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Abstract

Obesity is a major public health problem. Dysregulation of lipid metabolism can result in an
increase in plasma FFAs and lipid accumulation. Eventually these changes could lead to
dyslipidemia, impaired glucose tolerance and insulin resistance, ultimately contributing to the
development of type 2 diabetes mellitus. However, the role of the adipose tissue in insulin
resistance is unclear. Therefore we would like to discuss the role of adipocyte CREB in
insulin resistance. CREB is a cAMP-responsive activator which promotes cellular gene
transcription. Together with its coactivators CBP/p300 and TORC2/CRTC2, CREB induces
gluconeogenic gene expression in the adipose tissue and the liver. Under obese conditions,
CREB is activated, leading to a decrease in the glucose uptake in the adipocytes and a
decrease in adiponectin levels, resulting in hyperglycaemia and an increase in FFA levels,
enhancing insulin resistance. Further analysis of the CREB pathway and studies of the
CBP/p300 and the TORC2/CRTC2 pathway could provide more insight into the hormone
regulated pathways in adipocytes under obese conditions. This could eventually lead to the
development of a specifically targeted medicine and a better treatment of type 2 diabetes
mellitus in obesity.



Introduction

Overweight and obesity are a major public health problem and the prevalence of overweight
and obesity increases worldwide. This leads to an increase in obesity-associated disorders,
such as hypertension, dyslipidemia, impaired glucose tolerance and insulin resistance®?.
These disturbances are also known as components of the metabolic syndrome and they are
risk factors for the development of type 2 diabetes mellitus and cardiovascular disease?®.
Mainly abdominal obesity or an increase in visceral fat mass is strongly associated with the
metabolic risk factors®*.

Lipid metabolism in adipose tissue

In mammals, two types of adipose tissue can be found, brown adipose tissue (BAT) and
white adipose tissue (WAT). The main function of BAT is heat production and the main
function of WAT is energy storage®. In this work we would like to focus on WAT.

WAT has an endocrine and metabolic function. The tissue contains several cell types, like
fibroblasts and macrophages, but it is primarily composed of adipocytes. They synthesize
and release adipocytokines, like adiponectin, resistin, plasminogen activator inhibitor-1 (PAI-
1), tumor necrosis factor-alpha (TNF-alpha), interleukin-6 (IL-6), leptin and monocyte
chemotactic protein-1 (MCP-1)>*®7.

The main metabolic role of the adipose tissue is the storage of lipids in the body. Lipid
metabolism involves the uptake of free fatty acids (FFA) by the adipocyte and the
subsequential triacylglycerol (TAG) synthesis. In times of energy demand the process of
lipolysis is initiated. The hydrolysis of TAGs occurs, leading to the release of FFA and
glycerol from the adipocyte. Lipid metabolism is well regulated by hormones like
catecholamines, glucagon and insulin®.

Hormone regulated lipid metabolism and CREB activity in adipocytes

Insulin is an antilipolytic hormone and has its effect on adipocytes in the adipose tissue. The
hormone is synthesized in the pancreas within the beta cells of the islets of Langerhans. It is
able to bind the insulin receptor, expressed on the plasma membrane of the adipocyte. This
binding leads to the phosphorylation of a serine/threonine protein kinase, protein kinase
B/Akt2 (PKB/Akt2)®°. This leads to a decrease in cyclic AMP (cAMP) levels and reduced
activity of the cAMP-dependent protein kinase A (PKA). Ultimately, TAG hydrolysis is
inhibited and there is a decrease in the release of FFAs and glycerol from the adipocyte. The
phosphorylation of PKB/Akt2 also stimulates the translocation of the glucose transporter type
4 (GLUT4) from intracellular storage sites to the plasma membrane inducing glucose
transport. These signalling processes, present in adipocytes, play a key role in glucose
homeostasis and lipid metabolism* (figure 1).

Catecholamines, such as epinephrine and norepinephrine stimulate lipolysis. The hormones
bind the beta-adrenergic receptor on the adipocyte membrane. This receptor is coupled to a
stimulatory G-protein complex (Gs-coupled receptor), which is able to stimulate adenylate
cyclase, leading to an increase of cCAMP levels in the adipocyte'®'!. Eventually, this results in

the hydrolysis of TAGs and the release of FFAs and glycerol from the adipocytes™ .

Glucagon is a counter-regulator to insulin and is the second major glucose related hormone.
It is produced by the pancreas within the alpha cells of the islets of Langerhans. Glucagon is
able to bind to the Gs-coupled receptor in the plasma membrane, activating adenylate
cyclase. This leads to an increase in cAMP levels and the subsequential lipolysis in
adipocytes™.



The activation of PKA in the adipocyte also induces the phosphorylation of the cAMP
response element binding protein (CREB), enhancing CREB-dependent transcription.
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Figure 1. Schematic representation of hormone regulated lipid metabolism and CREB
activity in an adipocyte.

Dysregulation of lipid metabolism can result in an increase in plasma FFAs and lipid
accumulation in the liver, muscle and pancreatic islets. Eventually these changes could lead
to dyslipidemia, impaired glucose tolerance and insulin resistance, ultimately contributing to
the development of type 2 diabetes mellitus®®**.

Obesity is associated with these metabolic disturbances, but loss of adipose tissue in
patients with lipodystrophy also is accompanied by insulin resistance™*®. Therefore, adipose
tissue plays a key role in the maintenance of systemic glucose metabolism.

However, the role of the adipose tissue in insulin resistance is unclear. CREB is a key protein
present in the insulin signalling pathway and important for the regulation of gluconeogenesis.
Qi et al. discovered that CREB in adipocytes promotes insulin resistance under obese
conditions®’. Therefore we would like to discuss the role of adipocyte CREB in insulin
resistance.



Role of adipose tissue in insulin resistance

The CREB family

Qi et al. discovered that adipocyte CREB promotes insulin resistance in obesity'’. CREB, a
43-kDa phosphoprotein, is a cAMP-responsive activator which promotes cellular gene
expression®®.

Hormones, like glucagon and catecholamines are able to stimulate second messenger
pathways such as the cAMP-dependent pathway'®?°. cAMP controls the cAMP-dependent
PKA. Upon phosphorylation by a cAMP-dependent protein kinase like PKA, CREB is able to
bind to the cAMP response element (CRE) present in the promoter region of a target gene.
The CRE is an eight-base-pair palindromic element, TGACGTCA and binding of CREB
regulates the transcription of the downstream genes*®?.

In addition to the characterization of CREB, two family members were characterized.
Activating transcription factor-1 (ATF-1) and cAMP response element modulater (CREM)
also belong to the CREB family?’. The primary structure of ATF-1 is 65% identical to CREB
and the genetic sequence of CREM is very similar to the CREB sequence®. CREB and ATF-
1 are also expressed ubiquitously??,

CREB

Several forms of CREB are known, but the main isoforms of CREB are CREB-alpha, CREB-
delta and CREB-beta. CREB-alpha is the longest isoform with 341 residues. Due to
alternative splicing, the CREB-alpha isoform contains an alpha-peptide consisting of 14
residues. CREB-delta lacks this insert, creating a shorter isoform, the 327-residue protein.
These CREB isoforms are present in human, rat and mouse tissue, where they are uniformly
expressed®??°, In 1996 a new isoform of CREB was identified in mice by Blendy et al.,
CREB-beta. This isoform is also generated by alternative splicing and lacks the first 40
residues compared to CREB-alpha and CREB-delta. This isoform is also expressed
ubiquitously?”. The numbering of specific residues mentioned hereafter refers to the position
in CREB-alpha.

The principal domains of CREB are the hydrophobic glutamine rich Q1 and Q2 constitutive
activation domains, the kinase-inducible domain (KID) and the basic leucine zipper (bZIP)
domain, which are shown in figure 2a*>%,

As mentioned previously, CREB is regulated by phosphorylation. The KID of CREB contains
a PKA phosphorylation site, a serine residue at position 133 (S133)?. Increased levels of
cAMP lead to the activation of PKA. The cAMP-dependent kinase is able to phosphorylate
CREB at the serine residue at position 133'. This phosphorylation is required for the binding
of other regulatory proteins®, since CREB requires the binding of other transcription factors
to induce cellular gene expression in response to cAMP'®, These regulatory proteins are
discussed below.

The bZIP domain of CREB is required for DNA binding. The leucine zipper consists of a
repeat of leucine residues at the C-terminus of CREB. The basic domain consists of a
positively charged region (lysine- and arginine residues) amino-terminal to the leucine
repeats or the leucine zipper. The leucine zipper in the bZIP domain at the C-terminus is
essential for dimerization of CREB and the basic domain is required for specific DNA binding
properties®***°. The basic domain and the leucine zipper together are the bZIP domain. This
domain mediates the DNA interaction and the dimerization of CREB and the subsequent
binding of CREB as a dimer to the CRE?®?®. The bZIP domain also contains an arginine



residue at position 314 (R314). The importance of this residue will be discussed below, but
interesting is that the amino acid sequence alignment of CREBs revealed that the serine at
position 133 (S133) and the arginine at position 314 (R314) in CREB-alpha lies within a
region that is highly conserved between species (figure 2a).

CBP/p300

The CREB binding protein (CBP) is one of the proteins that is able to bind to CREB, thereby
enhancing the transcription activation by CREB.

CBP is encoded by the Crebbp gene® and p300 is a protein that is encoded by the Ep300
gene. These proteins are highly related encoding a histone acetyltransferase domain and
protein binding domains®>*. The histone acetyltransferase activity of CBP/p300 leads to a
weaker binding of histones to DNA. DNA becomes more accessible for transcription factors,
like CREB, thereby increasing the transcriptional activity.

CBP/p300 contains the KIX domain. Upon S133 phosphorylation in the KID of CREB, the
association with the KIX domain of CBP/p300 is enhanced™. This phosphorylation is required
for the binding of the KIX domain of CBP/p300? (figure 2a/b).

TORC2/CRTC2

Another regulatory protein that is able to bind to CREB is transducer of regulated CREB
2/CREB regulated transcription coactivator 2 or TORC2/CRTC2. Transcription activation is
enhanced by TORC2/CRTC2%",

Phosphorylated TORC2/CRTC2 is sequestered in the cytoplasm. The stimulation of CAMP
pathways by hormones like glucagon and catecholamines, induces dephosphorylation of
TORC2/CRTC2 and the translocation into the nucleus. Here, it is able to bind the arginine
residue at position 314 present in the bZIP domain of CREB with its coiled-coil domain
(figure 2a/b)*.

In contrast to CBP/p300, TORC recruitment does not modulate the interaction of CREB with
DNA, leading to enhanced transcriptional activity. Conkright et al. has shown that TORCs
enhance the interaction of CREB with the TATA-binding protein (TBP)-associated factor 130
(TAF130), a component of the TFIID complex®. These proteins are part of the basal
transcription machinery, which will be discussed below.

TORC2/CRTC2 is also able to associate with CBP/p300 and the CBP/p300:TORC2/CRTC2
complex mediates CRE-dependent transcription by binding to CREB*%. CBP/p300 is required
for the recruitment of TORC2/CRTC2 to the promoter®.

Basal transcription machinery

As mentioned above, hormonal stimuli lead to the increase of the intracellular level of cAMP.
CcAMP stimulates PKA causing the phosphorylation of S133 in the KID of CREB. The
phosphorylation of S133 makes it possible for CBP/p300 to interact with CREB. This
interaction occurs via the KIX domain of CBP/p300%*%,

TORC2/CRTC2 is able to bind the R314 in the bZIP domain of CREB and it is able to
associate with CBP/p300. Upon binding to CREB, the complex of CBP/300, TORC2/CRTC2
and CREB is recruited to the promoter region of the target gene. Here, the bZIP domain of
CREB is able to bind to the CRE region on the promoter (figure 2b). Nevertheless, gene
transcription requires the presence of other proteins?°?%,



To induce gene expression, CREB associates with a general multi-component transcription
factor, TFIID. The TFIID complex consist of a TATA-binding protein (TBP) and TBP-
associated factors (TAFs). TFIID is able to bind the TATA box on the promoter via the TBP.
The Q2 domain of CREB associates with the TBP-associated factor 130 (TAF130), a
component of the TFIID complex®.

TFIID is also able to interact with TFIIB, another transcription factor. TFIIB is also able to
associate with CREB via the Q2 domain®°.

The presence of RNA polymerase Il (Pol 1) is required for the gene transcription and the
production of messenger RNA (MRNA). To stabilize the interaction with Pol II, CREB uses
CBP and RNA helicase A (RHA)?*“° The relevant transcription machinery is shown in
figure 2b.

Gluconeogenic genes

CREB promotes cellular gene expression. In 1987 it was discovered as a transcription factor
regulating somatostatin gene transcription'®. Now, many genes regulated by CREB are
identified including c-Fos, cytochrome ¢, vasopressin and brain-derived neurotrophic factor®.

CREB is also a key regulator of gluconeogenic gene expression. CREB binding sites are
located on promoter regions of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-
6-phosphatase (G6Pase)*’. Both PEPCK and G6Pase are important enzymes in the
metabolic pathway of gluconeogenesis***.
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Figure 2. cAMP response element binding protein (CREB). (A) Schematic representation
of the principal domains of CREB and the interaction with CBP/p300 and TORC2/CRTC2
together with the alignment of the amino acid sequence surrounding S133 and R314 in
human CREB alpha, rat CREB alpha and mouse CREB alpha. (B) Schematic representation
of the relevant transcription machinery.




Dysregulation lipid metabolism and CREB activity in adipocytes under obese
conditions

Visceral obesity is strongly associated with insulin resistance. Weight gain leads to the
increase of lipid stored in the adipocytes (an increase in adiposity). This causes
dysregulation of lipid metabolism in the adipocytes, leading to an increase in circulating FFA.
The increase in systemic FFA levels induces gluconeogenesis in the liver and leads to an
overload of lipids in liver, muscle and pancreatic islets, also known as lipotoxicity. Another
metabolic complication is the altered production of adipocytokines. Due to the increased
release of TNF-alpha from the adipose tissue, the adipocytes become resistant to insulin®*.

During a fed state, insulin is produced by the beta cells in the islets of Langerhans. When the
adipocytes become resistant to insulin, insulin is able to bind to the insulin receptor, but the
response of the adipocyte to this binding is decreased. The insulin receptor pathway
activation is impaired and PKB/Akt2 is not phosphorylated. This leads to impaired inhibition
of cAMP. The cAMP levels increase, PKA is stimulated and the release of FFA and glycerol
from the adipocyte increases, even though there is no energy requirement. These processes
lead to insulin resistance in liver and muscle* and increased plasma levels of insulin. Since
PKB/AKt2 is not phosphorylated , the translocation of GLUT4 in the adipocyte and in muscle
does not occur and systemic glucose levels increase (figure 3)%>444,

During chronic hyperinsulinaemic conditions, supersensitization of Gs-associated signalling
occurs, enhancing cAMP production via insulin and the insulin receptor*“®, This leads to an
increased stimulation of PKA and increased release of FFA and glycerol. In figure 4a
(adapted from Qi et al., 2009) is in fact shown that CREB phosphorylation at S133 (P-CREB)
is increased in adipocytes from high fat diet (HFD)-fed mice and genetically obese (db/db)
mice compared to resp. normal chow (NC)-fed mice and lean controls®’.

The activation of the cAMP-dependent kinase also leads to increased phosphorylation of
CREB, enhanced gene transcription and increased gluconeogenesis (figure 3).

Qi et al. also generated transgenic mice that express ACREB, the F-ACREB mice. This
dominant-negative CREB inhibitor heterodimerizes with CREB leading to disrupted binding of
CREB to DNA, thereby inhibiting CREB-mediated transcription. To determine the role of
CREB activation under obese conditions, the transgenic mice were either fed a HFD or were
bred onto a genetically obese (ob/ob) background. The F-ACREB mice blood glucose
concentrations during fasting conditions were decreased compared to the control mice
(figure 4b). The glucose levels during the glucose (GTT) and insulin (ITT) tolerance test were
significantly decreased in the F-ACREB mice compared to the control mice after 9.5 weeks
of HFD feeding (figure 4c). These results indicate that the insulin sensitivity is improved
under obese conditions with reduced CREB activity in the adipocytes®’.

Qi et al. also discovered that the target gene of CREB, the gene of the transcriptional
repressor ATF3, is upregulated in WAT from HFD-fed mice compared to NC-fed mice (figure
5a). ATF3 mRNA and protein amounts were increased in WAT from HFD-fed and obese
ob/ob mice (figure 5b)*’.

ATF3 is a member of the ATF/CREB family and it functions by binding to ATF/CRE sites®’.
The ATF3 promoter contains a conserved CRE site. However, ATF3 represses transcription
from promoters with ATF/CRE sites”’.

The activation of CREB in adipose tissue under obese conditions leads to the induction of
ATF3 and the subsequent downregulation of GLUT4 and adiponectin expression. The
decrease in GLUT4 leads to a decrease in glucose uptake and further increase of systemic
glucose levels occurs. The downregulation of adiponectin affects the gluconeogenic program



and beta-oxidation in the liver. Ultimately, CREB in adipocytes promotes insulin resistance
under obese conditions®’.
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Figure 3. Schematic representation of dysregulated lipid metabolism and CREB
activity in an adipocyte under obese conditions.

10




A
NC HFD lean db

pcoes [ [~ =]
HSPQO;———,—-‘ |.._.——I

B ] 400 , 47
~ 200 .
g’ 300 4
£ wt HFD 200 wt ob
® 100 )
§ o (‘?‘\l M tg HFD 100 4 ~ E Mtgob
© olle L= 0 L= '
fasting refed fasting refed
C GTT ITT
~ 600 120
S
g 400 80 .
© 3 wt HFD x wt HFD
@ :
o 200 * 40
5 A tg HFD A tg HFD
O 0 4 T T T 1 0 T T T T 1
0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)

Figure 4. Mice with reduced adipocyte CREB activity remain insulin sensitive under
obese conditions. (A) Left shows relative amounts of P-CREB in adipocytes from NC-fed
mice and HFD-fed mice. Right shows relative amounts of P-CREB in adipocytes from lean or
genetically obese (db/db) mice. (B) Relative circulating blood glucose concentrations during
fasting or refed conditions in control (WT) and F-ACREB (tg) mice under HFD (left) and
genetically obese (ob/ob) (right) conditions. (C) Relative blood glucose concentrations during
glucose (GTT, left) and insulin (ITT, right) tolerance test in control (WT) and F-ACREB (tg)
mice under HFD conditions for 9.5 weeks. Adapted from Qi et al., 2009.
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Figure 5. CREB stimulates the expression of ATF3 in adipose tissue under obese
conditions. (A) Gene profiling study showing the upregulation of CREB target genes
following exposure to FSK and in WAT harvested from HFD- compared to NC-fed mice. (B)
Left, relative ATF3 mRNA amounts in WAT from wt and ob/ob mice. Right, ATF3 protein
amounts in WAT from NC- or HFD-fed wt mice. Adapted from Qi et al., 2009.
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Effect of dysregulation CREB activity in adipocyte on adiponectin signalling pathway
in liver

The increase in adiposity also affects the levels of adiponectin. Adiponectin is expressed in
adipocytes. It is able to bind to the Gs-protein coupled receptor in the membrane of the
hepatocyte. Upon this binding AMP-activated protein kinase (AMPK) is activated. AMPK
achieves its downstream effect by stimulating PKB/Akt. PKB/Atk is able to phosphorylate and
inactivate glycogen synthase kinase 3-beta (GSK3-beta). This phosphorylation leads to
reduced phosphorylation of CREB and reduced transcription of PEPCK and G6Pase®.
AMPK also inhibits the transcriptional activity of CREB by phosphorylation of
TORC2/CRTC2, inhibiting the nuclear entry of the CREB coactivator”®. Adiponectin also
mediates beta-oxidation through the activation of AMPK and peroxisome proliferator-
activated receptor-alpha (PPAR-alpha)®**'. Adiponectin affects the gluconeogenesis through
these signalling pathways (figure 6)°*>*,

It is also known that adiponectin increases insulin sensitivity>>>’ and the level of adiponectin
is correlated to the severity of insulin resistance in liver and muscle. In obesity, the levels of
adiponectin are decreased’. The activation of CREB in adipose tissue under obese
conditions also leads to the induction of ATF3 and the subsequent downregulation of
adiponectin expression'’. This causes an increase in gluconeogenesis and a decrease in
beta-oxidation leading to increased plasma glucose levels and FFA levels. Eventually, this
results in insulin resistance.

Effect of insulin resistance on hormone regulated signalling pathways in hepatocytes

Insulin affects the hepatocytes too. Binding of insulin to the insulin receptor in the plasma
membrane of the hepatocyte leads to the activation of PKB/Akt2 and the subsequent
inhibition of cAMP. Eventually, this results in impaired CREB gene transcription and reduced
gluconeogenesis (figure 7).

Insulin also antagonizes the transcriptional activity of CREB by inhibiting the binding of two
coactivators, CBP*®*° and TORC2/CRTC2%. Activation of the insulin receptor leads to the
phosphorylation of CBP at the serine residue at position 436, inhibiting the CBP:CREB
interaction and decreasing gluconeogenesis.

Furthermore, insulin stimulates the degradation of TORC2/CRTC2. PKB/Akt2 is able to
phosphorylate a member of the AMPK family, salt-inducible kinase 2 (SIK2) at S358°*%. This
Ser/Thr kinase phosphorylates S171 of TORC2/CRTC2 resulting in the ubiquitin-dependent
degradation of the CREB coactivator®*®, thereby inhibiting hepatic glucose production.

In the insulin resistant state, the PKB/Akt2 pathway is not stimulated, leading to decreased
inhibition of cAMP and increased CREB activity. S358 of SIK2 does not become
phosphorylated by PKB/Akt2 causing reduced TORC2/CRTC2 phosphorylation and
increased CREB binding. CBP phosphorylation is also decreased, leading to increased
CBP:CREB interaction. This results in increased CREB activity and a stimulation of
gluconeogenic gene expression. The blood glucose concentrations levels rise, eventually
leading to insulin resistance.

Glucagon is able to antagonize the effects of insulin by binding to the Gs-coupled receptor
that activates PKA via cAMP. PKA is able to inactivate SIK2 by phosphorylation at S587,
thereby reducing TORC2/CRTC2 phosphorylation and degradation®. Unphosphorylated
TORC2/CRTC2 is then able to translocate to the nucleus, where it is able to bind to
CREB®"®, Glucagon is also able to dephosphorylate TORC2/CRTC2 leading to translocation
to the nucleus®.
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Discussion

Insulin resistance is associated with obesity and a major risk factor for type 2 diabetes
mellitus and cardiovascular diseases. CREB plays an important role in the development of
insulin resistance in obesity. Therefore we would like to discuss the role of adipocyte CREB
in insulin resistance.

CREB is present in the insulin signalling pathways in adipocytes and hepatocytes. It
stimulates gluconeogenesis in adipocytes under non-obese conditions. Qi et al. showed that
under obese conditions CREB is able to induce ATF3 gene transcription resulting in a
decrease in GLUT4 and adiponectin expression. This decrease in GLUT4 expression leads
to an impaired glucose uptake by the adipocyte resulting in hyperglycaemia. Adiponectin
stimulates beta-oxidation and inhibits gluconeogenesis in the liver. Therefore, a decrease in
adiponectin leads to an increase in FFA levels and an increase in plasma glucose levels.
Due to the rise in plasma glucose levels, the pancreatic beta cells produce more insulin.
However, the insulin levels are not sufficient to maintain normal glucose levels. Eventually,
this could lead to dyslipidemia, impaired glucose tolerance and insulin resistance.

The activation of the PKB/Akt2 pathway in the adipocyte is reduced in the insulin resistant
state leading to impaired inhibition of cAMP levels. This results in an increase in TAG
hydrolysis and an increase in gluconeogenic gene expression. In contradiction, the
catecholamine effects via the beta-adrenergic receptor in the adipocyte membrane are
potentiated in the insulin resistant state. This leads to increased levels of FFA and enhanced
CREB phosphorylation. The plasma glucose levels rise and eventually type 2 diabetes
mellitus develops. However, the mechanism inducing this potentiation of the catecholamine
effects on cAMP is unclear. It would be interesting to research the exact mechanism, since
this affects the cAMP pathway and subsequently it affects lipid metabolism, gluconeogenic
gene expression and the development of insulin resistance.

CREB is also present in the hepatocytes and similar to the adipocytes, the activation of the
PKB/AKkt2 pathway in the adipocyte is reduced in the insulin resistant state, leading to
increased CREB dependent transcription of PEPCK and G6Pase.

In addition, insulin is able to inhibit the CREB coactivators CBP and TORC2/CRTC2 in the
hepatocyte. Insulin induces phosphorylation of both proteins, inhibiting the interaction with
CREB and the subsequential gluconeogenic gene transcription. In the insulin resistant state,
the inhibition of the coactivators in the hepatocytes is decreased, leading to increased
activation of CREB and increased transcription of gluconeogenic genes.

In this work we focused on the role of CREB in insulin resistance, but it would also be
interesting to look at the role of TORCs and CBP in insulin resistance. They modulate the
metabolic regulation via CREB, but it could be possible that they alter the function of other
transcription factors in hormone regulated lipid metabolism. TORC2/CRTC2 is activated in
diabetes inducing hyperglycemia®. It would be interesting to research the inhibition of SIKs,
which inhibit TORCs or the TORC pathway by using a TORC knockout mouse. We have
seen that SIK2 is present in hepatocytes, but it is also present in adipocytes and the
phosphorylation of TORC2/CRTC2 by SIK2 in adipocytes is shown by Muraoka et al.

CBP is also phosphorylated in the hepatocytes and it could be that this process occurs in
adipocytes too. If the insulin-induced phosphorylation of CBP occurs in adipocytes, CREB
becomes even more activated in the insulin resistant state due to decreased inhibition of
CREB, leading to a further increase in FFA levels and plasma glucose levels.



Qi et al. has shown that CREB is activated in adipocytes under obese conditions. The
environmental cues inducing this activation are unknown. It is possible that obese conditions
induce the dephosphorylation of the coactivators of CREB or stimulate the inhibition of
phosphorylation of CBP and/or TORC2/CRTC2 in adipocytes leading to the activation of
CREB and ultimately insulin resistance. It would be interesting to determine factors, like
hormones or peptides, released by the adipose tissue, that can potentially mediate the CREB
activation and subsequent CREB-regulated gene transcription. It could be that these factors
stimulate the cAMP-dependent pathway, but other pathways might be involved too.
Increased adiposity induces inflammatory pathways and the influx and accumulation of
macrophages into the adipose tissue®. It would be interesting to determine if adipocytokines
like TNF-alpha or IL-6 could be key players in the activation of CREB under obese
conditions.

We have also seen that CREB requires the binding of the coactivators CBP/p300 and
TORC2/CRTC2. The phosphorylation of S133 in the KID of CREB enhances the binding of
CBP/p300. TORC2/CRTC2 is able to bind to the R314 in the bZIP domain of CREB. S133
and R314 lie within a region that is highly conserved between species. This could indicate
that these positions are especially important for CREB activation. However, the exact role of
these conserved residues is unknown. It would be interesting to determine the function of
these two residues in CREB and the influence of these residues on the CREB-dependent
transcription.

It is also known that TORC2/CRTC2 recruitment does not modulate the interaction between
CREB and DNA. Conkright et al. has shown that TORCs enhance the interaction of the Q2
domain of CREB with TAF130, a component of the TFIID complex. Remarkable is that
TORC2/CRTC2 bhinds CREB via the bZIP domain, the DNA binding domain of CREB. You
would expect that TORC2/CRTC2 could influence the binding of CREB to DNA by binding to
the bZIP domain. It would be interesting to determine the regulatory mechanisms of the
TORC2/CRTC?2 interaction with CREB and the subsequent enhanced interaction of the Q2
domain with TAF130.

Furthermore, the association of CBP/p300 and TORC2/CRTC2 is required for the
recruitment of TORC2/CRTC2 to the promoter region of the target genes. The role of the
association of these two coactivators and the influence on the target gene is unclear and it
would be interesting to determine this role.

CREB and its coactivators CBP and TORC2/CRTC2 seem to be attractive therapeutic
targets. Novel compounds that enhance CBP or TORC2/CRTC2 phosphorylation might be
able to reduce CREB activation in adipocytes under obese conditions. This could lead to a
decrease in plasma glucose levels and FFA levels, resulting in reduced insulin resistance
and dyslipidemia. This could then decrease the development of type 2 diabetes mellitus in
association with obesitas. However, many target gene promoters contain a CRE motif. CREB
is able to bind this motif, thereby regulating the downstream genes. Blocking CREB
activation will not only affect metabolic regulation in adipocytes or hepatocytes, but it will also
affect the expression of neuropeptides, growth factors and structural proteins®. If you would
like to use CREB as a therapeutic target, you would need to create a compound that is
adipocyte specific or only expressed in adipocytes, where it could reduce CREB activation
under obese conditions and thereby reduce insulin resistance. However, you need to
determine all the target genes of CREB in the adipocytes. CREB could regulate the
expression of other transcription factors, thereby stimulating or inhibiting genes involved in
lipid metabolism or other metabolic pathways. For example, CREB induced hepatic
gluconeogenesis through the nuclear receptor coactivator PGC-1. This coactivator could be
a direct target of CREB in adipocytes.



In summary, adipocyte CREB plays an in important role in the development of insulin
resistance. Further analysis of the CREB pathway and studies of the CBP/p300 and the
TORC2/CRTC2 pathway could provide more insight into the hormone regulated pathways in
adipocytes under obese conditions. This could eventually lead to the development of a
specifically targeted medicine and a better treatment of type 2 diabetes mellitus in obesity.



Acknowledgements

I would like to thank dr. Eric Kalkhoven. | have been able to write this thesis, thanks to your
interest, knowledge and guidance. Thank you for being a great coach.



Reference List

10.

11.

12.

13.

14.

15.

16.

17.

18.

James, W. P. The epidemiology of obesity: the size of the problem. J. Intern. Med.
263, 336-352 (2008).

Weisberg, S. P. et al. Obesity is associated with macrophage accumulation in
adipose tissue. J. Clin. Invest 112, 1796-1808 (2003).

Grundy, S. M., Brewer, H. B., Jr., Cleeman, J. |., Smith, S. C., Jr. & Lenfant, C.
Definition of metabolic syndrome: Report of the National Heart, Lung, and Blood
Institute/American Heart Association conference on scientific issues related to
definition. Circulation 109, 433-438 (2004).

Bays, H., Mandarino, L. & DeFronzo, R. A. Role of the adipocyte, free fatty acids, and
ectopic fat in pathogenesis of type 2 diabetes mellitus: peroxisomal proliferator-
activated receptor agonists provide a rational therapeutic approach. J. Clin.
Endocrinol. Metab 89, 463-478 (2004).

Saely, C. H., Geiger, K. & Drexel, H. Brown versus White Adipose Tissue: A Mini-
Review. Gerontology (2010).

Tsuchida, A., Yamauchi, T. & Kadowaki, T. Nuclear receptors as targets for drug
development: molecular mechanisms for regulation of obesity and insulin resistance
by peroxisome proliferator-activated receptor gamma, CREB-binding protein, and
adiponectin. J. Pharmacol. Sci. 97, 164-170 (2005).

Sethi, J. K. & Hotamisligil, G. S. The role of TNF alpha in adipocyte metabolism.
Semin. Cell Dev. Biol. 10, 19-29 (1999).

Garofalo, R. S. et al. Severe diabetes, age-dependent loss of adipose tissue, and
mild growth deficiency in mice lacking Akt2/PKB beta. J. Clin. Invest 112, 197-208
(2003).

Cho, H. et al. Insulin resistance and a diabetes mellitus-like syndrome in mice lacking
the protein kinase Akt2 (PKB beta). Science 292, 1728-1731 (2001).

Joost, H. G., Weber, T. M., Cushman, S. W. & Simpson, I. A. Insulin-stimulated
glucose transport in rat adipose cells. Modulation of transporter intrinsic activity by
isoproterenol and adenosine. J. Biol. Chem. 261, 10033-10036 (1986).

Joost, H. G., Habberfield, A. D., Simpson, |. A., Laurenza, A. & Seamon, K. B.
Activation of adenylate cyclase and inhibition of glucose transport in rat adipocytes by
forskolin analogues: structural determinants for distinct sites of action. Mol.
Pharmacol. 33, 449-453 (1988).

Coallins, S., Cao, W. & Robidoux, J. Learning new tricks from old dogs: beta-
adrenergic receptors teach new lessons on firing up adipose tissue metabolism. Mol.
Endocrinol. 18, 2123-2131 (2004).

Wang, J., Cao, Y. & Steiner, D. F. Regulation of proglucagon transcription by
activated transcription factor (ATF) 3 and a novel isoform, ATF3b, through the cCAMP-
response element/ATF site of the proglucagon gene promoter. J. Biol. Chem. 278,
32899-32904 (2003).

Ruan, H. & Lodish, H. F. Insulin resistance in adipose tissue: direct and indirect
effects of tumor necrosis factor-alpha. Cytokine Growth Factor Rev. 14, 447-455
(2003).

Cortes, V. A. et al. Molecular mechanisms of hepatic steatosis and insulin resistance
in the AGPAT2-deficient mouse model of congenital generalized lipodystrophy. Cell
Metab 9, 165-176 (2009).

Shimomura, |., Hammer, R. E., Ikemoto, S., Brown, M. S. & Goldstein, J. L. Leptin
reverses insulin resistance and diabetes mellitus in mice with congenital
lipodystrophy. Nature 401, 73-76 (1999).

Qi, L. et al. Adipocyte CREB promotes insulin resistance in obesity. Cell Metab 9,
277-286 (2009).

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



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Montminy, M. R. & Bilezikjian, L. M. Binding of a nuclear protein to the cyclic-AMP
response element of the somatostatin gene. Nature 328, 175-178 (1987).

Shaywitz, A. J. & Greenberg, M. E. CREB: a stimulus-induced transcription factor
activated by a diverse array of extracellular signals. Annu. Rev. Biochem. 68, 821-
861 (1999).

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

Hummler, E. et al. Targeted mutation of the CREB gene: compensation within the
CREBJ/ATF family of transcription factors. Proc. Natl. Acad. Sci. U. S. A 91, 5647-
5651 (1994).

Mayr, B. M., Guzman, E. & Montminy, M. Glutamine rich and basic region/leucine
zipper (bZIP) domains stabilize cAMP-response element-binding protein (CREB)
binding to chromatin. J. Biol. Chem. 280, 15103-15110 (2005).

Gonzalez, G. A. et al. A cluster of phosphorylation sites on the cyclic AMP-regulated
nuclear factor CREB predicted by its sequence. Nature 337, 749-752 (1989).
Hoeffler, J. P., Meyer, T. E., Waeber, G. & Habener, J. F. Multiple adenosine 3',5'-
cyclic [corrected] monophosphate response element DNA-binding proteins generated
by gene diversification and alternative exon splicing. Mol. Endocrinol. 4, 920-930
(1990).

Yamamoto, K. K., Gonzalez, G. A., Menzel, P., Rivier, J. & Montminy, M. R.
Characterization of a bipartite activator domain in transcription factor CREB. Cell 60,
611-617 (1990).

Blendy, J. A., Kaestner, K. H., Schmid, W., Gass, P. & Schutz, G. Targeting of the
CREB gene leads to up-regulation of a novel CREB mRNA isoform. EMBO J. 15,
1098-1106 (1996).

Xu, W., Kasper, L. H., Lerach, S., Jeevan, T. & Brindle, P. K. Individual CREB-target
genes dictate usage of distinct CAMP-responsive coactivation mechanisms. EMBO J.
26, 2890-2903 (2007).

Dwarki, V. J., Montminy, M. & Verma, |. M. Both the basic region and the 'leucine
zipper' domain of the cyclic AMP response element binding (CREB) protein are
essential for transcriptional activation. EMBO J. 9, 225-232 (1990).

Yun, Y. D., Dumoulin, M. & Habener, J. F. DNA-binding and dimerization domains of
adenosine 3',5'- cyclic monophosphate-responsive protein CREB reside in the
carboxyl-terminal 66 amino acids. Mol. Endocrinol. 4, 931-939 (1990).

Chrivia, J. C. et al. Phosphorylated CREB binds specifically to the nuclear protein
CBP. Nature 365, 855-859 (1993).

Kasper, L. H. et al. CBP/p300 double null cells reveal effect of coactivator level and
diversity on CREB transactivation. EMBO J. 29, 3660-3672 (2010).

Goodman, R. H. & Smolik, S. CBP/p300 in cell growth, transformation, and
development. Genes Dev. 14, 1553-1577 (2000).

Yamauchi, T. et al. Increased insulin sensitivity despite lipodystrophy in Crebbp
heterozygous mice. Nat. Genet. 30, 221-226 (2002).

Ravnskjaer, K. et al. Cooperative interactions between CBP and TORC2 confer
selectivity to CREB target gene expression. EMBO J. 26, 2880-2889 (2007).
Conkright, M. D. et al. TORCs: transducers of regulated CREB activity. Mol. Cell 12,
413-423 (2003).

Screaton, R. A. et al. The CREB coactivator TORC2 functions as a calcium- and
cAMP-sensitive coincidence detector. Cell 119, 61-74 (2004).

Canettieri, G. et al. Dual role of the coactivator TORC2 in modulating hepatic glucose
output and insulin signaling. Cell Metab 2, 331-338 (2005).

Nakajima, T., Uchida, C., Anderson, S. F., Parvin, J. D. & Montminy, M. Analysis of a
cAMP-responsive activator reveals a two-component mechanism for transcriptional
induction via signal-dependent factors. Genes Dev. 11, 738-747 (1997).

Nakajima, T. et al. RNA helicase A mediates association of CBP with RNA
polymerase Il. Cell 90, 1107-1112 (1997).



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

4.

55.

56.

S57.

58.

59.

60.

61.

Erion, D. M. et al. Prevention of hepatic steatosis and hepatic insulin resistance by
knockdown of cAMP response element-binding protein. Cell Metab 10, 499-506
(2009).

Herzig, S. et al. CREB regulates hepatic gluconeogenesis through the coactivator
PGC-1. Nature 413, 179-183 (2001).

Herzig, S. et al. CREB controls hepatic lipid metabolism through nuclear hormone
receptor PPAR-gamma. Nature 426, 190-193 (2003).

Berger, J. et al. Decreased expression of the insulin-responsive glucose transporter
in diabetes and fasting. Nature 340, 70-72 (1989).

Hupfeld, C. J., Dalle, S. & Olefsky, J. M. Beta -Arrestin 1 down-regulation after insulin
treatment is associated with supersensitization of beta 2 adrenergic receptor Galpha
s signaling in 3T3-L1 adipocytes. Proc. Natl. Acad. Sci. U. S. A 100, 161-166 (2003).
Zhang, J., Hupfeld, C. J., Taylor, S. S., Olefsky, J. M. & Tsien, R. Y. Insulin disrupts
beta-adrenergic signalling to protein kinase A in adipocytes. Nature 437, 569-573
(2005).

Chen, B. P., Liang, G., Whelan, J. & Hai, T. ATF3 and ATF3 delta Zip. Transcriptional
repression versus activation by alternatively spliced isoforms. J. Biol. Chem. 269,
15819-15826 (1994).

Horike, N. et al. AMP-activated protein kinase activation increases phosphorylation of
glycogen synthase kinase 3beta and thereby reduces cAMP-responsive element
transcriptional activity and phosphoenolpyruvate carboxykinase C gene expression in
the liver. J. Biol. Chem. 283, 33902-33910 (2008).

Yoon, Y. S., Ryu, D., Lee, M. W., Hong, S. & Koo, S. H. Adiponectin and
thiazolidinedione targets CRTC2 to regulate hepatic gluconeogenesis. Exp. Mol. Med.
41, 577-583 (2009).

Le, M. C. et al. Reduced hepatic fatty acid oxidation in fasting PPARalpha null mice is
due to impaired mitochondrial hydroxymethylglutaryl-CoA synthase gene expression.
FEBS Lett. 475, 163-166 (2000).

Yamauchi, T. et al. Targeted disruption of AdipoR1 and AdipoR2 causes abrogation
of adiponectin binding and metabolic actions. Nat. Med. 13, 332-339 (2007).

Berg, A. H., Combs, T. P., Du, X., Brownlee, M. & Scherer, P. E. The adipocyte-
secreted protein Acrp30 enhances hepatic insulin action. Nat. Med. 7, 947-953
(2001).

Lochhead, P. A., Salt, I. P., Walker, K. S., Hardie, D. G. & Sutherland, C. 5-
aminoimidazole-4-carboxamide riboside mimics the effects of insulin on the
expression of the 2 key gluconeogenic genes PEPCK and glucose-6-phosphatase.
Diabetes 49, 896-903 (2000).

Yamauchi, T. et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation
by activating AMP-activated protein kinase. Nat. Med. 8, 1288-1295 (2002).

Kubota, N. et al. Disruption of adiponectin causes insulin resistance and neointimal
formation. J. Biol. Chem. 277, 25863-25866 (2002).

Maeda, N. et al. Diet-induced insulin resistance in mice lacking adiponectin/ACRP30.
Nat. Med. 8, 731-737 (2002).

Nawrocki, A. R. et al. Mice lacking adiponectin show decreased hepatic insulin
sensitivity and reduced responsiveness to peroxisome proliferator-activated receptor
gamma agonists. J. Biol. Chem. 281, 2654-2660 (2006).

He, L. et al. Metformin and insulin suppress hepatic gluconeogenesis through
phosphorylation of CREB binding protein. Cell 137, 635-646 (2009).

Zhou, X. Y. et al. Insulin regulation of hepatic gluconeogenesis through
phosphorylation of CREB-binding protein. Nat. Med. 10, 633-637 (2004).

Koo, S. H. et al. The CREB coactivator TORC2 is a key regulator of fasting glucose
metabolism. Nature 437, 1109-1111 (2005).

Katoh, Y. et al. Salt-inducible kinase-1 represses cAMP response element-binding
protein activity both in the nucleus and in the cytoplasm. Eur. J. Biochem. 271, 4307-
4319 (2004).



62.

63.

64.

65.

66.

67.

68.

Katoh, Y. et al. Silencing the constitutive active transcription factor CREB by the
LKB1-SIK signaling cascade. FEBS J. 273, 2730-2748 (2006).

Shaw, R. J. et al. The kinase LKB1 mediates glucose homeostasis in liver and
therapeutic effects of metformin. Science 310, 1642-1646 (2005).

Dentin, R. et al. Insulin modulates gluconeogenesis by inhibition of the coactivator
TORC2. Nature 449, 366-369 (2007).

Muraoka, M. et al. Involvement of SIK2/TORC2 signaling cascade in the regulation of
insulin-induced PGC-1alpha and UCP-1 gene expression in brown adipocytes. Am. J.
Physiol Endocrinol. Metab 296, E1430-E1439 (2009).

Jansson, D. et al. Glucose controls CREB activity in islet cells via regulated
phosphorylation of TORC2. Proc. Natl. Acad. Sci. U. S. A 105, 10161-10166 (2008).
Dentin, R., Hedrick, S., Xie, J., Yates, J., lll & Montminy, M. Hepatic glucose sensing
via the CREB coactivator CRTC2. Science 319, 1402-1405 (2008).

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



Appendix

List of abbreviations

AMPK
ATF-1
BAT

bzIP

CBP
CREB
CREM
FFA
GLUT4
GSK3-beta
GTT

HFD

IL-6

ITT

KID
MCP-1
MRNA

NC

PAI-1
PKB/Akt2
PPAR-alpha
SIK2

TAG
TNF-alpha

TORC2/CRTC2

WAT

AMP-activated protein Kinase

Activating Transcription Factor-1

Brown Adipose Tissue

basic leucine Zipper

CREB Binding Protein

CAMP Response Element Binding protein
cAMP Response Element Modulater
Free Fatty Acids

Glucose Transporter type 4

Glycogen Synthase Kinase 3-beta
Glucose Tolerance Test

High Fat Diet

Interleukin-6

Insulin Tolerance Test

Kinase-Inducible Domain

Monocyte Chemotactic Protein-1
messenger RNA

Normal Chow

Plasminogen Activator Inhibitor-1

Protein Kinase B/Akt2

Peroxisome Proliferator-Activated Receptor-alpha
Salt-Inducible Kinase 2

Triacylglycerol

Tumor Necrosis Factor-alpha
Transducer Of Regulated CREB 2/ CREB Regulated
Transcription Coactivator 2

White Adipose Tissue



