 

resulting in insulin resistance and difficulties with euglycemic control (Samuel 

and Shulman, 2012; Schenk et al., 2008). 

1.4  Insulin Resistance and Diabetes 

 The evolution from obesity to type II diabetes is often characterized by 

the development of insulin resistance, followed by increases in fasting blood 

glucose levels (Barthel and Schmoll, 2003; Kahn et al., 2006; Saltiel, 2012; 

Saltiel and Kahn, 2001). There are a variety of biological mechanisms that can 

lead to insulin resistance, including inflammation, ER stress and the unfolded 

protein response, and dysregulation of lipids (Flamment et al., 2012; Muoio 

and Newgard, 2006; Samuel and Shulman, 2012; Schenk et al., 2008; 

Shoelson et al., 2006).  It is often unclear how these processes are linked to 

each other, but once a tissue has lost its sensitivity to insulin signaling, the 

progression to a multi-tissue insulin resistant state to type II diabetes may 

occur through intra-tissue communication.   

 While we often think of diabetes as being a disease of the pancreas 

with dysfunctional islets/β-cells, it really involves multiple tissues, including the 

brain, skeletal muscle, adipose tissue, and liver (Kahn et al., 2006).  The lack 

of insulin or insufficient insulin production itself of course plays a role in the 

development of diabetes, but there are many other mechanisms throughout 
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the body that are able to contribute to insulin resistance and the eventual 

development of type II diabetes. 

 The brain of course, plays an important role with the CNS that 

integrates signals about nutritional availability and anti-obesity signals from 

leptin to modulate food intake (Elmquist et al., 2005).  In addition to the 

knowledge that the brain integrates information about nutrient availability and 

feeding signals, the brain itself contains insulin receptor signaling proteins, 

which when knocked out in a neuron-specific manner, generate animals that 

have increased appetite and therefore obesity, with impaired ability to inhibit 

hepatic gluconeogenesis (Biddinger and Kahn, 2006).  When the globally 

deleted insulin receptor mouse model had IR restored in the brain, there was 

only partial rescue from diabetic ketoacidosis.  Interestingly, restoration in the 

liver and pancreas only delayed the development of diabetes, indicating that 

insulin action in the brain is required to prevent the development of diabetes 

(LeRoith and Gavrilova, 2006). 

 The skeletal muscles are an important part of glucose uptake, 

accounting for 70-90% of disposal of oral glucose intake, and insulin 

resistance in the muscle is one of the earliest defects in type II diabetes 

(Biddinger and Kahn, 2006).  Muscle insulin receptor knockout mice (MIRKO) 

lead to impaired insulin signaling and decreased insulin dependent glucose 

transport, meanwhile without developing systematic insulin resistance 
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(Brüning et al., 1998).  The importance of the muscle in glucose metabolism 

was shown again in mice expressing dominant negative Igf1r and muscle-

specific knockout of Glut4, but point to various compensatory mechanisms by 

the adipose tissue and also the suppression of gluconeogenesis in the liver 

prevent a full blown diabetic phenotype (Nandi et al., 2004). 

 One of the key tissues involved in insulin resistance and progression to 

diabetes is that of the liver.  The liver is essential for tissues that rely only on 

glucose for energy sources, such as the brain and red blood cells during times 

of fasting when the liver is the source of de novo glucose production 

(gluconeogenesis) (Consoli, 1992).  Hepatic gluconeogenesis is maintained in 

the liver under tight control by two major hormones: glucagon and insulin.  

During times of scarcity or little consumed glucose, glucagon will activate the 

gluconeogenic engine, but upon exposure to caloric sources, insulin signaling 

shuts down the program.  This encourages glucose uptake into the liver itself, 

muscles, and adipose tissue.  When insulin signaling and control become less 

effective (often the case in insulin resistance), the gluconeogenic engine is no 

longer under extremely tight control (Barthel and Schmoll, 2003; Biddinger and 

Kahn, 2006; Consoli, 1992).  It is in fasting blood glucose levels that we 

observe this slipping control, due to increasing hepatic glucose production, 

leading to type II diabetes (Consoli, 1992). 
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1.5  cAMP Response Element Binding Protein (CREB) Family 

 Once a protein is translated, it must undergo various forms of 

modification before it is a fully functional protein.  These forms of modification 

may involve the protein structure itself, as in building disulfide bridges, but 

often take the form of various functional groups being added to specific amino 

acid residues such as hydroxylation, glycosylation, phosphorylation and 

adenylylation.  Phosphorylation of transcription factors is commonly used as a 

cellular signal regarding nutrient availability, cell stress, and environment. The 

first transcription factor shown to be regulated by phosphorylation was the 

cyclic AMP response element (CRE)-binding protein (CREB), and its related 

family members activating transcription factor 1 (ATF1) and CRE-modulator 

(CREM) (Mayr and Montminy, 2001).   

 The structures of CREB and its family members share significant 

organization.  All contain a biparte amino terminal transactivation domain 

(TAD), containing a central kinase inducible domain (KID) and one of two 

glutamine rich regions (Q2).  The KID region contains the important Serine133 

on which phosphorylation depends, and it is here that KIX domain CBP/p300 

(discussed later) binds most strongly.  CREB and its family members also 

contain a carboxyl-terminal basic leucine zipper domain (bZIP) that acts as the 

dimerization domain for CREB, and also the DNA binding domain to CRE sites 

(see Figure 1.1) (Altarejos and Montminy, 2011). 
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 CREB is phosphorylated in response to a variety of signals including 

growth factors, osmotic stress, ultraviolet radiation, and to hormonal 

stimulation that increases the concentration of the secondary messenger 

cAMP (Altarejos and Montminy, 2011).  Increases in cAMP occur in response 

to activation of G-protein-coupled receptors linked to stimulatory G proteins 

(composed of α, β, and γ subunits), which in turn leads to the activation of 

adenylyl cyclase (AC), which catalyzes cAMP from ATP.  cAMP then binds to 

the regulatory subunits of the hetero-tetrameric protein kinase A (PKA), 

whereby the catalytic subunits passively diffuse into the nucleus, where they 

phosphorylate CREB at Serine 133 (Figure 1.2) (Gonzalez and Montminy, 

1989).  This diffusion requires about 30 minutes to 1 hour and correlates well 

to the typical burst-attenuation-recovery gene expression with the 

phosphorylation of CREB followed by its dephosphorylation (Hagiwara et al., 

1992; 1993; Michael et al., 2000).   

 Under basal conditions, CREB binds as a dimer to the conserved 

palindromic cAMP responsive element DNA sequence TGACGTCA or to a half 

sequence TGACG/CGTCA, often found in the promoter proximal regions 

within 250 bp of the transcriptional start site of approximately 5,000 genes 

(Altarejos and Montminy, 2011).  Phosphorylation of CREB at Ser133 

promotes the recruitment of the transcriptional coactivator, CREB Binding 

Protein (CBP) and its paralog p300, with which transcription typically peaks 
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after about 30 minutes of stimulation (Arias et al., 1994; Chrivia et al., 1993; 

Mayr and Montminy, 2001).  CREB and CBP/p300 interact through well-

defined domains known as the KID (Kinase Inducible Domain in CREB) and 

KIX (domain of three helices in CBP/p300 that bind to KID) through the 

phosphorylation of Ser133 (Radhakrishnan et al., 1997).  Interestingly, the 

phosphorylation of Ser133 does not appear to be sufficient in increasing target 

gene expression.  In fact, only approximately 100 CREB target genes are 

upregulated under exposure to cAMP, the subset differs between tissue types, 

and the recruitment of CBP/p300 was predictive for cAMP induction (Zhang et 

al., 2005).   

1.6  CRTC (CREB-Regulated Transcriptional Co-activator) Family  

 Using high-throughput screening methods for modulators of CRE-

Luciferase activity, our lab and others identified a family of coactivators 

(CRTCs or TORCs) that maximize CREB activity when bound with its bZIP 

domain (Conkright et al., 2003; Iourgenko et al., 2003).  The CRTC family has 

very similar structures, all containing an amino-terminal CREB-binding domain 

(CBD), a central regulatory domain (REG) and a carboxyl-terminal 

transactivation domain (TAD) (Altarejos and Montminy, 2011).  (See Figure 

1.1)  Not only are the three family members structurally conserved, but the 

CRTCs appear to be evolutionarily conserved as well—functional homologues 
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have been identified from mammals to Caenorhabditis elegans and in the fruit 

fly, Drosophila melanogaster (Mair et al., 2011; Wang et al., 2008). 

Under basal conditions, the CRTCs are phosphorylated by SIKs and 

sequestered in the cytoplasm by association with 14-3-3 proteins.  Triggering 

of the cAMP pathways promote the PKA dependent inhibition of SIKs, leading 

to the dephosphorylation of CRTC2.  Additionally, the CRTCs are responsive 

to calcium signaling as well, with calcium triggering the calcineurin-mediated 

dephosphorylation, much like with the SIKs.  The 14-3-3 proteins then release 

the protein, and the CRTC is translocated to the nucleus (see Figure 1.3).  

CRTC binds to the bZIP domain of CREB in the presence of the CRE in the 

DNA.  The unbound state of the bZIP domain of CREB is largely unstructured 

and therefore unable to interfere with the helical CREB binding domain of 

CRTC2 (Bittinger et al., 2004; Dentin et al., 2008; Koo et al., 2005; Luo et al., 

2012; Screaton et al., 2004; Wang et al., 2010; 2009).  

  While conserved from worms to humans, the mammalian CRTC family 

is composed of three members, with slightly different functions primarily due to 

the location of expression.  CRTC1 is highly expressed in certain regions of 

the brain (prefrontal cortex, cerebellum, and hypothalamus) (Conkright et al., 

2003).  Mice with a knockout of CRTC1 are obese, hyperphagic, and leptin 

resistant, and thus CRTC1 appears to have a role in appetite suppression 

(Altarejos et al., 2008).  CRTC2 is ubiquitously expressed throughout the body, 
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but has primarily been identified with roles of gluconeogenesis and hepatic 

insulin sensitivity (Dentin et al., 2007; Saberi et al., 2009; Wang et al., 2010).  

Similarly, CRTC3 is expressed throughout the body, but has primarily been 

identified with increasing insulin resistance in adipose tissue and energy 

balance through catecholamine signaling (Song et al., 2010). 

1.7  Closing Remarks 

 CREB is one of the best-studied transcription factors, and yet much 

remains unknown about its regulation and function.  With the discovery of its 

family of co-regulators, much more has become understood about CREB’s 

roles in a variety of model organisms and in different tissues.  As an important 

player in the cAMP-signaling pathway, CREB and the CRTCs are essential in 

understanding more about the regulation of gluconeogenesis.  In this 

dissertation, I present evidence that CRTC2 and CRTC3 have overlapping 

roles in mammalian liver in regulating hepatic gluconeogenesis.  Additionally, 

the constitutively active form of hepatic CRTC2 is sufficient to cause insulin 

resistance followed by compensation of the phenotype by upregulation of 

IRS2.  The results presented here will hopefully further the study of CREB and 

the CRTC family in further understanding of mechanisms behind insulin 

resistance, hyperglycemia, and type II diabetes.   
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1.8  Figures 

 

Figure 1.1 Modular organization of CREB and CRTC and structural model 
of CREB and CRTC2 binding.  CREB (top) contains two glutamine rich 
domains (Q1 and Q2), a kinase inducible domain (KID) that contains Ser133, 
which, when phosphorylated, promotes an interaction with CBP/p300.  The C 
terminal basic Leucine zipper domain (bZIP) promotes binding to the DNA with 
CRE site, and to the cAMP-regulated transcriptional coactivators (CRTCs).  
The CRTC (bottom) family shares significant sequence homology, containing 
an N-terminal CREB Binding Domain, a central regulatory domwin which 
contains multiple phosphorylation sites which contribute to binding with the 14-
3-3 proteins.  These Serines can be phosphorylated by a variety of kinases, 
noted above the phosphorylation groups.  Inspired by (Altarejos and 
Montminy, 2011).  CREB and CRTC2 bind together (middle) to a CRE site in a 
2:2:1 stoichiometric ratio through the CRTC2 CBD and CREB bZIP.  From 
(Luo et al., 2012). 
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Figure 1.2 CREB stimulation by cAMP.  When an agonist (such as 
glucagon) binds to the G-protein coupled receptors, which are linked to the G-
proteins, comprised of an α, β, and γ subunits.  The α subunit leads to the 
activation of adenylyl cyclase (AC), which catalyzes ATP to cAMP.  cAMP then 
binds to the regulatory domains (R) of the inactive PKA, allowing the catalytic 
subunit to passively diffuse (dotted arrow) into the nucleus, the rate limiting 
step of the reaction.  The active PKA then phosphorylates CREB at Ser133, 
which is then able to promote gene expression at promoters containing CREs.  
Based on (Altarejos and Montminy, 2011). 
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Figure 1.3  CRTC dephosphorylation modulates shuttling into the 
nucleus.  cAMP and calcium regulate the localization of cAMP-regulated 
transcriptional coactivators.  Under basal conditions, CRTCs are sequestered 
in the cytoplasm through binding with 14-3-3 proteins.  cAMP and Ca2+ 
signals promote dephosphorylation through the inhibition of salt-inducible 
kinases (SIKs) and induction of the phosphatase calcineurin (CN).  
Dephosphorylated CRTC translocates to the nucleus, where it binds to CREB 
and stimulates its activity.  Based on (Altarejos and Montminy, 2011). 
 

  



 

 

20 

1.9  References 

Altarejos, J.Y., and Montminy, M.R. (2011). CREB and the CRTC co-
activators: sensors for hormonal and metabolic signals. Nat Rev Mol Cell Biol 
12, 141–151. 

Altarejos, J.Y., Goebel, N., Conkright, M.D., Inoue, H., Xie, J., Arias, C.M., 
Sawchenko, P.E., and Montminy, M.R. (2008). The Creb1 coactivator Crtc1 is 
required for energy balance and fertility. Nat Med 14, 1112–1117. 

Arias, J., Alberts, A.S., Brindle, P.K., Claret, F.X., Smeal, T., Karin, M., 
Feramisco, J., and Montminy, M.R. (1994). Activation of cAMP and mitogen 
responsive genes relies on a common nuclear factor. Nature 370, 226–229. 

Barthel, A., and Schmoll, D. (2003). Novel concepts in insulin regulation of 
hepatic gluconeogenesis. Am J Physiol Endocrinol Metab 285, E685–E692. 

Biddinger, S.B., and Kahn, C.R. (2006). FROM MICE TO MEN: Insights into 
the Insulin Resistance Syndromes. Annu. Rev. Physiol. 68, 123–158. 

Bittinger, M.A., McWhinnie, E., Meltzer, J., Iourgenko, V., Latario, B., Liu, X., 
Chen, C.H., Song, C., Garza, D., and Labow, M.A. (2004). Activation of cAMP 
response element-mediated gene expression by regulated nuclear transport of 
TORC proteins. Curr Biol 14, 2156–2161. 

Brüning, J.C., Michael, M.D., Winnay, J.N., Hayashi, T., Hörsch, D., Accili, D., 
Goodyear, L.J., and Kahn, C.R. (1998). A muscle-specific insulin receptor 
knockout exhibits features of the metabolic syndrome of NIDDM without 
altering glucose tolerance. Mol Cell 2, 559–569. 

Cantó, C., and Auwerx, J. (2010). AMP-activated protein kinase and its 
downstream transcriptional pathways. Cell. Mol. Life Sci. 67, 3407–3423. 

Cheng, Z., Tseng, Y., and White, M.F. (2010). Insulin signaling meets 
mitochondria in metabolism. Trends in Endocrinology & Metabolism 21, 589–
598. 

Chrivia, J.C., Kwok, R.P., Lamb, N., Hagiwara, M., Montminy, M.R., and 
Goodman, R.H. (1993). Phosphorylated CREB binds specifically to the nuclear 
protein CBP. Nature 365, 855–859. 

Cnop, M., Foufelle, F., and Velloso, L.A. (2012). Endoplasmic reticulum stress, 
obesity and diabetes. Trends Mol Med 18, 59–68. 



 

 

21 

Conkright, M.D., Canettieri, G., Screaton, R., Guzman, E., Miraglia, L., 
Hogenesch, J.B., and Montminy, M.R. (2003). TORCs: transducers of 
regulated CREB activity. Mol Cell 12, 413–423. 

Consoli, A. (1992). Role of liver in pathophysiology of NIDDM. Diabetes Care 
15, 430–441. 

Dentin, R., Hedrick, S., Xie, J., Yates, J., and Montminy, M.R. (2008). Hepatic 
Glucose Sensing via the CREB Coactivator CRTC2. Science 319, 1402–1405. 

Dentin, R., Liu, Y., Koo, S.-H., Hedrick, S., Vargas, T., Heredia, J., Yates, J.R., 
and Montminy, M.R. (2007). Insulin modulates gluconeogenesis by inhibition 
of the coactivator TORC2. Nature 449, 366–369. 

Elmquist, J.K., Coppari, R., Balthasar, N., Ichinose, M., and Lowell, B.B. 
(2005). Identifying hypothalamic pathways controlling food intake, body 
weight, and glucose homeostasis. J Comp Neurol 493, 63–71. 

Flamment, M., Hajduch, E., Ferré, P., and Foufelle, F. (2012). New insights 
into ER stress-induced insulin resistance. Trends in Endocrinology & 
Metabolism 23, 381–390. 

Fritsche, L., Weigert, C., Haring, H.-U., and Lehmann, R. (2008). How insulin 
receptor substrate proteins regulate the metabolic capacity of the liver-
implications for health and disease. Current Medicinal Chemistry 15, 1316–
1329. 

Gonzalez, G.A., and Montminy, M.R. (1989). Cyclic AMP stimulates 
somatostatin gene transcription by phosphorylation of CREB at serine 133. 
Cell 59, 675–680. 

Hagiwara, M., Alberts, A.S., Brindle, P.K., Meinkoth, J., Feramisco, J., Deng, 
T., Karin, M., Shenolikar, S., and Montminy, M.R. (1992). Transcriptional 
attenuation following cAMP induction requires PP-1-mediated 
dephosphorylation of CREB. Cell 70, 105–113. 

Hagiwara, M., Brindle, P.K., Harootunian, A., Armstrong, R., Rivier, J., Vale, 
W., Tsien, R., and Montminy, M.R. (1993). Coupling of hormonal stimulation 
and transcription via the cyclic AMP-responsive factor CREB is rate limited by 
nuclear entry of protein kinase A. Mol Cell Biol 13, 4852–4859. 

Hatori, M., Vollmers, C., Zarrinpar, A., DiTacchio, L., Bushong, E.A., Gill, S., 
Leblanc, M., Chaix, A., Joens, M., Fitzpatrick, J.A.J., et al. (2012). Time-
Restricted Feeding without Reducing Caloric Intake Prevents Metabolic 



 

 

22 

Diseases in Mice Fed a High-Fat Diet. Cell Metab 15, 848–860. 

Iourgenko, V., Zhang, W., Mickanin, C., Daly, I., Jiang, C., Hexham, J.M., Orth, 
A.P., Miraglia, L., Meltzer, J., Garza, D., et al. (2003). Identification of a family 
of cAMP response element-binding protein coactivators by genome-scale 
functional analysis in mammalian cells. Proc Natl Acad Sci USA 100, 12147–
12152. 

Kahn, B.B., Alquier, T., Carling, D., and Hardie, D.G. (2005). AMP-activated 
protein kinase: Ancient energy gauge provides clues to modern understanding 
of metabolism. Cell Metab 1, 15–25. 

Kahn, S.E., Hull, R.L., and Utzschneider, K.M. (2006). Mechanisms linking 
obesity to insulin resistance and type 2 diabetes. Nature 444, 840–846. 

Koo, S.-H., Flechner, L., Qi, L., Zhang, X., Screaton, R.A., Jeffries, S., Hedrick, 
S., Xu, W., Boussouar, F., Brindle, P.K., et al. (2005). The CREB coactivator 
TORC2 is a key regulator of fasting glucose metabolism. Nature 437, 1109–
1111. 

LeRoith, D., and Gavrilova, O. (2006). Mouse models created to study the 
pathophysiology of Type 2 diabetes. Int J Biochem Cell Biol 38, 904–912. 

Luo, Q., Viste, K., and Urday-Zaa, J.C. (2012). Mechanism of CREB 
recognition and coactivation by the CREB-regulated transcriptional coactivator 
CRTC2. 

Mair, W., Morantte, I., Ana P. C. Rodrigues, Manning, G., Montminy, M.R., 
Shaw, R.J., and Dillin, A. (2011). Lifespan extension induced by AMPK and 
calcineurin is mediated by CRTC-1 and CREB. Nature 470, 404–408. 

Marshall, S. (2006). Role of Insulin, Adipocyte Hormones, and Nutrient-
Sensing Pathways in Regulating Fuel Metabolism and Energy Homeostasis: A 
Nutritional Perspective of Diabetes, Obesity, and Cancer. Science's STKE 
2006, re7–re7. 

Mayr, B.M., and Montminy, M.R. (2001). Transcriptional regulation by the 
phosphorylation-dependent factor CREB. Nat Rev Mol Cell Biol 2, 599–609. 

Michael, L.F., Asahara, H., Shulman, A.I., Kraus, W.L., and Montminy, M.R. 
(2000). The Phosphorylation Status of a Cyclic AMP-Responsive Activator Is 
Modulated via a Chromatin-Dependent Mechanism. Mol Cell Biol 20, 1596–
1603. 



 

 

23 

Muoio, D.M., and Newgard, C.B. (2006). OBESITY-RELATED 
DERANGEMENTS IN METABOLIC REGULATION. Annu Rev Biochem 75, 
367–401. 

Nandi, A., Kitamura, Y., Kahn, C.R., and Accili, D. (2004). Mouse models of 
insulin resistance. Physiol Rev 84, 623–647. 

Neel, J.V. (1962). Diabetes mellitus: a “thrifty” genotype rendered detrimental 
by ‘progress’? American Journal of Human Genetics 14, 353. 

Peterson, T.R., Sengupta, S.S., Harris, T.E., Carmack, A.E., Kang, S.A., 
Balderas, E., Guertin, D.A., Madden, K.L., Carpenter, A.E., Finck, B.N., et al. 
(2011). mTOR Complex 1 Regulates Lipin 1 Localization to Control the 
SREBP Pathway. Cell 146, 408–420. 

Radhakrishnan, I., Pérez-Alvarado, G.C., Parker, D., Dyson, H.J., Montminy, 
M.R., and Wright, P.E. (1997). Solution structure of the KIX domain of CBP 
bound to the transactivation domain of CREB: a model for activator:coactivator 
interactions. Cell 91, 741–752. 

Reddy, A.B., and O’Neill, J.S. (2010). Healthy clocks, healthy body, healthy 
mind. Trends in Cell Biology 20, 36–44. 

Saberi, M., Bjelica, D., Schenk, S., Imamura, T., Bandyopadhyay, G., Li, P., 
Jadhar, V., Vargeese, C., Wang, W., Bowman, K., et al. (2009). Novel liver-
specific TORC2 siRNA corrects hyperglycemia in rodent models of type 2 
diabetes. AJP: Endocrinology and Metabolism 297, E1137–E1146. 

Saltiel, A.R. (2012). Insulin Resistance in the Defense against Obesity. Cell 
Metab 15, 798–804. 

Saltiel, A.R., and Kahn, C.R. (2001). Insulin signalling and the regulation of 
glucose and lipid metabolism. Nature 414, 799–806. 

Samuel, V.T., and Shulman, G.I. (2012). Mechanisms for Insulin Resistance: 
Common Threads and Missing Links. Cell 148, 852–871. 

Schenk, S., Saberi, M., and Olefsky, J.M. (2008). Insulin sensitivity: 
modulation by nutrients and inflammation. J Clin Invest 118, 2992–3002. 

Screaton, R.A., Conkright, M.D., Katoh, Y., Best, J.L., Canettieri, G., Jeffries, 
S., Guzman, E., Niessen, S., Yates, J.R., Takemori, H., et al. (2004). The 
CREB coactivator TORC2 functions as a calcium- and cAMP-sensitive 
coincidence detector. Cell 119, 61–74. 



 

 

24 

Shackelford, D.B., and Shaw, R.J. (2009). The LKB1–AMPK pathway: 
metabolism and growth control in tumour suppression. 1–13. 

Shoelson, S.E., Lee, J., and Goldfine, A.B. (2006). Inflammation and insulin 
resistance. J Clin Invest 116, 1793–1801. 

Song, Y., Altarejos, J., Goodarzi, M.O., Inoue, H., Guo, X., Berdeaux, R., Kim, 
J.-H., Goode, J., Igata, M., Paz, J.C., et al. (2010). CRTC3 links catecholamine 
signalling to energy balance. Nature 468, 933–939. 

Spiegelman, B.M., and Flier, J.S. (2001). Obesity and the regulation of energy 
balance. Cell 104, 531–543. 

Tokunaga, C., Yoshino, K.-I., and Yonezawa, K. (2004). mTOR integrates 
amino acid- and energy-sensing pathways. Biochem Biophys Res Commun 
313, 443–446. 

Wang, B., Goode, J., Best, J., Meltzer, J., Schilman, P.E., Chen, J., Garza, D., 
Thomas, J.B., and Montminy, M.R. (2008). The insulin-regulated CREB 
coactivator TORC promotes stress resistance in Drosophila. Cell Metab 7, 
434–444. 

Wang, Y., Inoue, H., Ravnskjaer, K., Viste, K., Miller, N., Liu, Y., Hedrick, S., 
Vera, L., and Montminy, M.R. (2010). Targeted disruption of the CREB 
coactivator Crtc2 increases insulin sensitivity. Proc Natl Acad Sci USA 107, 
3087–3092. 

Wang, Y., Vera, L., Fischer, W.H., and Montminy, M.R. (2009). The CREB 
coactivator CRTC2 links hepatic ER stress and fasting gluconeogenesis. 
Nature 460, 534–537. 

Yamada, T., and Katagiri, H. (2007). Avenues of communication between the 
brain and tissues/organs involved in energy homeostasis. Endocr J 54, 497. 

Yamada, T., Oka, Y., and Katagiri, H. (2008). Inter-organ metabolic 
communication involved in energy homeostasis: Potential therapeutic targets 
for obesity and metabolic syndrome. Pharmacology & Therapeutics 117, 188–
198. 

Zhang, X., Odom, D.T., Koo, S.-H., Conkright, M.D., Canettieri, G., Best, J., 
Chen, H., Jenner, R., Herbolsheimer, E., and Jacobsen, E. (2005). Genome-
wide analysis of cAMP-response element binding protein occupancy, 
phosphorylation, and target gene activation in human tissues. Proc Natl Acad 
Sci USA 102, 4459–4464. 



 

 

25 

Zoncu, R., Efeyan, A., and Sabatini, D.M. (2010). mTOR: from growth signal 
integration to cancer, diabetes and ageing. Nature Publishing Group 12, 21–
35. 

 

 



 

 26 

Chapter 2  The Role of CRTC3 in Gluconeogenesis 

 

2.1  Abstract 

 During fasting, increases in glucagon lead to the induction of 

gluconeogenic genes through the activation of CREB and its coactivator 

CRTC2.  Previous studies have shown the importance of CRTC2 through the 

use of adenoviral short hairpin RNAi, but targeted disruption of CRTC2 has 

only modest effects on gluconeogenic compared to acute CRTC2 knockdown.  

The difference between the chronic and acute loss of CRTC2 may be 

explained by the presence of an additional family member, CRTC3.  We 

evaluated the potential role of CRTC3, a closely related family member, in 

compensation for CRTC2.  We show here that CRTC3 is expressed in the 

liver, is active under fasting conditions, and contributes to gluconeogenic gene 

expression.  Our results suggest that while CRTC2 may be the primary 

coactivator responsible for induction of gluconeogenic genes in response to 

glucagon, CRTC3 also appears to be important in this setting.  Thus CRTC2 

and CRTC3 may have overlapping roles in the regulation of glucose 

production by the liver during fasting.  
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2.2  Introduction 

 Despite alternating periods of caloric abundance and scarcity, blood 

glucose levels remain remarkably constant in normal systems, maintaining 

energy balance for glucose dependent tissues such as the brain.  This 

important control is upheld by balancing the production of glucose by the liver 

(gluconeogenesis and glycogenolysis) during fasting conditions with the 

uptake of glucose into peripheral tissues during fed conditions, both controlled 

by insulin signaling.  Early phases of type 2 diabetes are marked by insulin 

resistance, and an eventual inability of insulin to inhibit hepatic 

gluconeogenesis, resulting in elevated fasting blood glucose (Barthel and 

Schmoll, 2003; Biddinger and Kahn, 2006; Saltiel and Kahn, 2001; Samuel 

and Shulman, 2012).   

Under fasting conditions, increases in glucagon bring about the 

transcription of hepatic gluconeogenic genes such as PCK1 and G6Pase, in 

part due to increases in the secondary messenger cAMP (Herzig et al., 2001).  

Increases in cAMP result in the activation of protein kinase A (PKA), whereby 

the catalytic subunits of PKA diffuse into the nucleus, phosphorylate cAMP 

Response Element Binding protein (CREB), and promote recruitment of 

CBP/p300 that in turn recruits RNA polymerase II complexes (Chrivia et al., 

1993; Hagiwara et al., 1993). 
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A second cAMP regulated pathway also appears to modulate gene 

expression.  Under basal conditions, the CREB family of coactivators (CRTCs) 

is phosphorylated by SIKs and sequestered in the cytoplasm by association 

with 14-3-3 proteins.  Triggering of the cAMP pathways promote the PKA 

dependent inhibition of SIKs, leading to the dephosphorylation of CRTC2.  The 

14-3-3 proteins then release the protein, and CRTC2 is translocated to the 

nucleus.  CRTC2 binds to the bZIP domain of CREB in the presence of the 

CRE site in the DNA.  The unbound state of the bZIP domain of CREB is 

largely unstructured and therefore unable to interfere with the helical CREB 

binding domain of CRTC2 (Dentin et al., 2008; Koo et al., 2005; Luo et al., 

2012; Screaton et al., 2004; Wang et al., 2010; 2009).  

Previous studies have shown that an adenoviral RNAi knockdown of 

CRTC2 in liver decreases fasting induced gluconeogenic genes, resulting in 

lowered fasting glycaemia (Koo et al., 2005; Saberi et al., 2009).  Similarly, 

knockout of CRTC2 in isolated hepatocytes shows decreased glucose 

production (Le Lay et al., 2009; Wang et al., 2010).  Although we and others 

have observed decreases in gluconeogenic genes with adenoviral knockdown 

of CRTC2, the CRTC2 knockout mice have a more modest phenotype under 

normal chow conditions, perhaps due to mouse strain differences, and 

differences in the knockout strategies (Le Lay et al., 2009; Wang et al., 2010), 

but possibly due to compensation by other family members.   
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While CRTC2 is the most highly expressed family member in the liver, 

CRTC3, is also ubiquitously expressed in tissues including the liver. CRTC3 

has been found to promote obesity by down-regulating β-adregeneric receptor 

signaling in adipose tissue.  CRTC3-/- mice are resistant to obesity, have lower 

fasting blood glucose under high fat diet conditions, and are more insulin 

sensitive (Song et al., 2010).  Because the animals are full body knockout 

mice, it is unclear whether the metabolic phenotype is due only to the lack of 

CRTC3 in adipose tissue, or if the deficiency of CRTC3 in the liver also 

contributes to lower blood glucose levels. 

These observations led me to test whether CRTC2 and CRTC3 have 

overlapping roles in the liver.  Supporting this idea, the two family members 

share significant sequence homology (see Figure 2.1a), especially at the 

regulatory phosphorylation sites that mediate sequestration in the cytoplasm 

by the 14-3-3 proteins.  We found that CRTC3 is active in hepatocytes under 

glucagon stimulation, contributes to CREB activity, and stimulates 

gluconeogenic gene expression, as well as glucose production under fasting 

conditions.   
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2.3  Results 

Role of CRTC3 in gluconeogenesis 

 In order to determine whether CRTC3 responds to fasting signals, we 

used primary hepatocytes cultured from wild type, CRTC2-/-, and CRTC3-/- 

mice.  Following exposure to glucagon (100nmol/L) CRTC2 and CRTC3 are 

dephosphorylated (Figure 2.1b).  Dephosphorylation promotes nuclear entry, 

and the CRTC family is active (Ravnskjaer et al., 2007; Screaton et al., 2004).  

Indeed, in Figure 2.1c, glucagon promotes nuclear shuttling of both CRTC2 

and CRTC3, and both family members are cytoplasmic under basal 

conditions.     

 We wondered whether CRTC3 binds to CREB sites over gluconeogenic 

genes.  In chromatin immunoprecipitation (ChIP) assays of wild type and 

CRTC3-/- primary hepatocytes, CRTC3 was recruited to CREB binding sites 

over the PCK1 and G6Pase promoters (Figure 2.1d).  

CRTC3 is required for activation of the gluconeogenic program in 

hepatocytes 

 Because CRTC3 is recruited to CREB target genes, we questioned 

whether the loss of CRTC3 reduces CREB activity.  Towards this end, we 

used an adenoviral 8xCRE-Luciferase reporter (Suzuki et al., 1996) in 

hepatocytes cultured from CRTC3-/- mice (Figure 2.2a).  Indeed, CRE-
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luciferase activity was substantially decreased in response to glucagon 

stimulation in CRTC3-/- relative to control cells.   

 Because CRTC3 appears to be necessary for CREB activity as 

measured through the luciferase assay, we wondered if CRTC3 was also 

required for the transcription of CREB target and gluconeogenic genes.  Using 

adenoviral shRNAi of CRTC2 and CRTC3 alone and in combination in primary 

hepatocytes we saw that there was an attenuation of transcription of both 

NR4A1 and PCK1 (Figure 2.2b and S1).  While CRTC3i is less effective in 

lowering expression of NR4A1 and PCK1, it is also notable that the protein 

amounts of CRTC2 are increased, perhaps compensating for the loss of 

CRTC3 (S1).  Also supporting this idea of compensation, while the 

knockdowns of both CRTCs individually decrease mRNA expression, the 

combinations of the two (CRTC2i & CRTC3i) further reduce transcription of 

NR4A1 and PCK1.   

 To further test the importance of CRTC3 in gluconeogenesis, we 

examined whether overexpression or a phosphorylation defective, 

constitutively active CRTC3 (CRTC3S162A) upregulates CREB activity.  By 

using a human hepatoma cell line (HepG2) and transient transfection, we 

found over-expression of WT CRTC3 and CRTC3S162A increase the activity of 

both CREB- and G6Pase-luciferase reporters (Figure 2.2c).  Interestingly, cells 

with CRTC3 or CRTC3S162A showed induction in the reporter activity under 
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non-stimulated, basal conditions. Consistent with the results in HepG2 cells, 

when hepatocytes were infected with an adenoviral version of the 

constitutively active, dephosphorylation defective CRTC3 (Ad.CRTC3-

Ser162,275Ala), expression of gluconeogenic genes PCK1 and G6Pase, and 

CREB target gene NR4A1 were induced (Figure 2.2d).   

CRTC3 promotes hepatic glucose production in vivo 

 In previous studies we noted that CRTC3-/- (Song et al., 2010) we found 

that CRTC3-/- mice have slightly lower fasting blood glucoses relative to their 

wild type littermates (Figure 2.3a), an effect that was attributed to decreases in 

adiposity.  To determine whether CRTC3 participates directly in gluconeogenic 

gene expression, we performed immunoblot studies on liver extracts from 

overnight fasted and ad libitum fed mice (Figure 2.3b).  Notably, both CRTC2 

and CRTC3 were dephosphorylated indicating activity in the liver, the site of 

hepatic gluconeogenesis. 

 To evaluate CRTC3 activity in liver, we generated a CRTC3 conditional 

knockout mouse (Figure S2).  Indeed, when crossed with an albumin driven 

Cre-Recombinase mouse, we were able to breed a liver specific knockout 

(LC3KO).  Similar to CRTC2-/- mice (Wang et al., 2010), the LC3KO mice, after 

5 weeks on a 60% HFD, show significant differences in fasting blood glucoses 

(Figure 2.3c), and have increased glucose tolerance (Figure 2.3d).   
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2.4  Discussion  

As a mechanism through which the body modulates fasting blood 

glucose levels, hepatic gluconeogenesis and its control are important to 

energy balance and metabolism.  During insulin resistance, hepatic glucose 

output is up regulated, contributing to rising blood glucose levels that 

eventually lead to islet failure and type II diabetes. While CRTC2 has long 

been identified as an important player in hepatic gluconeogenesis, it has been 

unclear whether its relative CRTC3 has had any additional role.   The results 

here suggest that CRTC3 contributes to the control of hepatic 

gluconeogenesis through its effects on hepatic CREB activity. 

Using primary cultured hepatocytes, we are able to see similar effects 

of glucagon on CRTC2 and CRTC3.  Under stimulated conditions, both CRTC 

family members become dephosphorylated and translocate to the nucleus.  

This indicates that both CRTC2 and CRTC3 are active and nuclear in the liver 

during fasting conditions (stimulation by glucagon).  This is furthered by the 

observation that CRTC3 is recruited to known CREB target and gluconeogenic 

genes in hepatocytes, suggesting that CRTC3 is indeed active in the 

gluconeogenic program.  Similarly, CRE-luciferase reporter activity is down 

regulated in CRTC3-/- hepatocytes signifying CRTC3’s importance to CREB 

activity.  By quantifying PCK1 expression using knockdown RNAi for both 

CRTC2 and 3, we see the additive effect of having both CRTC2 and CRTC3 
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knocked down in hepatocytes.  This supports the idea that the two family 

members may have similar or overlapping roles in the liver.  We have also 

shown that overexpression of CRTC3 or the constitutively active CRTC3 

greatly increases CRE-Luciferase activity, and the transcription of 

gluconeogenic enzymes even under basal conditions. 

In vivo, we see that CRTC3 is dephosphorylated in the liver under 

fasting, denoting activity in conditions where hepatic gluconeogenesis is 

important.  Using a CRTC3 conditional knockout mouse specific for the liver 

(LC3KO), we observed that under a high fat diet, LC3KO mice had lower 

fasting blood glucose levels and increased glucose tolerance, furthering our 

hypothesis that CRTC3 is involved in the gluconeogenic program in the liver. 

Interestingly, it appears from the data presented here that CRTC3 may 

play a secondary role to that of CRTC2.  In hepatocytes, with knockdown of 

CRTC3, the amount of CRTC2 is increased.  This can also be seen in the 

hepatocytes from the CRTC3-/- mice, and the reverse in CRTC2-/- mice, in 

which CRTC3 is increased.  These observations showing increases of the 

opposite family member may be showing compensation within the metabolic 

system.  This hypothesis may explain the modest phenotype noted in the 

LC3KO mice, where only under the challenge of HFD do we see differences in 

fasting blood glucose—it is possible that CRTC2 is compensating for the loss 

of CRTC3.  Additionally, this may explain the modest phenotype of CRTC2-/- 
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mice, which may have to do with compensation from CRTC3 that until this time 

has not been recognized as a contributor to hepatic gluconeogenic ability (see 

Supplementary Figure 3). 

In order to fully determine the contributions of CRTC2 and CRTC3 to 

hepatic gluconeogenesis, we need to generate mice from a CRTC2-/-, LC3KO 

cross.  Because CRTC2-/-, CRTC3-/- mice are embryonic lethal, it has not yet 

been possible to look at mice with no CRTC contribution to the gluconeogenic 

program.  Further studies should also elucidate if there are differences within 

specificities of CRTCs—does CRTC3 bind more closely to the CRE site in the 

promoter of G6Pase than it does with PCK1?  Does each CRTC mediate 

effects on specific gene targets differently, or is the compensation provided by 

one family member in the absence of another is sufficient to rescue expression 

decreases of all gluconeogenic genes?  It will only be when we can eliminate 

both CRTC2 and CRTC3 individually and together in the liver specifically that 

we will be able to tease apart the answers to these questions. 
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2.5   Materials and Methods 

Animals 

 Mice were housed in colony cages in a temperature controlled 

environment under a 12 hour light/dark cycle with free access to water and a 

standard chow diet (Lab Diet 5001). Where indicated, mice were fed a high-fat 

diet (60% kcal%, Research Diets Incorporated, D12492).  Unless indicated, 

studies were performed using 8-12 week old C57Bl/6J males from Jackson 

Laboratories (Bar Harbor, ME; <000664>).  CRTC2-/-, and CRTC3-/- mice were 

described previously (Song et al., 2010; Wang et al., 2010). CRTC3 

conditional knockout mice were generated from embryonic stem cells from the 

International Knockout Mouse Consortium, injected into C57BL/6 blastocytes.  

The resulting chimeras were crossed with wild-type animals, and resulting 

exon 4 targeted heterozygotes were crossed to obtain exon 4 targeted mice.  

These mice were crossed with whole body FLP mice to generate CRTC3 

floxed mice.  The floxed mice were then crossed with Alb-Cre Recombinase to 

breed liver specific CRTC3 knockout mice (LC3KO), see Supplementary 

Figure 2.  We obtained approval for mouse studies from the Salk Institute 

Institutional Animal Care and Use Committee. 
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Genotyping 

 Mouse genotypes for CRTC2-/-, CRTC3-/-, and LC3KO were determined 

using tail biopsies using real-time PCR with specific probes designed for each 

gene (Transnetyx, Cordova, TN).   

In vivo analysis 

 Glucose tolerance was tested by an introperitoneal injection of 16 hr 

fasted mice with 1g/kg glucose followed by blood glucose measurements 

every 15-30 minutes as indicated for two hours.  For determination of fasting 

blood glucose, mice were fasted overnight in alpha-dry cages for 16 hours with 

free access to water.  Refed blood glucose values were determined after 5 

hours of free access to food.  Blood glucose values were determined using a 

LifeScan One Touch Ultra glucometer. 

Immunofluorescence 

 Live hepatocytes were plated in glass chamber slides (BD #354114), 

and treated as indicated.  Slides were then fixed for 10 minutes in 4% PFA in 

PBS, and then blocked for 30 minutes in PBS with 1% donkey serum (JAX 

#017-000-001) and 1% BSA (Millipore #81-066-4).  Primary antibodies were 

incubated overnight in PBS, and secondary antibodies linked with Alexa-Fluor 

-488 (donkey anti rabbit) or -568 (donkey anti rabbit) (Life Technologies) and 

DAPI were incubated for 2 hours.  Slides were then mounted with 70% 

glycerol and PBS, and images taken using a Confocal Zeiss 780. 
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In vitro analysis 

 HepG2 cells were cultured in Ham’s F12 media containing 10% FBS 

(HyClone), 100mg/mL penicillin-streptomycin.  HepG2 cells were transiently 

transfected with 3000ng DNA using X-tremeGENE HP (Roche #06366244001) 

and Opti-MEM (Life Technologies #31985088).  Primary hepatocytes were 

derived from C57BL/6J, CRTC2-/-, or CRTC3-/- mice as indicated, and 

maintained in serum free Medium 199 (Dentin et al., 2007). Knockdown and 

overexpression studies in hepatocytes were done by infecting cells at 2-5 

pfu/cell with previously described adenoviruses ((Dentin et al., 2008; Song et 

al., 2010).  All adenoviral RNAi knockdowns were carried out for 60hrs.  

Hepatocytes were stimulated with glucagon (100nmol/L, Sigma-Aldrich, 

G2044).  We determined luciferase and β-galactosidase activities as 

previously reported (Conkright et al., 2003).   

Gene expression 

 Total cellular RNA from whole liver or from primary hepatocytes were 

extracted using the RNeasy kit (Qiagen #74104) and cDNA was generated 

using the iScript select system (BioRad #170-8840).  cDNA was quantified on 

a LightCycler 480 instrument with 2x SYBR Green (Roche).  Gene expression 

data was presented relative to expression of housekeeping genes such as 

RPL32.   
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Protein analysis 

 Total protein from whole liver or primary hepatocytes was extracted in a 

RIPA buffer containing protease and phosphatase inhibitors, 0.25% DOC and 

0.1% SDS.  Proteins were quantified using the Bradford Bio-Rad Protein 

Assay Kit and separated using SDS-PAGE.   

Chromatin Immunoprecipitation 

 Primary hepatocytes were cross-linked for 10 minutes in 1% 

formaldehyde directly in their culture dishes, and then the reaction stopped by 

the addition of glycine.  Nuclei were isolated with a hypotonic lysis buffer and 

dounce homogenization.  Resulting chromatin was precleared and incubated 

with the CRTC3 antibody overnight in the presence of protease, phosphatase, 

and HDAC inhibitors.  The chromatin was then precipitated, purified, and 

quantified by PCR (LightCycler 480, Roche) and presented as percent of input 

chromatin. 

Antibodies 

 Antibodies used for immunoblotting, immunofluorescence, and ChIP are 

in alphabetical order:  CRTC3 (1:1000, CST #2720), KDEL (1:1000, Enzo 

#ADI-SPA-827), Hsp90 (1:5000, SCBt #33755).  For CRTC2 (1:5000), CREB 

(1:5000) and pCREB (Ser133, 1:5000), rabbit polyclonal antibodies were 

raised against respective antigens (Salk Institute). 
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Statistical Analysis 

 Data are presented as means ± s.e.m.  Statistical differences for one 

factor between two groups were determined by use of an unpaired Student’s t-

test.  For one factor between more than two groups, a one-way analysis of 

variance (ANOVA) test was performed.  We considered values of p<0.05 to be 

statistically significant.     
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2.6  Figures 

 

Figure 2.1  The role of CRTC3 in gluconeogenesis 
a.  Domain structure of the CRTC family, containing an N-terminal CREB 
Binding Domain (CBD), a regulatory domain, and a C-terminal Transactivation 
Domain (TAD).  Phosphorylation of the indicated serines (by SIK and AMPK, 
and by MARK2) promotes 14-3-3 protein binding to keep CRTC sequestered 
in the cytoplasm.  Based on (Altarejos and Montminy, 2011)  b. Protein lysates 
from primary hepatocytes from CRTC2-/-, CRTC3-/-, and wild type control mice 
stimulated by glucagon (100nmol/L) or PBS.  c. Primary wild-type hepatocytes 
stimulated with glucagon (100nmol/L) or PBS as indicated.  KDEL is used as 
an ER localization marker, and DAPI as a nuclear marker.  d.  Chromatin 
Immunoprecipitation assay of CRTC3 occupancy of TfIIb (control) or CREB 
sites (location noted above gene names) in gluconeogenic genes in response 
to glucagon (100nmol/L).   
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Figure 2.2  CRTC3 is required for activation of the gluconeogenic 
program in hepatocytes. 
a. CRE-Luciferase activity of primary hepatocytes from CRTC3-/- and littermate 
wild type control mouse, standardized to β-galactosidase (co-infected with 
adenoviral CRE-luciferase).  b. NR4A1 and Pck1 mRNA levels from primary 
hepatocytes depleted for CRTC2 and CRTC3 alone or in combination through 
the use of adenoviral shRNA in response to glucagon (100nmol/L).  c.  
Transient assay of HepG2 cells transfected with wild-type CRTC3 or 
constitutively active, phosphorylation defective CRTC3-S162A, and reporters 
CRE-luciferase, G6Pase-luciferase, and RSV-β-galactosidase, stimulated with 
10μM forskolin (FSK) or the vehicle DMSO.  Luciferase activity is normalized 
to β-galactosidase activity.  d.  mRNA levels for NR4A1, PCK1, and G6Pase 
from primary hepatocytes infected with an adenoviral wild-type CRTC3 
stimulated with glucagon (100nmol/L). 
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Figure 2.3  CRTC3 promotes hepatic glucose production in vivo. 
a.  Average overnight fasting blood glucoses for CRTC3-/- mice and WT 
littermate controls.  N=4 for WT, 5 for CRTC3-/-.  Mice were refed for 5 hours. 
b. Protein lysates from livers of 10-week-old WT mice fasted overnight or 
allowed free access to food.  c. Average overnight fasting blood glucoses for 
LC3KO (CRTC3 liver specific knock out mice) and littermate controls.  N=4 for 
controls, 10 for LC3KO.  d.  Glucose Tolerance Test of LC3KO mice and 
littermate controls (Cre-Recombinase negative).  Mice were on 60% HFD for 
10 weeks.  N=4 for controls, 10 for LC3KO.   
 
 
 
 

a.!200!

160!

120!

80!

40!

fasting! refed!

Av
er

ag
e 

BG
!

(m
g/

dL
)!

*"

CRTC3-/-!
WT!

c.!
d.!

LC3KO!

Cre-!

180!

140!

100!

60!

20!

0! 2! 3! 4! 5! 6! 8!
Weeks on HFD!

Av
er

ag
e 

Fa
st

in
g 

BG
!

(m
g/

dL
)!

*"

**"
*"

700!

500!

300!

100!

20! 40! 60! 80! 100! 120! 140!
minutes!

Av
er

ag
e 

BG
!

(m
g/

dL
)!

LC3KO!

Cre-!

**"

*"

*" *"

b.!



 

 

44 

 

Supplementary Figure 2.1.  Protein lysates from primary hepatocytes with 
infected with adenoviral shRNA.  Cells were stimulated with glucagon 
(100nmol/L) for one hour.   
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Supplementary Figure 2.2. CRTC3 Conditional Knockout targeting vector 
from IKMC (image available: 
http://www.knockoutmouse.org/martsearch/project/84669) and schematic to 
generate liver specific CRTC3 knock out mice (LC3KO).  
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Supplementary Figure 2.3.  Model for CRTC3 action in gluconeogenesis.  
Under normal conditions, CRTC3 plays a secondary role to CRTC2, which 
binds with CREB in the nucleus after release from 14-3-3 proteins (left).  It is in 
the absence of CRTC2 that CRTC3 plays a role in regulating hepatic 
gluconeogenesis (right). 
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Chapter 3   Chronic Hepatic Expression of CRTC2 Causes Insulin 

Resistance, but is Partially Compensated 

 

3.1  Abstract 

 In the past twenty years, obesity and type II diabetes rates have risen 

dramatically.  To this day, science has elucidated many mechanisms that lead 

to insulin resistance, a prominent event before the development of diabetes. 

Often these events and mechanisms lead to one another in an interconnected 

web.  Frequently after insulin resistance is detected, increased hepatic 

gluconeogenesis is observed.  Normally, hepatic gluconeogenesis occurs in 

response to signals by cAMP and induction of gluconeogenic genes by the 

activation of CREB and the CRTC family.  During times of abundant nutrient 

resources, insulin signaling shuts down gluconeogenesis, but during hepatic 

insulin resistance, this regulation is not effective. This chapter of this thesis 

shows that chronic hepatic expression of a constitutively active CRTC2 

through the use of an adeno-associated virus leads to insulin resistance.  

Interestingly, in vivo compensation of the insulin resistance phenotype was 

observed due to the elevated expression of IRS2 in the liver.  



 

  

51 

3.2  Introduction 

 Over the past twenty years, the incidence of obesity and type 2 

diabetes has risen dramatically to the point where major health groups such as 

the World Health Organization have stated that metabolic disorders are 

epidemic, with over 1.4 billion people overweight, and 347 million people 

diagnosed with diabetes worldwide.  While the changes in lifestyles, such as 

decreased activity levels and increased caloric consumption do correlate with 

the appearance of obesity, science has paid a great deal of attention to 

identify the mechanisms that cause obesity.  The progression of obesity to 

type 2 diabetes is often characterized by the development of insulin resistance 

and increases in fasting blood glucose levels (Barthel and Schmoll, 2003; 

Kahn et al., 2006; Saltiel, 2012; Saltiel and Kahn, 2001) 

 There are many different processes that can lead to insulin resistance, 

including inflammation, ER stress and the unfolded protein response, 

disregulation of lipids, and increases in hepatic gluconeogenesis (Flamment et 

al., 2012; Michael et al., 2000; Muoio and Newgard, 2006; Samuel and 

Shulman, 2012; Schenk et al., 2008; Shoelson et al., 2006).  It is often unclear 

how these processes are linked to each other, but once a tissue has lost some 

of its responsiveness to insulin signaling, the progression to a multi-tissue 

insulin resistant state to type II diabetes may occur.  While we often think of 

diabetes as being a disease of the pancreas with dysfunctional islets/β-cells, it 
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really involves multiple tissues, including the brain, skeletal muscle, adipose 

tissue, and liver (Kahn et al., 2006).  

 The body is remarkably successful at maintaining nearly constant blood 

glucose levels.  This homeostasis is essential for tissues that rely on glucose 

as energy sources, such as the brain and red blood cells (Wang et al., 2006).  

During times of fasting or scarcity, the liver enters into a process known as 

gluconeogenesis: de novo glucose generation.  Upon exposure to other 

nutrient sources, insulin signaling shuts down the gluconeogenic program to 

encourage glucose uptake into liver, muscles, and adipose tissue.  It is due to 

insulin signaling that these programs are so tightly controlled, and in obesity 

we often observe metabolic changes in the whole body, in the end leading to 

decreased insulin sensitivity (Biddinger and Kahn, 2006; Saltiel and Kahn, 

2001). 

 Hepatic gluconeogenesis relies on fasting signals, translated to the cell 

through glucagon released by the α-cells in the pancreas.  Glucagon binds to 

G-protein coupled proteins receptors (GPCRs), which are linked to stimulatory 

G proteins, which then release their α-subunits, leading to the activation of 

adenylyl cyclase (AC).  AC then catalyzes the synthesis of cyclic AMP (cAMP) 

from the energy source ATP.  cAMP binds to the regulatory subunit of protein 

kinase A (PKA), prompting the dissociation of the catalytic subunit from their 

regulatory subunits which can later diffuse into the nucleus.  It is at this point 
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that the cAMP-responsive binding protein (CREB) is phosphorylated by PKA 

while still bound to CRE-sites on the DNA, promoting the recruitment of CREB 

binding protein (CBP) and p300.  Those promote the recruitment of RNA 

Polymerase II, finally leading to the transcription of gluconeogenic enzymes 

such as PCK1 and G6Pase (Chrivia et al., 1993; Hagiwara et al., 1993; Herzig 

et al., 2001). 

 It is well understood that the family of cAMP Regulated Transcriptional 

Coactivators (CRTC) in combination with CREB to cooperatively boost 

transcription of certain transcriptional targets.  Elevated levels of cAMP lead to 

the inactivation of the salt inducible kinases (SIKs) that are known to 

phosphorylate CRTCs.  Once dephosphorylated, CRTCs are no longer 

sequestered in the cytoplasm by 14-3-3 proteins, and move by active transport 

to the nucleus, where they bind with the bZIP domain of CREB, increasing the 

occupancy of CREB on binding sites (Dentin et al., 2008; Koo et al., 2005; Luo 

et al., 2012; Screaton et al., 2004; Wang et al., 2010).   

 According to the results of the previous chapter of this thesis, CRTC2 

appears to be the major coactivator of CREB in the liver, directly responding to 

fasting signals, with some contribution from CRTC3.  Given the importance of 

CRTC2 in gluconeogenesis, we wondered whether the chronic expression of 

CRTC2 in the liver would be sufficient to increase hepatic gluconeogenesis 
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rates, subsequently leading to insulin resistance, that spreads to tissues other 

than the liver. 
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3.3  Results 

CRTC2S171,275A expresses the active form of CRTC2 

To investigate whether the adeno-associated virus (AAV.CRTC2AA) 

expresses a constitutively active, phosphorylation defective version of CRTC2 

(CRTC2S171,275A, see Figure 3.1a, hereafter called CC for Constitutively active 

CRTC2) we performed an immunoblot experiment in primary hepatocytes 

derived from CC or control (AAV.Empty, see Figure 3.1a) mice (Figure 3.1b).  

Under basal conditions (vehicle treated) we observed a greater amount of 

dephosphorylated CRTC2 in the CC hepatocytes relative to the control 

hepatocytes.  Supporting these results, CC hepatocytes under basal 

conditions show stronger staining for CRTC2 in comparison to control 

hepatocytes with under stimulated conditions (glucagon treated) (Figure 3.1c).   

 Previous studies have linked CRTC2 activity to gluconeogenesis and 

glucose homeostasis (Koo et al., 2005; Le Lay et al., 2009; Wang et al., 2010; 

2009), prompting us to examine whether AAV.CRTC2AA would increase 

hepatic gluconeogenesis.  Examining CC and control hepatocytes under basal 

(Figure 3.2a) and stimulated (Figure 3.2b) conditions, we found that the 

transcription of CREB target genes, such as the typical gluconeogenic 

enzymes PCK1 and G6Pase, andNR4A1, were up-regulated.   

To ensure that the virus infection was specifically occurring in the liver 

and therefore is linked to the expression of FLAG-CRTC2AA, we performed 
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immunoprecipitation studies in a variety of tissues from infected mice (Figure 

3.2c). FLAG-CRTC2AA was detected only in the livers of CC animals, 

indicating that the method of injection, serotype of the virus, and promoter are 

specific to the liver.  Similarly, when we assayed liver tissues from mice by 

qPCR for wild type CRTC2 and the virally derived FLAG-tagged CRTC2, we 

found that the FLAG.CRTC2 mRNA was only present in the CC mice.  The 

total amount of CRTC2 mRNA was twofold increased in CC mice versus the 

control animals (Figure 3.2d).   

Hepatic CRTC2AA increases gluconeogenesis in vivo 

Previously, we have used Xenon Live Imaging as a way to determine 

CREB and CRTC2 activity in mice using an adeno-CRE-Luciferase virus as a 

reporter, linked to the gluconeogenic program (Dentin et al., 2008; 2007).  A 

transgenic mouse model expressing this construct was recently developed 

(Song et al., 2010).  CRE-Luciferase mice infected with AAV.CRTC2AA had 

two to four thousand higher fold luciferase activity under fasted as well as 

refed and ad libitum conditions (Figure 3.3a and data not shown).   

 Given the induction of CRE-Luciferase activity in the livers of CC mice, 

we wondered whether hepatic gluconeogenesis rates would also be high.  To 

this end, we tested the fasting blood glucose values of mice injected with both 

viruses and found that beginning at about day six post injection, CC animals 

had elevated blood glucose concentrations, supporting hepatic 
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gluconeogenesis upregulation (Figure 3.3b).  Gluconeogenic capacity, 

measured by pyruvate tolerance testing (Figure 3.3c), was also increased in 

CC mice; whereas insulin sensitivity was decreased (Supplementary Figure 

S3.1b).  Additionally, mRNA levels of PCK1, G6Pase, and NR4A1 were 

increased in CC animals over control animals (Figure 3.3d).  Taken together, 

this data indicates that the AAV.CRTC2AA causes increased gluconeogenesis 

rates. 

Chronic hepatic expression of CRTC2AA changes metabolism and 

phenotypic appearance of peripheral tissues 

 Having seen the changes in fasting blood glucose, response to insulin, 

and gluconeogenesis in CC mice, we wondered whether other metabolic 

tissues are also affected in this setting.  We performed histological studies of 

liver, epididymal white adipose tissue (WAT) and brown adipose tissue (BAT) 

(Figure 3.4a).  Livers from CC mice showed steatosis; BAT and WAT tissues 

accumulated more triglyceride stores than control mice. Hepatic triglycerides 

and glycogen (Figure 3.4b) are also 1.3 and 3 fold increased respectively.  

This indicates that chronic expression of an active form of CRTC2 in the liver 

is sufficient to change the physiology of other tissues.   

 Many studies link the development of hepatic insulin resistance, which 

can impact islet size, with the increase of lipid accumulation (Farese et al., 

2012).  We examined the morphology of islets of the CC and control mice 
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(Figure 3.4c).  We found a high variability in islet size, with CC animals being 

more extreme in having more many more very small and very large islets, and 

a much smaller percentage of medium sized islets (5.4% to 28.5%) than the 

control mice.   Interestingly given the number of larger islets, the serum insulin 

levels of the CC mice control mice were decreased (Figure 3.4d). 

Long-term chronic CRTC2AA in the liver causes development of insulin 

resistance with partial phenotypic compensation 

Because of the islet size variability in the CC mice, we wondered if this 

islet phenotype was reflecting an early stage alteration of the pancreas.  In 

order to determine the onset of time of the islet change, we decided to study 

CC mice that had experienced long-term viral expression.  After a prolonged 

viral exposure, we found that there was a partial compensation for the early 

increase in gluconeogenesis.  In the short term of viral infection (within 7 days) 

there is a difference in fasting blood glucose levels of the two groups of mice, 

and after 40 of infection days there is a “plateauing” of fasting glucose levels 

(Figure 3.5a).  Not only did the difference in the basal fasting blood glucose 

levels disappear but also the glucose clearance capability as measured by a 

GTT was the same between the two groups of mice (Figure 3.5b) compared to 

an earlier impaired clearance (Supplementary Figure 3.1a) of the CC mice.  

Similarly, while we observed early differences in insulin sensitivity between the 
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two groups, but in the long-term exposure experiment, the differences were 

less pronounced (Supplementary Figure 3.1b).  

 Based on earlier islet data at 35 days post infection, and supported by 

the fact that blood glucose levels seemed to stabilize after day 40, we decided 

to look at islet morphology in long-term exposed mice.  Indeed, we found that 

islets in CC mice were increased in size (Figure 3.5c) and that the circulating 

insulin levels had stabilized at day 70, the day the islets were prepared for 

fixation (Figure 3.5d).   

We thought that improved insulin signaling might explain the late 

change in phenotype in the CC mice.  Previous research had indicated that 

CRTC2 induces expression of IRS2 in liver, enhancing insulin signaling 

(Canettieri et al., 2005).  This prompted us to look at the mRNA levels of IRS2 

in the long-term exposed mice (135 days).  We found that while expression of 

IRS2 is elevated two-fold (Figure 3.5e), IRS1 does not significantly change, 

indicating specificity for IRS2.  Additionally, there is a greater amount of IRS2 

protein in the CC livers, as confirmed by western blot (Figure 3.5e).  This 

finding raised the question why this improved insulin signaling was not 

observed immediately.  By employing qPCR to the different earlier-term 

exposure samples (day 35), a lag in the elevation of IRS2 was found 

(Supplementary Figure S3.2).  Supporting this finding, the expression of IRS2 

in hepatocytes is also equal (Supplementary Figure S3.2).  Therefore we 
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hypothesize that the compensation of insulin signaling does not occur until a 

certain threshold for the chronic CRTC2S171,275A in the liver has been reached.  

Our experiments indicate that this may occur between the window of 50 and 

75 days after exposure to the virus. 
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3.4  Discussion 

 Energy balance in mammals has become an important aspect of study 

due to the link to obesity and type II diabetes.  The metabolic balance of a 

system relies greatly on the composition of our molecular food sources. During 

the waking hours, we are able to consume food, and thus use glucose as an 

energy source, and during sleeping hours; we switch to fat burning processes, 

known as fatty-acid oxidation.  Additionally, especially after the fat stores have 

been depleted, the liver maintains normal circulating blood glucose levels by 

de novo synthesis of glucose, known as gluconeogenesis.  This process fuels 

tissues that cannot burn fatty acids, such as the brain and red blood cells 

(Wang and Sadée, 2006).  The ability for the liver to produce glucose and 

breakdown long-chain fatty acids is controlled by circulating hormone levels, 

especially insulin and glucagon, which further act through a series of 

transcriptional factors (Spiegelman and Heinrich, 2004).  As noted in the 

previous chapter of this thesis, one particular transcriptional co-activator, 

CRTC2, plays a major role in inducing gluconeogenic gene expression, with 

an additional induction roles for the CRTC3:CREB interaction.  We wondered 

what, if any role, chronic upregulation of hepatic gluconeogenesis would have 

on the development of insulin resistance. 

 Using a liver specific adeno-associated virus that expresses a 

phosphorylation defective, constitutively active CRTC2, we found that 
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gluconeogenic gene expression was upregulated in hepatocytes cultured from 

and in CC mice (mice injected with AAV.CRTC2AA).  These results indicate 

that CRTC2 was sufficient to drive the transcription of the rate limiting 

enzymes in gluconeogenesis, and in the end increase hepatic glucose 

production.  Interestingly, the basal transcription rates of these enzymes were 

also upregulated in CC hepatocytes compared to the control hepatocytes.  

These results indicate that even under non-fasting conditions, 

gluconeogenesis was elevated in hepatocytes, and by extension, the liver 

itself.  This would, as we observed, increase hepatic gluconeogenesis and 

gluconeogenic abilities, resulting in increased fasting blood glucose levels.   

 By using this chronic expression of an active form of CRTC2, we were 

able to study the effects of chronically increased fasting blood glucose levels.  

This allowed us to ask whether a constant “reset” of fasting blood glucose 

levels would result in a shift of insulin homeostasis.  Indeed, we found 

evidence of insulin resistance in CC mice versus control animals:  Decreased 

insulin sensitivity, decreased glucose clearance, increased steatosis and lipid 

accumulation.  In conclusion, all offering evidence of whole body insulin 

resistance due to increased hepatic gluconeogenesis.  This result would be 

the first documented case that increased hepatic glucose output is linked to 

whole body insulin resistance. 
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 Intriguingly, in no animal a complete transformation into a diabetic state 

was observed.  We hypothesize that the increased activity of CRTC2 induces 

the levels of IRS2 expression in the CC mice.  The greater amount of IRS2 

would lead to greater insulin sensitivity (Awazawa et al., 2011), which could 

potentially slow or reverse the metabolic phenotype caused by increased 

hepatic gluconeogenesis.  Indeed, differences in glucose and insulin sensitivity 

between the two groups of infected mice were dependent on the exposure 

time post-infection, with the long-term animals having a non-significant insulin 

phenotype.   

 Interestingly, although we observed a change in islet morphology fairly 

quickly after observing increased hepatic gluconeogenesis and after the late-

stage compensation by IRS2, serum insulin levels of CC mice are not elevated 

anymore.  Despite showing blunted insulin sensitivity and glucose uptake into 

muscles, both signs of insulin resistance, no increase in insulin production 

itself in a compensatory mechanism for the loss of insulin sensitivity was 

observed.  Additionally, liver samples from CC mice with a long infection show 

unaffected pAKT signaling; perhaps hinting towards the initial insulin 

resistance phenotype has been reversed or at least moderated (data not 

shown).   

 While this study presents a link of a short-term increase in hepatic 

gluconeogenesis to insulin resistance, the long-term compensatory finding 
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points towards a more complex picture for the regulation of glucose 

homeostasis. This thesis still supports the generally accepting findings that 

with increasing the activity of CRTC2, we see an increase in CREB activity, 

which increases gluconeogenesis, but the finding that a long-term exposure to 

active CRTC2 increases IRS2 expression to compensate with increased 

insulin sensitivity is a new idea.  This compensation by IRS2 leads to an 

increase in PI3Kinase activity, which in turn leads to increased pAKT 

signaling.  This mechanism might compensate the initial insulin resistance, 

reducing the impact of the phenotype.   

One question that this study presents is the temporal resolution of the 

observed changes.  How high does the expression and activity of CRTC2 

need to be in order to induce IRS2 expression?  Is there a specific time in 

which increased IRS2 cannot resolve the effects the continued increases in 

hepatic gluconeogenesis bring, and therefore the protective effect from IRS2 is 

lost?  The changes in the animals caused by expression of a constitutively 

active CRTC2 again reinforce the idea that CREB and CRTC2 interaction 

should serve as a target for drug discovery, with the aim to prevent the onset 

of insulin resistance through increased hepatic gluconeogenesis.    
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3.5 Materials and Methods 

Adeno-associated viruses (AAV) strains and propagation 

 pENN AAV TBG PI (an adeno-associated virus, serotype 8 with a TBG 

promoter) was a generous gift from Morris Birnbaum at the University of 

Pennsylvania from which the viruses were derived.  Briefly, pENN AAV TBG 

PI was digested with enzymes Acc65I and SalI.  Meanwhile a pcDNA3 

construct expressing a FLAG-tagged mouse CRTC2 with mutations S171A 

and S275A was amplified by PCR (primers: 

GCCGGTACCATGACCATGGATTACAAGGAT, and 

GCCGTCGACTAGGTGACACTATAGAATAGG) and then digested with 

Acc65I and SalI (NEB).  The digested pENN AAV TBG PI was ligated with the 

FLAG.CRTC2AA PCR fragment and transformed in recombination deficient E. 

coli SURE cells (Agilent #200238).   

The resulting vectors (pENN AAV TBG PI and pENN AAV TBG PI 

CRTC2AA) were amplified in the Salk Institute Gene Transfer Targeting and 

Therapeutics Core.  Throughout this thesis, the amplified viruses are referred 

to as AAV.Empty and AAV.CRTC2AA. 

Animals 

 Mice were housed in colony cages in a temperature controlled 

environment under a 12 hour light/dark cycle with free access to water and a 

standard Chow diet (Lab Diet 5001). Under certain experimental settings, mice 
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were fed a high-fat diet (60% kcal%, Research Diets Incorporated, D12492).  

Unless noted, studies were performed using 8-12 week old B6(Cg)-Tyrc-2J/J 

mice from Jackson Laboratories (Bar Harbor, ME; <000058>).  CRE-

Luciferase mice were described previously (Song et al., 2010).   

Mice were injected retroorbitally at 8-10 weeks with 1011 genomic 

copies (gc) of AAV.Empty or AAV.CRTC2AA virus, according to a protocol 

previously described (Miller et al., 2011).  For all mice experiments performed 

in this thesis, we obtained approval for mouse studies from the Salk Institute 

Institutional Animal Care and Use Committee. 

Mouse genotyping 

 Mouse genotypes for CRE-Luciferase were determined using tail 

biopsies using real-time PCR with specific probes designed for luciferase 

(Transnetyx, Cordova, TN).   

In vivo analysis 

 Pyruvate tolerance was tested by an introperitoneal injection of sodium 

pyruvate 16 hour fasted mice with 2g sodium pyruvate / kg body weight 

followed by blood glucose measurements every 15-30 minutes for two hours 

(Wang et al., 2010).  Insulin tolerance was tested by an introperitoneal 

injection of 1 Unit (Humulin-R from Eli Lilly) / kg body weight followed by blood 

glucose measurements every 15 minutes for one hour.  Glucose tolerance was 

tested by an introperitoneal injection of 1g glucose / kg mouse body weight 
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followed by blood glucose measurements every 30 minutes for two hours. For 

determination of fasting blood glucose levels, mice were fasted overnight for 

16 hours with free access to water.  Refed blood glucose values were 

determined after 5 hours of free access to food returned to cage.  Blood 

glucose values were determined using a LifeScan One Touch Ultra 

glucometer.  For in vivo imaging, CRE-luciferase mice underwent conditions 

noted and were imaged as previously described (Song et al., 2010).  Serum 

insulin levels were measured using the Crystal Chem Ultra Sensitive Mouse 

Insulin ELISA (#90080).  Liver triglyceride levels were measured using 

LabAssy Triglyceride Kit from Wako (#290-63701), and liver glycogen levels 

using Sigma Glycogen Assay Kit (#MAK016).  In all cases a standardization to 

the protein concentration of each sample took place using the Bio-Rad 

Bradford Protein Assay Kit.  

Cell culture and in vitro analysis 

 Primary hepatocytes were derived from B6(Cg)-Tyrc-2J/J or CRE-Luc 

mice as indicated (Dentin et al., 2007; Miller et al., 2011).  Hepatocytes noted 

as AAV.Empty or AAV.CRTC2AA were harvested from 8-10 week old mice 

infected 3 days previously with AAV, and maintained in serum free Medium 

199 (Corning #10-060).  Overexpression studies in hepatocytes were done by 

infecting cells at 2-5 pfu/cell with previously described adenoviruses (Dentin et 

al., 2008).  Hepatocytes were either stimulated with glucagon (100 nmol/L, 
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Sigma-Aldrich #G2044) or PBS as a negative control.  Luciferase and β-

galactosidase activities were determined as previously reported (Conkright et 

al., 2003).   

Gene expression analysis 

 Total cellular RNA from whole liver or from primary hepatocytes were 

extracted using the RNeasy kit (Qiagen #74104) and cDNA was generated 

using the iScript select system (BioRad #170-8840).  The cDNA was 

quantified via the LightCycler 480 instrument and 2x SYBR Green (Roche).  

Gene expression data is presented relative to parallel measured expression of 

housekeeping cDNA, for example RPL32 or Rn18S, see individual figures for 

specific gene. 

Protein analysis 

 Total protein from whole liver or primary hepatocytes was extracted in 

RIPA buffer (50 mM TRIS pH 7.5; 150 mM sodium chloride; 1mM EDTA; 50 

mM sodium fluoride; 5 mM sodium pyrophosphate; 10 mM b-

glycerophosphate; 1% NP-40) containing 1 mM sodium orthovanadate; 1mM 

dithiothreitol; 2 mM phenylmethanesulfonyl fluoride; 0.25% DOC (sodium 

deoxycholate); and 0.1% sodium dodecyl sulfate from Sigma.  Proteins were 

quantified using the Bio-Rad Bio-Rad Protein Assay Kit and separated using 

SDS-PAGE.   

 



 

  

69 

Immunoprecipitation 

 For tissues, 40 μL of FLAG-M2 monoclonal antibody beads (Sigma 

#F3165) were pre-cleared and 1mg of lysates were added with lysis buffer to a 

concentration of 1μg/μL, and binding occurred under rotation overnight at 4°C.  

The supernatant was removed, and beads were washed five times with lysis 

buffer, eluted with 2x SDS loading buffer and analyzed via western blot.   

Antibodies and western blots 

 Antibodies used for immunoblotting and immunofluorescence are in 

alphabetical order: CRTC3 (1:1000, CST #2720), DAPI (1:500, Invitrogen 

#D3571), Glucagon (1:500, Sigma #G2645), Hsp90 (1:3000, SCBt #33755), 

Insulin (1:500, Xymed #180067), IRS2 (1:1000, Upstate #06-506), pLKB1 

(1:1000, CST #C6783).  For CRTC2 (1:5000), CREB (1:5000), and pCREB 

(Ser133, 1:5000), rabbit polyclonal antibodies were raised against respective 

antigens (Salk Institute).  For western blotting, all were probed by the 

secondary antibody goat anti rabbit HRP (1:5000, BioRad #170-6515).  

Proteins were transferred to PVDF membranes (Millipore #IPVH00010), 

developed on HyBlot film (Denville #E3108) with HyGlo ECL (Denville 

#E2500). 
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Immunofluorescence 

 Live hepatocytes were plated in glass chamber slides (BD #354114), 

and treated as indicated.  Slides were then fixed for 10 minutes in 4% PFA in 

PBS, and then blocked for 30 minutes in Blocking Buffer [PBS with 1% donkey 

serum (JAX #017-000-001) and 1% BSA (Millipore #81-066-4)].  Primary 

antibodies were incubated overnight in PBS, and secondary antibodies linked 

with Alexa-Fluor-488 (donkey anti goat) or -568 (goat anti guinea pig and 

donkey anti rabbit) (Life Technologies) and DAPI were incubated for 2 hours.  

Slides were then mounted with 70% glycerol and PBS, and images taken 

using a Confocal Zeiss 780.  Pancreases were dissected from mice and fixed 

in Z-Fix for 4 hours, and then sectioned in 5-10 micron slices.  Slides were 

routinely deparafinized and rehydrated, and antigen unmasked via citrate 

unmasking.  Slides were blocked fin Blocking Buffer, and then incubated 

overnight with primary antibodies, followed by fluorescent secondary 

antibodies. 

Statistical Analysis 

 Data are presented as means ± s.e.m.  Statistical differences for one 

factor between two groups were determined by use of an unpaired Student’s t-

test.  For one factor between more than two groups, a one-way analysis of 

variance (ANOVA) test was performed.  We considered values of p<0.05 to be 

statistically significant.     
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3.6 Figures 

 

Figure 3.1  AAV.CRTC2S171,275A (AAV.CRTC2AA) expresses the active 
form of CRTC2 
a.  Schematic representative of the plasmid pENN AAV TBG PI and pENN 
AAV TBG PI CRTC2AA .  The AAVs are based upon this viral vector that 
carries the TBG (Thyroxine Binding Globulin) promoter.  In the case of the 
AAV.CRTC2AA, serines 171 and 275 are mutated to an alanine.  Moreover, it 
encodes the sequence of a 5’ FLAG tag.  FLAG.CRTC2AA is inserted into the 
vector after the TATA box in the multiple cloning site.  b.  Protein expression 
and phosphorylation data from primary hepatocytes prepared from mice 
injected with AAV.Empty or AAV.CRTC2AA in the absence or presence of 
100nmol/L glucagon. c. Immunofluorescence images of primary hepatocytes 
from mice infected with AAV.Empty or AAV.CRTC2AA, stimulated with 
glucagon or PBS.  DAPI is used as a nuclear marker. 
  

a.! b.!

c.!
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Figure 3.2  AAV.CRTC2AA expresses the active form of CRTC2 in vitro 
and in vivo 
a and b.  Relative mRNA expression of PCK1, G6Pase, and NR4A1 of 
hepatocytes from mice injected with AAV.Empty or AAV.CRTC2AA under 
basal (a) and stimulated (b) conditions. c. Immunoprecipitation of FLAG from 
tissue lysates from mice infected 20 weeks previously with AAV.Empty or 
AAV.CRTC2AA and probed with CRTC2 antibody. d.  Relative mRNA 
expression levels of wild type CRTC2 and Flag.CRTC2 from liver samples of 
mice infected with AAV.Empty or AAV.CRTC2AA, n=5. 
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Figure 3.3  Hepatic CRTC2AA increases gluconeogenesis rate in vivo 
a.  Live Imaging performed on CRE-Luciferase mice injected with adeno-
associated viruses.  Left, representative image of mice under refed conditions.  
Right, quantification of living image values for mice under fasting and refed 
conditions using LivingImage Software by Xenon.  b.  Average overnight 
fasting blood glucose values of mice injected with AAV.Empty or 
AAV.CRTC2AA, n=10.  c.  Pyruvate Tolerance Test (2g/kg sodium pyruvate) 
of mice infected with adeno-associated viruses on day 20 post injection, n=10 
per group.  d. Relative liver mRNA expression levels of fasting mice, 
standardized to L32, n=6 per group.  
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Figure 3.4  Chronic hepatic expression of CRTC2AA causes changes in 
metabolic and peripheral tissues. 
a.  Mice were infected with indicated AAV and were fasted overnight.  Sections 
from the liver, brown adipose tissue (BAT), and epididymal white adipose 
tissue (WAT) were processed for histology and stained with hematoxilin and 
eosin (H&E) on day 35 post infection.  Images were taken at 40x.  b.  Liver 
homogenates were assessed for triglyceride and glycogen content and 
standardized to protein concentration, n=5 per group.  c. Immunofluorescence 
staining of AAV.Empty and AAV.CRTC2AA pancreases (day 35) for insulin 
and glucagon (top) and islet size is quantified (n=5 per group).  d. Serum 
insulin was quantified for fasting and refed mice at day 30 post injection of 
adeno-associated viruses, n=7. 
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Figure 3.5  Effects caused by long-term chronic CRTC2AA in the liver 
are partially compensated 
a.  Average fasting blood glucoses over a long-term adeno-associated viral 
infection, n=12 per group.  b.  Glucose Tolerance Test on day 95 post 
injection, n=7 per group. c. Representative islet images from mice infected 60 
days previously.  d.  Serum insulin levels were quantified from fasted and 
refed mice at day 70 post infection. e.  Relative mRNA expression of IRS1 and 
IRS2 in livers (top), and protein expression levels of IRS2 and hsp90 from 
livers (bottom) from mice 136 days post injection. 
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Supplementary Figure 3.1.  a. Glucose Tolerance Test (1g glucose/kg 
mouse) performed on day 10 post infection.  Mice fasted overnight. b.  Insulin 
Tolerance Tests (0.75 units/kg) on day 50 (left) and day 87 (right).  n=6-10.  
Mice fasted for 6 hours. 
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Supplementary Figure 3.2.  Relative IRS2 expression in cultured 
hepatocytes (left) and livers of mice infected with AAV.Empty or 
AAV.CRTC2AA 35 days previously (right).  IRS2 standardized to L32 
expression. 
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Chapter 4   Discussion 

 

4.1 Introduction 

 In the past two decades, obesity, insulin resistance, and type II diabetes 

are becoming more and more common worldwide.  Now classified as a trend 

of epidemic proportions, it is becoming clear that there are many biological 

mechanisms contributing to the development of these metabolic disorders 

concerning the energy balance of the body.   

One of the first proteins to be recognized as a regulator of energy 

balance was the adipose derived leptin.  Leptin contributes to the control of 

appetite and hunger, promotes energy expenditure by increasing sympathetic 

tone, stimulating lipolysis and releasing fatty acids from white adipose tissue 

stores.  Mice lacking the leptin gene are obese and hyperphagic, with 

increased serum insulin levels, islet volume, and hyperglycemia (Bock et al., 

2003).   

 Under lean conditions, leptin enhances catecholamine signaling in 

adipose tissue through increases in sympathetic nerve activity (Bartness and 

Song, 2007; Lafontan and Langin, 2009).  The triggering of β-adregeneric 

receptors is important for increases in lipolysis and fatty acid oxidation 

(Bachman, 2002), and also stimulates cAMP activity in the adipose (Hagiwara 

et al., 1992; Michael et al., 2000).  
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 Meanwhile, in the liver, cAMP induces the expression of a variety of 

genes, especially those which promote the translation of enzymes important 

for gluconeogenesis through phosphorylation of CREB (cAMP Response 

Element Binding Protein) (Herzig et al., 2001).  Simultaneously, cAMP 

signaling dephosphorylates members of the CREB cofactor family, the 

CRTCs, which are then released by 14-3-3 proteins in the cytoplasm to 

translocate to the nucleus and bind with CREB on a CRE site (Dentin et al., 

2008; Koo et al., 2005; Luo et al., 2012; Screaton et al., 2004; Wang et al., 

2010; 2009).   

 Hepatic gluconeogenesis plays an important role for the body under 

stress conditions (fasting), but during obesity, it can lead to disordered energy 

balance.  It is thought that as a system moves towards insulin resistance, 

insulin signaling in the hepatocytes to turn off gluconeogenesis is less 

effective.  This leads to an increase in hepatic gluconeogenesis that is 

manifested as hyperglycemia, especially under fasting conditions.  This makes 

hepatic gluconeogenesis an attractive target for diabetes or pre-diabetes 

treatments (Matsumoto and Accili, 2006). 

 

4.2 Role of CRTCs in Gluconeogenesis 

 Previous research completed by our lab and other groups indicate that 

CRTC2 contributes to the gluconeogenic program in mice.  The most highly 
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expressed CRTC family member in liver, much of the research completed on 

the CRTCs concerns CRTC2 and its contribution to transcription of 

gluconeogenic genes including PCK1, G6Pase, and PGC1α, a known 

coactivator of glucose production (Koo et al., 2005).  While CRTC2 appears to 

play a role leading to a straightforward induction of gluconeogenesis, it is in 

fact a small part of a very complex web controlling glucose production. In 

addition to responding to the CREB:CRTC2 induced transcription, PGC1α acts 

in parallel with the forkhead protein, FoxO1, also stimulating gluconeogenic 

enzyme expression under fasting conditions (Puigserver et al., 2003).  Unlike 

CREB and CRTC2, FoxO1 is regulated by phosphorylation by AKT (which is 

activated by insulin signaling), by which FoxO1 inhibits glucose production, 

especially through G6Pase induction (Nakae et al., 2001).   

 It is into this complex web that we look for ways to mediate hepatic 

gluconeogenesis without destroying the protection it provides under fasting.  

CRTC2 has provided a promising target, shown by multiple groups that in 

vitro, CRTC2 has an important role in regulating glucose production (Bittinger 

et al., 2004; Dentin et al., 2007; Koo et al., 2005; Screaton et al., 2004).  

Additionally, several studies have shown the importance of CRTC2 through 

knockdown of the cofactor in vivo (Dentin et al., 2008; Saberi et al., 2009).  

With a knockdown of CRTC2, mice are more insulin sensitive and have lower 

blood glucose levels, showing the importance of CRTC2 in euglycemic control. 
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 Surprisingly, the two different CRTC2-/- mice models show very modest 

phenotypes.  The CRTC2-/- model generated by the Kaestner group lacks 

exons 4-11, and the group observed minimal effects on glucose concentration 

under normal chow (Le Lay et al., 2009).  It is possible that this deletion of 

exons 4-11 creates an in-frame peptide containing the CREB binding domain 

(CBD) fused to the transactivation domain, which has the potential to act at 

wild type CRTC2 levels on CRE-Luciferase activity (Wang et al., 2010), 

indicating that there may not be a difference between the knockout and wild 

type mice.  On the other hand, the CRTC2-/- mouse model generated in our lab 

(lacking the CBD) also shows a moderate phenotype:  lower blood glucose 

levels and increased insulin sensitivity observable under high fat diet 

conditions (Wang et al., 2010).  While CRTC2 is clearly important to glucose 

production in vitro, it is unclear exactly how much of a role CRTC2 plays in 

hepatic gluconeogenesis. 

 At this time, our lab was also investigating the role of CRTC3 by 

generating a CRTC3 knockout mouse.  These mice appeared to have a 

primarily adipose driven phenotype, which linked CRTC3 to energy balance.  

CRTC3-/- mice had increased catecholamine signaling in the adipose tissue, 

which led to decreased adipocyte size in WAT, and increased adipocyte 

number in BAT, with increased amounts of Ucp1 (Uncoupling protein 1) 

explaining higher core body temperatures.  Additionally, the null mice were 
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protected from obesity under high fat diet conditions, were more insulin 

sensitive, and had lower blood glucose levels than their wild type littermate 

controls (Song et al., 2010).    

 Other studies have recently implicated CRTC3 in a variety of other 

roles:  Using liver cells, Kaplowitz’s group found that CRTC3, but not CRTC2, 

was important for mitochondrial biogenesis in response to stress with induction 

of PGC1α (Than et al., 2011).  In macrophages the Cohen group found that 

CRTC3 regulation by SIKs reprograms macrophages to an anti-inflammatory 

phenotype (Clark et al., 2012).  These studies show the non-metabolic, 

additional roles that CRTC3 may play in the body. 

 As the CRTC family shares significant sequence homology and show 

similar regulation by 14-3-3 proteins (Bittinger et al., 2004; Conkright et al., 

2003; Iourgenko et al., 2003; Screaton et al., 2004), we wondered whether 

there is overlap in function, especially between CRTC2 and CRTC3 which are 

expressed ubiquitously (CRTC1 being primarily localized to the brain and 

hypothalamus).  I hypothesized that the two cofactors have overlapping roles, 

especially in gluconeogenesis, and this would explain the modest and 

conflicting phenotypes of the CRTC2-/- mice, but also help explain the role of 

CRTC3 in vivo. 

 In this work, we have demonstrated that CRTC3 is active in the liver, in 

much the same way that CRTC2 is, with nuclear localization and activation 



 

  

87 

under fasting conditions in hepatocytes.  We observed that the knockdown of 

CRTC3 reduces expression of gluconeogenic genes, indicating that CRTC3 

does play a role in the induction of those enzymes.  Interestingly, the 

combined knockdown of CRTC2 and CRTC3 is slightly more potent on 

gluconeogenic gene expression than either alone.  This may indicate that the 

two family members, with very similar sequences, structure, and binding 

patterns may have compensatory biological roles in the liver.     

Finally, we see that CRTC3 is active in vivo during fasting, and that 

CRTC3 conditional knockout mice specific for the liver have lower fasting 

blood glucoses and greater glucose clearance than their littermate controls.  

This indicates to us that at least part of the phenotype we observed in the 

whole body knockout mice was due in part to CRTC3’s role in the liver.  

Supporting the idea again that CRTC2 and CRTC3 have overlapping roles, the 

phenotype of these mice is only present after exposure to high fat diet 

conditions.  The requirement for an environmental challenge suggests that 

CRTC2 may be compensating for the lack of CRTC3. 

 This work sheds light on the conflicting results that our group and 

others have seen regarding CRTC2’s role in hepatic gluconeogenesis with the 

overlapping role of CRTC3.  As mentioned previously, our work now needs to 

utilize conditional knockout mice for both CRTC2 and CRTC3 to ensure that 

effects are specific to liver, and that both family members are knocked out.  It 
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will be interesting to determine the effects of the double knockout on specific 

gluconeogenic genes and especially to determine if there are particular genes 

that one cofactor modulates more than its family member.  It is foreseeable 

that as CRTC3 appears to modulate mitochondrial biogenesis through 

association with the promoter for PGC1α under rotenone stress (Than et al., 

2011), that CRTC3 regulates gluconeogenesis more through the transcription 

of PGC1α which can in turn upregulate other gluconeogenic enzymes. 

 

4.3 Role of CRTC2 in Insulin Resistance 

 As previously noted, the occurrence of obesity, insulin resistance, 

hyperglycemia and diabetes worldwide is exploding, and it is essential for 

scientists to look at biological mechanisms which are related to these issues to 

identify potential drug targets and ways of preventing the diseases.  These 

issues are often related and are often seen as a steady progression from 

obesity to type II diabetes.  This march is often characterized by the 

development of either hepatic or whole body insulin resistance and closely 

followed by increases in fasting blood glucose levels, leading to the diagnosis 

of diabetes (Barthel and Schmoll, 2003; Kahn et al., 2006; Saltiel, 2012; Saltiel 

and Kahn, 2001). 

 However, the reverse progression has not to our knowledge been 

tested:  Is increased hepatic gluconeogenesis sufficient to lead to insulin 
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resistance and eventually type II diabetes?  Because we knew that CRTC2 

(and to a lesser degree CRTC3) play important roles in the induction of 

gluconeogenic enzymes such as PCK1 and G6Pase, we wondered whether a 

chronically expressed CRTC2 in the liver would increase gluconeogenesis to 

the point where it caused insulin resistance. 

 By using an adeno-associated virus with the constitutively active 

CRTC2 under the control of a promoter specific to liver, we successfully 

expressed an increased, constitutively active CRTC2 only in the liver.  As 

expected, we observed increased transcription of important gluconeogenic 

enzymes, in both cultured hepatocytes and mice infected with the 

constitutively active virus as compared to the control.  Helping to explain the 

increased transcription of these enzymes, we observed more constitutively 

active, translated CRTC2 expressed through the viral promoter (mimicking 

dephosphorylated CRTC2) through western blotting.  Importantly, in using 

transgenic mice with a CREB-luciferase activity reporter we were able to 

detect increased luciferase activity in the livers of the mice injected with 

AAV.CRTC2AA.  This indicated that the expressed CRTC2AA was binding 

with CREB on the CRE sites in the promoters of genes (specifically the 

luciferase gene in this instance), and that even under refed or ad libitum 

conditions CREB target genes were being transcribed.   
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 Surprisingly, given the extremely high luciferase activity, we did not 

observe extreme differences in fasting or ad libitum blood glucose levels in the 

two sets of mice.  While the mice with AAV.CRTC2AA did have increased 

fasting blood glucose levels compared to the control mice, they were only 

slightly elevated.  Based on previous experiences with the CRE-Luciferase 

transgenic mice, and mice injected with an adeno-CRE-Luciferase virus, when 

the luciferase activity is high in liver, blood glucose levels are also elevated in 

comparison to their control animal counterparts (Dentin et al., 2008; Liu et al., 

2008; Ravnskjaer et al., 2013; Wang et al., 2009; 2010; 2012).   

The results from this experiment showed extremely high liver luciferase 

activity, and yet blood glucose levels do not reflect this activity.  One possible 

answer is that because the luciferase reporter is linked to 8 full CRE sites 

throughout the tissues of the mouse, that in areas of highest CREB activity, 

CREB and CRTC2 would bind preferentially to these full CRE sites than half 

CRE sites in various gluconeogenic genes.   It may be that for whatever 

reason, the active version of CRTC2 stabilizes the binding of CREB to these 

repeated CRE sites, but it seems odd that the active version would not then 

stabilize the binding of CREB to other CRE sites as well, increasing blood 

glucose levels even more than we observed. 

 For several of the experiments performed, CRE-luciferase transgenic 

mice were not used, and the wild-type albino C57/BL6 mice were used 
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instead.  We observed similarly increased fasting blood glucose levels in the 

wild type mice infected with the AAV.CRTC2AA as compared to the CRE-

Luciferase mice infected with the same virus.  These similar results argue 

against the idea that CREB binds more effectively to the luciferase linked 

8xCRE sites.  If this were the case, I would expect the difference in fasting 

blood glucose levels to be more exaggerated in the non-transgenic mice.   

Presumably there would be unbound CREB to bind to CRE sites in other 

genes’ promoter regions instead of the luciferase CRE sites.   

 Obviously, while importantly demonstrating the hypothesis that elevated 

hepatic gluconeogenesis is able to lead to insulin resistance, this is a 

complicated in vivo system.  We observed effects in the mice that correlate 

with the increased gluconeogenesis, but are also observing phenotypic 

changes that are not linked to hepatic gluconeogenesis.  We have observed 

that a great number of theses changes can be explained by the increase in 

hepatic IRS2 expression.  Unfortunately, it has been beyond the scope of this 

thesis to parse apart the timing and mechanisms of these opposing effects.  At 

what point does IRS2 reach sufficient levels to lead to increases in PI3Kinase 

to phosphorylate AKT?  At what levels are these factors and signaling 

pathways enhanced enough to begin changing the initial insulin resistant 

phenotype? 
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 Compounding the issue is the central idea that IRS2 acts as a mediator 

between insulin signaling and gluconeogenesis by its signaling cascade 

through AKT that then phosphorylates FoxO1.  Under basal (fasting) 

conditions, FoxO1 is localized in the nucleus, where it binds to the promoter 

for the gluconeogenic enzymes PGC1α, G6Pase and PCK1 as well as amino 

acid catabolism (Haeusler and Accili, 2008; Zhang et al., 2006). Once 

phosphorylated FoxO1 then translocates to the cytoplasm where it is 

ubiquinated and degraded, providing a rapid response to hormone-mediated 

changes (Matsumoto and Accili, 2006).  Interestingly, it was also found that 

nuclear FoxO1 is able to increase IRS2 gene expression, but protein levels are 

controlled by the mTOR modulation of the pathway (Guo et al., 2006).  As the 

constitutively active CRTC2 is increasing IRS2, we then see effects of this 

expression throughout the feedback loop with FoxO1 contributing to hepatic 

gluconeogenesis, glycolytic, and lipogenic gene expression.  

 Unexpectedly, we measured three-fold induction of triglycerides in the 

liver without corresponding elevation in blood glucoses.  While the exact link 

between nonalcholoic steatohepatitis (NASH) and insulin resistance is 

currently under debate, it is clear that the conditions often co-express (Cohen 

et al., 2011; Farese et al., 2012; Samuel, 2004), eventually leading to 

hyperglycemia.  It is understood that glucose is converted to free fatty acids 

through lipogenesis during times of nutritional excess, which are eventually 
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stored as triglycerides, the primary sources of energy storage (Browning and 

Horton, 2004).  It is possible that the observed triglyceride phenotype is due to 

hepatocytes of the AAV.CRTC2AA mice always producing some glucose via 

the constitutively active CRTC2, ensuring that lipogenesis is up (as 

demonstrated by two fold increase in SREBP1c transcriptional expression).  

This would lead to increased triglyceride storage, but also perhaps to 

decreased fatty acid oxidation, allowing us to observe hepatic steatosis.  It 

would be interesting in the future to determine if tissues in the body 

correspond with oxidative or glycolytic reactions.  By testing liver, WAT, 

muscles and muscle fibers, and the heart, we may be able to determine if 

constitutively active CRTC2 changes the oxidative metabolism of the animal’s 

system (Blanchet et al., 2011). 

 This raises the question if the increase in IRS2 is sufficient to amplify 

insulin signaling to maintain fair glycemic control.  In a recent study linking 

VEGF inhibitors with induced hypoxia-inducible factor-2α stability to increasing 

insulin sensitivity, researchers found that liver IRS2 was necessary and 

sufficient to mediate Hif-2α effects on glucose and insulin sensitivity (Wei et 

al., 2013).  The mice with constitutively active HIF-2α adenoviral infection have 

very similar phenotypes to those with Ad.IRS2 and have much greater glucose 

uptake than control counterparts—lowering glucose levels in db/db mice to 
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almost normal euglycemic levels.  This argues that an overexpression of IRS2 

is sufficient to lower blood glucoses and increase glucose uptake. 

 One indication that IRS2 may be sufficient to maintain normoglycemic 

control is the preliminary results from a cohort of AAV.CRTC2AA and control 

mice that had been subjected to a western style diet.  After 18 days of viral 

exposure, the mice were placed on to the 60% HFD and monitored.  

Surprisingly, these mice did not have significant differences in blood glucose 

levels and in fact appeared to have a trend towards lower body weights.  

Luciferase activity was still 30 fold greater in the AAV.CRTC2AA mice under 

ad libitum conditions compared to control mice, supporting the conclusion that 

AAV.CRTC2AA was still active.  Could IRS2 expression be providing a 

protective phenotype to these mice?   

 Unfortunately the preliminary results are from a very small cohort of 

mice, and to begin to answer this question, several additional experiments 

should be performed in addition to replication with a larger cohort of mice.  

First, there could be several cohorts that are introduced to a HFD at different 

time points.  If IRS2 is truly protective, mice with a longer exposure to the 

virus, and later western diet start date should have similar blood glucoses as 

compared to their controls, and those who begin earlier should have 

exaggerated differences from their controls.  Secondly, while it may be difficult 

due to the use of the adeno-associated virus, it would be interesting to look at 
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phenotypes of mice with knockdown of IRS2.  I think that the most efficient 

way to deal with the difficulty of already having a virus active in the system 

would be to use anti-sense oligo technology, which knocks down specific 

proteins in liver and WAT (Erion et al., 2009).  If successful at knocking down 

but still leaving some IRS2 active in the mice, we would be able to determine if 

the compensation we have observed is due to IRS2, or if there is another 

factor which the activation of CRTC2 in the liver induces.   

 On the other hand, while IRS2 is well known to act through the 

AKT/FoxO1 insulin signaling pathway, a recent paper found that a knockout of 

both AKT and FoxO1 in the liver do not impact hepatic metabolic signaling 

through insulin or nutrient levels (Lu et al., 2012). The authors found that when 

Akt1 and Akt2 were deleted in the liver, mice were glucose intolerant, insulin 

resistant, and did not respond normally to fed conditions.  Importantly, these 

effects normalized when FoxO1 was also deleted from the liver, suggesting 

that the major role of hepatic Akt is to modify FoxO1 activity.  The authors 

suggest that insulin’s regulation in hepatic gluconeogenesis is not cell-

autonomous, and there is a parallel pathway that insulin signals to the liver 

through a second tissue, such as the CNS (Lu et al., 2012).  If this suggestion 

is correct, some of the conflicting data we are observing may be due to 

increased IRS2 and insulin’s parallel pathway through a secondary tissue.   
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 One of the clearest effects of the constitutively active CRTC2 in the liver 

was the increase in islet size in the pancreas.  This is possibly due to hepatic 

gluconeogenic upregulation in blood glucose levels causing islets to expand to 

compensate for the hyperglycemia, but serum insulin of the animals infected 

with AAV.CRTC2AA was never found to be higher than the control mice.  

Again, determining the timing at which changes are occurring in the islets was 

not possible for this thesis, but determining β-cell mass is essential to confirm 

the appearance of larger islets.  It would be interesting to determine if and 

when the β-cells are undergoing proliferation by quantifying incorporated BrdU 

in β-cells.  Similarly, determining rates of apoptosis, using Tunel or Caspase-3 

staining, would be useful in identifying if there is a mix of proliferating and 

apoptotic β-cells, or solely proliferation.  

 There have recently been several studies identifying factors from livers 

that promote β-cell proliferation.  Ouaamari et al demonstrate that there is a 

factor from the liver in liver-specific IRS knockout mice that induces β-cell 

proliferation unconnected to glucose and insulin levels (Ouaamari et al., 2013).  

Other groups have specifically identified a factor from the gene Angiopoietin-

like protein AngptL8 (also known as TD26, RIFL, Lipasin, and Betatrophin) 

that in mice is expressed in hepatocytes and adipose tissue, and appears to 

have an important role in lipid metabolism by increasing serum triglycerides 

and at the same time reducing clearance by LPL inhibition (Quagliarini et al., 
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2012; Ren et al., 2012; Zhang, 2012).  Interestingly, this protein is elevated 

when mice are treated with a peptide that binds to IRS and antagonizes insulin 

signaling (inducing insulin resistance) and correlates with a dramatic 

proliferation in β-cells (Yi et al., 2013).  Further studies on knockout mice of 

AngptL8 do not show impaired glucose metabolism or insulin sensitivity, but 

rather only as a mediator of trafficking fatty acids to the adipose tissue (Wang 

et al., 2013).  Additionally, analysis through the UCSC genome browser does 

not indicate that AngptL8 contains a CRE site in its promoter, or that there is 

strong binding of CRTC2 under glucagon stimulation.  This would indicate that 

AngptL8 is not responsible for the increased islet sizes in this experiment, but 

leaves an interesting question about what might be the factor enhancing β-cell 

growth.  By performing a RNA-Seq experiment on samples from livers from 

mice infected with AAV.CRTC2AA and the AAV.Empty virus, we may be able 

to identify some secretory proteins that are upregulated by the constitutively 

active CRTC2 that in turn cause β-cell proliferation.   

 

4.4 Closing Remarks 

 Diabetes and its associated issues are health concerns that contribute 

to further complications such as hypertension, cardiovascular disease, kidney 

disease, neuropathy, Alzheimer’s disease, and cancer, resulting in loss of 

productivity and life throughout the world (Folch et al., 2013; Thorpe and 
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Philyaw, 2012).  As type II diabetes is being diagnosed in younger 

populations, the risk of these complications will only increase in the years to 

come (Sherwin and Jastreboff, 2012).  It is essential that we identify the 

molecular mechanisms that are leading to the development of insulin 

resistance, hyperglycemia, and diabetes, and one such area of study is that of 

hepatic gluconeogenesis and its relationship with the cAMP/CREB pathway.  It 

is my hope that the research presented here implicating an additional factor in 

hepatic gluconeogenesis (CRTC3) and the idea that increased hepatic 

gluconeogenesis itself may lead to insulin resistance will lead to other 

discoveries to help treat and prevent type II diabetes. 

 

  



 

  

99 

4.5 References 

Bachman, E.S. (2002). beta AR Signaling Required for Diet-Induced 
Thermogenesis and Obesity Resistance. Science 297, 843–845. 

Barthel, A., and Schmoll, D. (2003). Novel concepts in insulin regulation of 
hepatic gluconeogenesis. Am J Physiol Endocrinol Metab 285, E685–E692. 

Bartness, T.J., and Song, C. (2007). Thematic review series: adipocyte 
biology. Sympathetic and sensory innervation of white adipose tissue. The 
Journal of Lipid Research. 

Bittinger, M.A., McWhinnie, E., Meltzer, J., Iourgenko, V., Latario, B., Liu, X., 
Chen, C.H., Song, C., Garza, D., and Labow, M.A. (2004). Activation of cAMP 
response element-mediated gene expression by regulated nuclear transport of 
TORC proteins. Curr Biol 14, 2156–2161. 

Blanchet, E., Annicotte, J.-S., Lagarrigue, S., Aguilar, V., Clapé, C., Chavey, 
C., Fritz, V., Casas, F., Apparailly, F., Auwerx, J., et al. (2011). E2F 
transcription factor-1 regulates oxidative metabolism. Nature Cell Biology 13, 
1146–1152. 

Bock, T., Pakkenberg, B., and Buschard, K. (2003). Increased islet volume but 
unchanged islet number in ob/ob mice. Diabetes 52, 1716–1722. 

Browning, J.D., and Horton, J.D. (2004). Molecular mediators of hepatic 
steatosis and liver injury. J Clin Invest 114, 147–152. 

Clark, K., MacKenzie, K.F., Petkevicius, K., Kristariyanto, Y., Zhang, J., Choi, 
H.G., Peggie, M., Plater, L., Pedrioli, P.G., and McIver, E. (2012). 
Phosphorylation of CRTC3 by the salt-inducible kinases controls the 
interconversion of classically activated and regulatory macrophages. Proc Natl 
Acad Sci USA 109, 16986–16991. 

Cohen, J.C., Horton, J.D., and Hobbs, H.H. (2011). Human Fatty Liver 
Disease: Old Questions and New Insights. Science 332, 1519–1523. 

Conkright, M.D., Guzman, E., Flechner, L., Su, A.I., Hogenesch, J.B., and 
Montminy, M.R. (2003). Genome-wide analysis of CREB target genes reveals 
a core promoter requirement for cAMP responsiveness. Mol Cell 11, 1101–
1108. 

Dentin, R., Hedrick, S., Xie, J., Yates, J., and Montminy, M.R. (2008). Hepatic 
Glucose Sensing via the CREB Coactivator CRTC2. Science 319, 1402–1405. 



 

  

100 

Dentin, R., Liu, Y., Koo, S.-H., Hedrick, S., Vargas, T., Heredia, J., Yates, J.R., 
and Montminy, M.R. (2007). Insulin modulates gluconeogenesis by inhibition 
of the coactivator TORC2. Nature 449, 366–369. 

Erion, D.M., Ignatova, I.D., Yonemitsu, S., Nagai, Y., Chatterjee, P., 
Weismann, D., Hsiao, J.J., Zhang, D., Iwasaki, T., Stark, R., et al. (2009). 
Prevention of Hepatic Steatosis and Hepatic Insulin Resistance by Knockdown 
of cAMP Response Element-Binding Protein. Cell Metab 10, 499–506. 

Farese, R.V., Jr, Zechner, R., Newgard, C.B., and Walther, T.C. (2012). The 
Problem of Establishing Relationships between Hepatic Steatosis and Hepatic 
Insulin Resistance. Cell Metab 15, 570–573. 

Folch, J., Pedrós, I., Patraca, I., Martínez, N., Sureda, F., and Camins, A. 
(2013). Metabolic Basis Of Sporadic Alzheimer's Disease. Role Of Hormones 
Related To Energy Metabolism. Current Pharmaceutical Design. 

Guo, S., Dunn, S.L., and White, M.F. (2006). The Reciprocal Stability of 
FOXO1 and IRS2 Creates a Regulatory Circuit that Controls Insulin Signaling. 
Molecular Endocrinology 20, 3389–3399. 

Haeusler, R.A., and Accili, D. (2008). The Double Life of Irs. Cell Metab 8, 7–9. 

Hagiwara, M., Alberts, A.S., Brindle, P.K., Meinkoth, J., Feramisco, J., Deng, 
T., Karin, M., Shenolikar, S., and Montminy, M.R. (1992). Transcriptional 
attenuation following cAMP induction requires PP-1-mediated 
dephosphorylation of CREB. Cell 70, 105–113. 

Herzig, S., Long, F., Jhala, U.S., Hedrick, S., Quinn, R., Bauer, A., Rudolph, 
D., Schutz, G., Yoon, C., Puigserver, P., et al. (2001). CREB regulates hepatic 
gluconeogenesis through the coactivator PGC-1. Nature 413, 179–183. 

Iourgenko, V., Zhang, W., Mickanin, C., Daly, I., Jiang, C., Hexham, J.M., Orth, 
A.P., Miraglia, L., Meltzer, J., Garza, D., et al. (2003). Identification of a family 
of cAMP response element-binding protein coactivators by genome-scale 
functional analysis in mammalian cells. Proc Natl Acad Sci USA 100, 12147–
12152. 

Kahn, S.E., Hull, R.L., and Utzschneider, K.M. (2006). Mechanisms linking 
obesity to insulin resistance and type 2 diabetes. Nature 444, 840–846. 

Koo, S.-H., Flechner, L., Qi, L., Zhang, X., Screaton, R.A., Jeffries, S., Hedrick, 
S., Xu, W., Boussouar, F., Brindle, P.K., et al. (2005). The CREB coactivator 
TORC2 is a key regulator of fasting glucose metabolism. Nature 437, 1109–



 

  

101 

1111. 

Lafontan, M., and Langin, D. (2009). Lipolysis and lipid mobilization in human 
adipose tissue. Progress in Lipid Research 48, 275–297. 

Le Lay, J., Tuteja, G., White, P., Dhir, R., Ahima, R., and Kaestner, K.H. 
(2009). CRTC2 (TORC2) Contributes to the Transcriptional Response to 
Fasting in the Liver but Is Not Required for the Maintenance of Glucose 
Homeostasis. Cell Metab 10, 55–62. 

Liu, Y., Dentin, R., Chen, D., Hedrick, S., Ravnskjaer, K., Schenk, S., Milne, J., 
Meyers, D.J., Cole, P., III, J.Y., et al. (2008). A fasting inducible switch 
modulates gluconeogenesis via activator/coactivator exchange. Nature 456, 
269–273. 

Lu, M., Wan, M., Leavens, K.F., Chu, Q., Monks, B.R., Fernandez, S., Ahima, 
R.S., Ueki, K., Kahn, C.R., and Birnbaum, M.J. (2012). Insulin regulates liver 
metabolism in vivo in the absence of hepatic Akt and Foxo1. Nat Med 18, 
388–395. 

Luo, Q., Viste, K., and Urday-Zaa, J.C. (2012). Mechanism of CREB 
recognition and coactivation by the CREB-regulated transcriptional coactivator 
CRTC2. 

Matsumoto, M., and Accili, D. (2006). The tangled path to glucose production. 
Nature Publishing Group 12, 33–34; discussion34. 

Michael, M.D., Kulkarni, R.N., Postic, C., Previs, S.F., Shulman, G.I., 
Magnuson, M.A., and Kahn, C.R. (2000). Loss of insulin signaling in 
hepatocytes leads to severe insulin resistance and progressive hepatic 
dysfunction. Mol Cell 6, 87–97. 

Nakae, J., Kitamura, T., Silver, D.L., and Accili, D. (2001). The forkhead 
transcription factor Foxo1 (Fkhr) confers insulin sensitivity onto glucose-6-
phosphatase expression. J Clin Invest 108, 1359–1367. 

Ouaamari, El, A., Kawamori, D., Dirice, E., Liew, C.W., Shadrach, J.L., Hu, J., 
Katsuta, H., Hollister-Lock, J., Qian, W.-J., Wagers, A.J., et al. (2013). Liver-
Derived Systemic Factors Drive b Cell Hyperplasiain Insulin-Resistant States. 
CellReports 3, 401–410. 

Puigserver, P., Rhee, J., Donovan, J., Walkey, C.J., and Yoon, J.C. (2003). 
Insulin-regulated hepatic gluconeogenesis through FOXO1–PGC-1α 
interaction. Nature 423, 550–555. 



 

  

102 

Quagliarini, F., Wang, Y., Kozlitina, J., Grishin, N.V., Hyde, R., Boerwinkle, E., 
Valenzuela, D.M., Murphy, A.J., Cohen, J.C., and Hobbs, H.H. (2012). Atypical 
angiopoietin-like protein that regulates ANGPTL3. Proc Natl Acad Sci USA 
109, 19751–19756. 

Ravnskjaer, K., Hogan, M.F., Lackey, D., Tora, L., Dent, S.Y.R., Olefsky, J.M., 
and Montminy, M.R. (2013). Glucagon regulates gluconeogenesis through 
KAT2B- and WDR5-mediated epigenetic effects. J Clin Invest 123, 4318–
4328. 

Ren, G., Kim, J.Y., and Smas, C.M. (2012). Identification of RIFL, a novel 
adipocyte-enriched insulin target gene with a role in lipid metabolism. AJP: 
Endocrinology and Metabolism 303, E334–E351. 

Saberi, M., Bjelica, D., Schenk, S., Imamura, T., Bandyopadhyay, G., Li, P., 
Jadhar, V., Vargeese, C., Wang, W., Bowman, K., et al. (2009). Novel liver-
specific TORC2 siRNA corrects hyperglycemia in rodent models of type 2 
diabetes. AJP: Endocrinology and Metabolism 297, E1137–E1146. 

Saltiel, A.R. (2012). Insulin Resistance in the Defense against Obesity. Cell 
Metab 15, 798–804. 

Saltiel, A.R., and Kahn, C.R. (2001). Insulin signalling and the regulation of 
glucose and lipid metabolism. Nature 414, 799–806. 

Samuel, V.T. (2004). Mechanism of Hepatic Insulin Resistance in Non-
alcoholic Fatty Liver Disease. Journal of Biological Chemistry 279, 32345–
32353. 

Screaton, R.A., Conkright, M.D., Katoh, Y., Best, J.L., Canettieri, G., Jeffries, 
S., Guzman, E., Niessen, S., Yates, J.R., Takemori, H., et al. (2004). The 
CREB coactivator TORC2 functions as a calcium- and cAMP-sensitive 
coincidence detector. Cell 119, 61–74. 

Sherwin, R., and Jastreboff, A.M. (2012). Year in Diabetes 2012: The Diabetes 
Tsunami. Journal of Clinical Endocrinology & Metabolism 97, 4293–4301. 

Song, Y., Altarejos, J., Goodarzi, M.O., Inoue, H., Guo, X., Berdeaux, R., Kim, 
J.-H., Goode, J., Igata, M., Paz, J.C., et al. (2010). CRTC3 links catecholamine 
signalling to energy balance. Nature 468, 933–939. 

Than, T.A., Lou, H., Ji, C., Win, S., and Kaplowitz, N. (2011). Role of cAMP-
responsive element-binding protein (CREB)-regulated transcription coactivator 
3 (CRTC3) in the initiation of mitochondrial biogenesis and stress response in 



 

  

103 

liver cells. Journal of Biological Chemistry 286, 22047–22054. 

Thorpe, K.E., and Philyaw, M. (2012). The Medicalization of Chronic Disease 
and Costs. Annu. Rev. Public. Health. 33, 409–423. 

Wang, Y., Quagliarini, F., and Gusarova, V. (2013). Mice lacking ANGPTL8 
(Betatrophin) manifest disrupted triglyceride metabolism without impaired 
glucose homeostasis. 

Wang, Y., Inoue, H., Ravnskjaer, K., Viste, K., Miller, N., Liu, Y., Hedrick, S., 
Vera, L., and Montminy, M.R. (2010). Targeted disruption of the CREB 
coactivator Crtc2 increases insulin sensitivity. Proc Natl Acad Sci USA 107, 
3087–3092. 

Wang, Y., Li, G., Goode, J., Paz, J.C., Ouyang, K., Screaton, R., Fischer, 
W.H., Chen, J., Tabas, I., and Montminy, M.R. (2012). Inositol-1,4,5-
trisphosphate receptor regulates hepatic gluconeogenesis in fasting and 
diabetes. Nature 485, 128–132. 

Wang, Y., Vera, L., Fischer, W.H., and Montminy, M.R. (2009). The CREB 
coactivator CRTC2 links hepatic ER stress and fasting gluconeogenesis. 
Nature 460, 534–537. 

Wei, K., Piecewicz, S.M., McGinnis, L.M., Taniguchi, C.M., Wiegand, S.J., 
Anderson, K., Chan, C.W.-M., Mulligan, K.X., Kuo, D., Yuan, J., et al. (2013). 
A liver Hif2α–Irs2 pathway sensitizes hepatic insulin signaling and is 
modulated by Vegf inhibition. Nat Med 19, 1331–1337. 

Yi, P., Park, J.-S., and Melton, D.A. (2013). Betatrophin: A Hormone that 
Controls Pancreatic b Cell Proliferation. Cell 153, 747–758. 

Zhang, R. (2012). Biochemical and Biophysical Research Communications. 
Biochem Biophys Res Commun 424, 786–792. 

Zhang, W., Patil, S., Chauhan, B., Guo, S., Powell, D.R., Le, J., Klotsas, A., 
Matika, R., Xiao, X., and Franks, R. (2006). FoxO1 regulates multiple 
metabolic pathways in the liver. J Biol Chem 281, 10105–10117. 

 

 




