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Abstract

Metabolic remodeling is thought to be an important contributor towards the
development of various cardiac pathophysiologic conditions. Therefore, studies
attempting to delineate underlying mechanisms driving cardiac metabolic
remodeling represent an important initiative toward the development of novel
therapeutic interventions. To further investigate the role of metabolic substrate
switches in the heart, we focused on a pivotal, rate-limiting step of cardiac fatty
acid metabolism i.e. an upstream modulator of long-chain fatty acid importation
into the mitochondrion. In the heart, long-chain fatty acids are transported into
the mitochondrion by the rate-limiting enzyme, carnitine palmitoyi transferase 1
(CPT1). CPT1 is potently inhibited by malonyl-CoA, the product of the acetyl-
CoA carboxylation reaction that is catalyzed by acetyl-CoA carboxylase (ACC).

Recent studies have demonstrated that metabolic fuels such as fatty acids and
glucose can function as signaling ligands, directing transcriptional regulation of
numerous metabolic genes. However, transcriptional mechanisms directing the
gene expression of the cardiac isoform of acetyl-CoA carboxylase (ACCRB) are
less well understood. Previously, four E-box (CANNTG) sequence motifs were
identified on the human ACCB promoter. Since E-boxes act as binding sites for
upstream stimulatory factors (USF), putative glucose-responsive transcriptional
modulators, we hypothesized that ACCB is induced by USF1 in a glucose-
dependent manner.

To investigate this, we began by acutely fasting and subsequently refeeding
Balb/C mice with a carbohydrate-enriched diet. Here, high carbohydrate feeding
resulted in elevated systemic glucose levels associated with increased cardiac
ACCPB gene and protein expression. To further explore these interesting findings,
we transiently cotransfected neonatal cardiomyocytes, H9C2 myoblasts, CV-1
fibroblasts and HepG2 hepatocytes with the full-length and deletion constructs of
the human ACCP gene promoter together with a putative activator and repressor

xi



expression vector, respectively: a) USF1 (glucose-responsive transcription
factor) — the rationale that it should elevate ACCB gene promoter activity in
accordance with the glucose-fatty acid cycle, and b) nuclear respiratory factor 1
(NRF1) — the hypothesis being that this mitochondrial biogenesis and B-oxidation
enhancing modulator would be expected to attenuate ACCB promoter activity in
order to increase fatty acid oxidation capacity.

To assess whether USF1 plays a role in ACCB gene induction in response to
increased glucose supply, we performed cotransfection studies together with a
USF1 expression vector under low or high glucose exposure. We found that
USF1 overexpression markedly elevates ACCB promoter activity in neonatal
cardiomyocytes and CV-1 fibroblasts under low glucose culturing conditions.
Moreover, high glucose levels significantly increased USF1-mediated ACCB
promoter activation compared to the low glucose exposure in CV-1 fibroblasts.
These data suggest that glucose-responsive USF1 transactivation of the human
ACCPB gene promoter occurs in a cell-type specific manner i.e. unlike the CV-1
fibroblasts the USF1 response in neonatal cardiac myocytes appears to be
glucose-independent. We next performed transfection assays in the presence of
2-deoxyglucose, a glucose analog that is taken up into the cell and not further
metabolized. In agreement with our earlier findings, 2-deoxyglucose did not
inhibit the USF1-mediated transactivation of the human ACCB gene promoter
activity in neonatal cardiomyocytes. In contrast, 2-deoxyglucose administration
robustly inhibited USF1-mediated human ACCB promoter activity in CV-1
fibroblasts. We next tested whether phosphatase 2A (PP2A), a downstream
target of the pentose phosphate metabolite xylulose-5-phosphate, plays a role in
the USF1-mediated transcriptional activation of human ACCB promoter. Here,
PP2A inhibition attenuated USF1-mediated transactivation of the human ACCB
gene promoter in CV-1 fibroblasts. Surprisingly, PP2A inhibition also reduced
USF1-mediated transactivation of the human ACCB gene promoter in neonatal
cardiomyocytes. Furthermore, endogenous USF1 transcriptional activity was
also reduced following exposure to okadaic acid.
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Since four E-box sequence elements were previously identified on the human
ACCPB gene promoter, we next performed cotransfection studies with a USF1
overexpression vector to determine sequence elements responsible for the
USF1-mediated transactivation of the ACCB gene promoter. Employing deletion
constructs, we found that the shortest ACCB promoter deletion construct was
able to induce ACCPB promoter activity in both cell lines. However, the induction
was reduced compared to the full-length construct indicating that the observed
USF1 induction may be mediated via E-box 4 interacting with other upstream
regions of the promoter predominantly through E-box 4 located close to the
transcription start site. In summary, these data show that glucose-mediated
USF1 induction of the human ACCB gene promoter occurs in a cell-specific
manner. In CV-1 fibroblasts, USF1 transactivates the human ACCB promoter in
a glucose-dependent manner, in part via dephosphorylation of USF1 by PP2A.
On the other hand, USF1-mediated induction of ACCB also occurs through
dephosphorylation of USF1 by PP2A, although unlike CV-1 fibroblasts, glucose
metabolites do not appear to mediate this process.

We also found that NRF1 overexpression markedly attenuated ACCB promoter
activity in neonatal cardiomyocytes and cardiac-derived H9C2 myoblasts.
However, NRF1 overexpression induced ACCB promoter activity in both CV-1
fibroblasts and HepG2 hepatocytes. Interestingly, we found that USF1-mediated
induction of ACCB promoter activity was markedly attenuated in all cell lines
tested. We therefore propose that NRF1 may interfere with USF1 binding of the
ACCPB gene promoter binding, probably via E-box4 located close to the
transcription start site. In summary, we suggest that under energy sparing
conditions, the transcriptional modulator NRF1 not only induces genes required
for mitochondrial biogenesis, but can also negatively regulate ACCB gene
expression. This in turn should result in reduced malonyl-CoA levels and
elevated mitochondrial fatty acid oxidation
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In conclusion, we have identified a novel transactivator (USF1) and repressor
(NRF1) of the human ACCB gene promoter in the heart. Our data may
eventually result in the development of novel therapeutic interventions since we
have identified unique modulators regulating ACCB gene transcription, and by
implication malonyl-CoA levels and mitochondrial fatty acid -oxidation.
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Chapter 1

Introduction



1.1. Metabolism and the heart

1.1.1. Glucose metabolism

The normal, adult mammalian heart relies mainly on fatty acids (FA) as a fuel
substrate. However, glucose also serves as an important fuel substrate, for e.g.
when cells are placed under stress conditions such as hypoxia or ischemia.
Blood glucose is taken up by via glucose transporters situated on the plasma
membrane of the cell. There are several glucose transporter isoforms and their
expression is dependent on developmental stage and tissue type." The fetal
isoform is glucose transporter 1 (GLUT1) and the two well described adult
isoforms, GLUT2 and GLUT4, are predominantly expressed in the liver and
heart, respectively.”* In the heart and skeletal muscle, insulin stimulates
translocation of GLUT4 from intracellular vesicles to the plasma membrane in

order to facilitate transportation of glucose into the cell* > (Figure 1).

Inside the cell, glucose is rapidly converted into glucose-6-phosphate (G-6-P) by
hexokinase, a rate-limiting and energy requiring step of glucose metabolism. At
this stage, the fate of G-6-P is either glycolysis, the pentose phosphate pathway
(PPP) or the hexosamine biosynthetic pathway (HBP), depending on a variety of
conditions.® 7 Under normal circumstances, G-6-P undergoes glycolysis where it
is converted into fructose-6-phosphate (F-6-P), which is then converted into

fructose-1,6-bisphosphate by phosphofructokinase (PFK).
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Figure 1. A simplified schematic representation of glucose metabolism
Abbreviations. Glucese transporter (GLUT), phosphofructokinase (PFK), xylulose-5-
phophate (X-5-P), UDP-N-acetylglucosamine (UDP-GINAc), protein phosphatase 2A
(PP24) pyruvate dehydrogenase (PDH), pyruvate dehydrogenase kinase (PDK).
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1.1.3. The glucose-fatty acid cycle and its physiological relevance

The preferential utilization of glucose versus FAs (and vice versa) under varying
physiological conditions forms the basis of the glucose-fatty acid cycle, initially
described by Randle® (Figure 5) Randle et. al.“’* showed that FFAs inhibitory
effect on glucose metabolism was mediated via inhibition of glucose transport,
glycolysis and pyruvate oxidation. Others exlended this hypothesis and revealed
that glucose availability can have an Inhibitory effect on FAO *™ Interestingly. the
mechanism for this inhibitory effect of glucose has been proposed to be through
increased formation of malonyl-CoA (product of ACC) and subsequent inhibition
of CPT1. In summary, the glucose-fatty acid cycle ‘suggests that availability of
free fatty acids promotes falty acid oxidation and subsequently inhibits glucose
oxidation. Moreaver, the "reverse” Randle effect proposes thal glucose
availability promotes glucose oxidation, subsequently inhibiting fatty acid

oxidation.

L ™\ Glucose metabolism

Figure 5. A simplified schematic representation of the glucose-fatty acid
cycle. Abbreviation: free fatty acids (FFA)



Cardiac fuel substrate utilization can be altered in response to a variety of
physiologic and pathophysiologic conditions.*** For example, during the fetal to
adult transition the major energy source of the heart switches from carbohydrates
to FAs. During this period, plasma FFA levels are elevated and systemic glucose
levels reduced in parallel. The heart responds to such whole-body metabolic
remodeling by enhancing its capacity for FAO and concomitantly reducing
glucose oxidation.” Conversely, previous studies have demonstrated reduced
FA utilization and a corresponding increase in glucose utilizatien during hypoxia,

cardiac hypertrophy and heart failure ™ *% ***

For example, glucose is
proposed to inhibit CPT1*" and therefore FAO possibly via activation of ACC and
subseguent elevation of intracellular levels of majonyl-CoA, a potent inhibitor of
CPT1.***® Also, high carbohydrate feeding after an acute fast increased ACC
expression in the liver'” * and lowered LCFA-CoA levels.'” Additionally, insulin
inhibits the release of FFAs from the adipose tissue thereby leading to decreased
NEFA levels and attenuated FAO."" ™ On the other hand, increased NEFA
levels are associated with activation of PDK4, an Inhibitor of the PDC complex,
resulting in inhibition of glucose oxidation."" PDK4 is activated during high fat
feeding and diabetes, conditions where glucose metabolism is impaired ®**
Saddick et al.” showed that administration of dichloroacetate (DCA), a PDC
stimulator, to perfused hearts suppressed FAO via activation of the muscle- and
cardiac-enriched ACC isoform (ACCRB), and the subsequent increase in malonyl-

CoA levels. Moreover, accumulation of NEFA levels further impairs glucose

tolerance and decrease muscle insulin sensitivity in high fat feeding and diabetic



rats.”*® Collectively, these data underscore the significance of metabolic
plasticity of the mammalian heart and its innate ability to respond to physiologic

and pathophysiologic fuel substrate switches.

1.2. Metabolic remodeling

1.2.1. An odyssey of metabolic remodeling

Metabolic remodeling Is suggested to be part of an adaplive response under
energy-limiting conditions and is regulated in response to developmental,
hormonal or physiological stimuli. During the past few decades, researchers have
investigated several aspects of metabolic remodeling including fetal to adult
transition, physiological remodeling, development of cardiac hypertrophy,

progression of cardiac hypertrophy to heart failure and diabetic remodeling.™" **

4043

a) Fetal to adult transition

During the fetal to adull transition, the major energy source of the heart switches
from glucose to FAs. Here, fetal hearts demonstrated increased myocardial
glucose oxidation and lower FAO compared to newbomn hearts. In contrast,
newborn hearts exhibited increased myocardial FAO and lower glucose oxidation
compared to fetal hearts."' This melabolic switch is paralleled by induction of
FAO genes and a concomitant reduction in the expression of genes involved in
glucose metabolism. For example, Nau et al.* observed a postnatal decline in

expression pattens of glycolylic genes such as a-enolase, lactate

14



dehydrogenase A and liver-type PFK whereas mitochondrial oxidative genes
such as cytochrome ¢, COX Va and CPT1 were increased.

5" adenosine monophosphate protein kinase (AMPK) has previously been shown
to increase FAO by phosphorylation and inhibition of ACC.**™ In support,
Makinde et al.® demonstrated higher FAO rates in 7-day old rabbit hearts
compared lo 1-day old hearts were associated with increased AMPK and
reduced ACC activities. Although these studies did not investigate the role of
CPT1 in cardiac development, it appears that expression levels of muscle- type
CPT1 (mCPT1) are low at birth and are upregulaled during the postnatal
development.”’

These data highlight the importance of understanding the metabolic transition
from fetal to adult in the heart since same pathological conditions such cardiac
hypertrophy are associated with a reversion to the fetal program, proposed to be

part of an adaptive mechanism.

b) Physiological remodeling and mitochondrial biogenesis

The mitochondrion is regarded as the 'power-house’ of a cell since it generates
about 90% of the energy required for chemical and metabolic processes that take
place in a living organism.”® Therefore, failure to respond to energy demands
either due to mutations in mitochondnal DNA or functional abnormalities can
result in a variety of diseases such as childhood cardiomyopathy and sudden
death, diabetes mellitus, ischemic heart disease, cardiac hyperirophy and heart

failure 557374



Under energetic stress conditions such as endurance exercise, severe hypoxia,
fasting or postnatal development, heat and skeletal muscle respond by
increasing bioenergetic capacity.”*"® This adaptive response is characterized by
increased expression of nuclear and mitochondrial enzyme-encoding genes and
an increase in number and size of the mitochondna, referred to as mitochondrial
biogenesis. Since mitochondnal bioenergetic capacity is such a critical factor in
the cell's survival and response to stress conditions, the regulation of nuclear and
mitochondrial enzyme-encoding genes must be under stringent control. Scarpulla
and co-workers highlighted the role of nuclear respiratory factors (NRF1 and
NRF2) as important transcriptional modulators that induce nuclear genes
encoding respiratory chain proteins and regulatory factors modulate

81 |n support, previous studies have

mitochondrial-encoded genes.
demonstrated that NRF1 induces mitochondrial transcription and replication via
activation of mitochondrial transcription factor A (TFAM)™ Also, TFAM
overexpressing mice were resistant to left ventricular (LV) remodeling and

improved LV function pest myocardial infarction.*®

On the other hand, NRF1 augments FAO and oxidative phosphorylation enzyme-
encoding genes through its inferaction with a FA-responsive nuclear transcription
factor, peroxisome proliferator-activated receptor (PPAR) a and its transcriptional
coactivator, peroxisome proliferator-activated gamma coactivator (PGC) 1a.** **
68 B4E6 \mportantly, impaired mitochondrial function observed with conditions

such as obesity and diabetes has been attributed lo attenuated expression of
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PGC1 and NRF1.*” * However, it has not been fully established whether NRF1
has direct involvement in the regulatory control mechanism of FA importation into
the mitochondrion. Other investigators revealed that increased NRF1 expression
was associated with elevated CPT1 gene expression.”™ ® Phammacological
activation of AMPK was also associated with increased NRF1 promoter
binding.m Furthermore, energy-sparing conditions such as endurance exercise
have been shown to increase mitochondrial respiratory capacity and stimulate
FAQ in an NRF1/PGC1 dependent manner.”® Interestingly, ACCPR, an indirect
inhibitor of FAQ, is suppressed following endurance exercise. Although these
studies suggest a direct link between NRF1 and FAO genes, whether NRF1 is
invalved in transcriptional mechanisms driving regulation of ACCR remains

unclear.

¢) Cardiac hypertrophy and heart failure

Metabolic remodeling has also been demonstrated as a fealure of cardiac
hypertrophy. Previous investigators have reported increased dependence on
glucose as a substrate with a concomitant decrease in FAO in hypertrophied
hearts.”® This substrate switch is paralleled by a reduction in FAO enzyme-
encoding genes and the re-emergence of the fetal gene program.” ** * For
example, reduction in the expression of GLUT4 and re-expression of GLUT1
(fetal isoform) has been previously reported.™ ¥  Moreover, earlier studies

indicated that glycolytic enzymes such as hexokinase and lactate dehydrogenase

paralleled increased preferential glucose utilization with cardiac hypertrophy,®
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while increased expression and activity of AMPK was associated with higher
basal glucose uptake with left ventricular hypertrophy.™

In contrast, the reduction in FAO observed with cardiac hypertrophy is paralleled
by suppression of a number of FAO responsive genes such as FAT/CD36, MCD,
PDK4, mCPT1, MCAD, LCAS** "% This coordinate downregulation of FAQ
responsive genes has largely been attributed to reduced PPARa expression.™
%3 Furthermore, reduction of PPARa during cardiac hypertrophy has been
directly linked to preserved contractile function since its reactivation diminished
cardiac contractile function.™

The failing heart has also been shown to shift towards preferential utilization of

glucose.* '™ 1% For example, Razeghi et al.'™

proposed that the failing heart
switches to the fetal gene program by reduction of adult gene isoforms such as
GLUT4 and muscle CPT1 rather than the induction of fetal gene expression.
Here, the expression of fetal gene isoforms such as GLUT1 and I-CPT1 was
unchanged in failing human hearts compared to fetal hearts. On the other hand,
other investigators observed a downregulation of several FA utilization genes in
the failing heart.™ ' However, Chandler et al. ™ found no differences in
myocardial substrate metabolism in a dog model of moderate coronary
microembolization-induced heart failure. The authors suggested that the switch
to a fetal gene program may depend on the severity of heart failure i.e. there is
no decrease In FAO in their model since it represents compensated heart failure,

The observed switch to carbohydrate oxidation may therefore be a late-stage

phenomenon. If this is correct, reports of overstimulation of the adrenergic



system with heart failure and the elevation of FFA levels may represent an earlier
point in terms of the progression to heart failure. It has recently been
hypothesized that under these conditions UCPs uncouple mitochondrial
respiration leading to oxygen wastage and reduced cardiac efficiency.'™ Hence,
the mechanism of action of pharmacological inhibiters of FAO, a potential
treatment for heart failure, """ is thought to be due to an indirect increase in

glucose oxidation and decreased FA-induced oxygen wastage.'™ "'

d) Diabetes

Several studies have reported that diabetic hearts demonstrate severely
diminished glucose uptake and a marked reliance on FAO to meet energetic
requirements, ™ """ '™ Moreover, intracellular accumulation of NEFA levels
further impair glucose tolerance and decrease muscle insulin sensitivity in high
fat feeding and diabetic rats.*** As a consequence of diabetic remodeling, the
expression of genes involved in glucose metabolism is suppressed whereas FA-
responsive genes are upregulated.”' For example, cardiac GLUT4 expression is
reduced while both hexokinase and PDC enzyme activity were diminished in
diabetic rat hearts.'" """ Intracellular FA accumulation during diabetes is
thought to activate PPARa and PGC1a, which in tum induce the expression FAO
genes such as FAT, mCPT1, MCAD, PDK4, and MCD.** %" ' This could explain
reduced glucose metabolism and markedly increased FAQO rates exhibited by
perfused diabetic hearts.'""™ "' Increased PDK4 expression is thought to be

responsible for reduced PDC activity observed in diabetic rat hearts. In contrast,
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some have argued that reduced PDC activily is due to accumulation of FAQO
products rather than the phosphorylated state of PDC complex.'"®

Lastly, chronically diabetic subjects were characlerized by a reduction of genes
involved in oxidative metabolism for e.g. PGC1, CPT1, citrate synthase (CS) and
cytochrome C oxidase (COX) .*" '™ In support, other investigators have further
suggested that reduced PGC1 and NRF1 levels may be contribute to the
accumulation of intracellular lipids and decreased FAOQ.* Again, differences in
substrate metabolism may be due to the stage of the disease. It has also been
suggested that reduced FAO observed in certain type 2 diabetic patients may be
attributed to increased gene expression of ACCB and subseguent accumulation

of malonyl-CoA levels."" ™'

1.3. Transcriptional regulation of metabolic remodeling

As described in the previous section, metabolic remodeling may occur in several
physiologic and pathophysiologic contexts. Several investigators suggested that
metabolic remodeling is driven by changes in the expression of metabolic genes.
However, the molecular mechanisms underying regulation and control of several
putative metabolic genes are currently being investigated. For example, at the
transcriptional level recent studies have suggested that nutrient-sensing
transcriptional modulators that requlate glucose and FA utilization genes may

play a pivotal role in driving metabolic remodeling processes *% 41 192125
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1.3.1. Fatty acid mediated transcriptional regulation

Recent studies have identified PPARs, the ligand-activated nuclear receptor
family of transcription faclors, as key modulators that induce the expression of
FAO genes.™ " % ' Thus far, three PPAR isoforms have been identified,
namely: PPARa, B/6 and y. PPARa 15 predominantly expressed in highly
oxidative tlissues like liver, heart and skeletal muscle, while PPARB/G is
ubiquitously expressed and has been implicated in the regulation of FAQ. ' 1%
Conversely, PPARYy is highly expressed in lipogenic tissues such liver, white and
brown adipose tissue, PPARYy is thought to play a role in thermogenesis, lipid
storage and giucose metabolism

PPARs consist of a DNA-binding domain containing two Zn-finger motifs and a
C-terminal domain for ligand binding. Upon binding its ligand, PPAR
heterodimerizes with its obligate partner, retinoid X receptor (RXR), subsequently
binding to peroxisome-proliferator response elements (PPRE) located within the
regulatory region of largel genes. PPARs can bind both endogenous and
exogenous ligands such as long chain FAs and fibrates, respectively. RXR is

also activated in a ligand-dependent manner i.e. 9-cis retinoic acid serving as its

ligand.

a) Ligand-activated PPARa regulates fatty acid oxidation
The use of synthetic ligands such as fibrates and Wy-14,643, and PPARa null
mice have contributed tremendously in identifying a key role for PPARa in

cardiac FA utilization."" ™ Moreover, endogenous ligands such as LCFAs
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mediate metabolic changes via activation of PPARa.'"** "™ Here, PPARa has
been shown to induce gene expression of cardiac FA transport proteins such as
FATP, FAT/CD36 and FABP™' and FAO via the induclion of CPT1 and MCAD
gene expression.” PDK4 was also identified as a PPARa target gene since its
gene expression and activity was increased in response to PPARa stimulation *
High fat feeding, fasting and diabetes have been shown to increase FFA levels,
PPARa and subsequent activation of FA responsive genes such as CPT1,
MCAD and PDK4.""" ™ On the contrary, downreguiation of FAD genes during
hypoxic exposure has been attributed to deactivation of PPARa, a major
transcriptional modulator of FA responsive genes in the rat heart® '
Moreover, PPARa null mice exhibit low FAO rates paralleled by a marked

120

reduction in several FA responsive PPARa-regulated genes,'™ Together
these data show that PPARa is a pivolal regulator of several cardiac FA

utilization genes.

b) Ligand-activated PPARP/S regulates fatty acid oxidation

Thus far. the transcriptional role of PPARPB/G is not as well understood.
PPAR/S is ubiquitously expressed, with higher levels of expression in the brain,
adipose tissue and skin.'*™™ '?7 "2 Recently. PPARB/S has been demonstrated to
requlate the expression of genes involved in FAO in skeletal muscle cells,'™
Moreover. both PPARa and PPARB/S activate FAO in cultured neonatal and
adult myocytes.'"® PPARP/S expression is requlated by nutritional status.'*® Like

PPARa. PPARP/S is activated by LCFAs and has also been implicated in the

Id
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regulation of genes involved in sarcolemmal FA uptake (FATP and FAT)'* and
mitochondrial FA uptake (CPT1)."*" These data suggest that there may be some
redundancy in terms of PPAR activation of cardiac FA utilization. However, the
precise interplay between PPARa and PPARB/S in terms of regulation of FAO

genes slill needs to be determined.

1.4. Glucose as a transcriptional regulator

Glucose has classically been considered as a metabolic substrate that provides
energy to the cell especially under energy sparing conditions such as exercise.'™

133

and ischemia,"™ """ However, recent studies show that glucose may also provide

signals to glucose responsive factors to drive lranscriptional activation of genes

involved in glucose metabolism and lipogenesis.'® '*

For example, the
glycolytic liver type pyruvate kinase (LPK) gene was upregulated with high
glucose exposure in hepatocytes'® or high carbohydrate refeeding.'*!
Furthermore, an increase in glucose levels following high carbohydrate refeeding
was associated with induction of rat liver 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase gene expression.'"” In

addition, expression of lipogenic genes
such as fatty acid synthase (FAS) and ACCa were reduced by an acute fast but
upregulated following high carbohydrate refeeding.'™ ™' Glucose has also been

shown to induce the gene expression of S14, a lipogenic protein, in the liver.'*

These glucose-mediated gene transcriptional effects are suggested to occur via

specific glucose-sensing transcriptional modulators able to bind consensus

T
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regulatory regions within promoters of target genes. Glucose-responsive
transcription factors include carbohydrate response element binding protein
(ChREBP),"** '*5 sterol regulatory element binding protein 1 (SREBP1), "6 ¥/
stimulatory protein 1 (Sp1)'** and upstream stimulatory factors (USF1 and USF2

isoforms), %% 14¢

Moreover, ChoRE, a glucose-inducible promoter region, was
demonstrated as a key transcriptional regulatory region of ACCa, FAS and S14
in respanse to glucose.'™ "' For example, ChREBP was identified as the key
glucose-responsive modulator that binds to ChoRE region of LPK gene
promoter.'* '*7 Previous investigators have demonstrated that USF1/2 isoforms
and ChREBP bind E-box sequence motifs (CANNTG) as homo andlor
heterodimers on promoter regions with subsequent induction of target genes.”™
"S2157  Furthermore, Wang et al.'® demonstrated markedly increased USF1
protein expression upon high carbohydrate refeeding following an acute fast. In
mice lacking USF1, glucose mediated stimulation of LPK and S14 genes is
partially reduced and compensated for by USF2.'% ¢ Fyrthermore, USF2 null
mice displayed an impaired glucose responsiveness of glucose-induced genes.
These data suggest that USFs play a crucial role in glucose-mediated
transcriptional responses. ™

Some researchers have suggested that glucose metabolites and intermediates
such as G-6-P and X-5-P, and not gluccse per se, are responsible for glucose
mediated transcriptional activation of genes.' " '%' |n agreement, G-6-P has

been demonstrated to activate transcription of target genes.'™ In support of this

concept, 3-O-methyl glucose, a glucose analog that is taken up by the cells but



cannot be phosphorylated, failed to increase the expression of FAS and ACCa.'
In addition, 2-deoxyglucose, a glucose analog that is taken up but can be
phosphorylated, stimulates FAS gene expression in cultured white adipose
tissue." '®° Furthermore, X-5-P, an intermediate in pentose phosphate pathway,
increased ftranscription of genes involved in lipogenesis, hexosamine
monophosphate shunt and glycolysis.* '%* '8 X-5.P stimulates PP2A"®" thereby
promoting translocation of ChREBP into the nucleus where it binds to ChoRE on

the promoter of the LPK gene.'® ' 13

Also, PP2A dephosphorylates and
activates ACCa in most tissues.'® '® In agreement with this concept, ACCa was
transcriptionally activated by glucose'® in pancreatic beta cells via activation of

Sp1."®  Together these data implicate glucose and/or its metabolites as

important signaling molecules in the induction of glucose responsive genes.

1.5. AMPK as a transcriptional regulator

Under conditions of increased (AMP/ATP) for e.g. exercise or hypoxia, AMPK is
activated and ACC subsequently inactivated (by phosphorylation) in the liver and
FAO hepatoma cells.®” ® |t has recently been shown that AMPK is activated in
response to energetic stress to increase bioenergetic capacity. For example,
increased AMPK activity has been shown to elevate glucose uptake by GLUT4
translocation and stimulate FAO by inhibition of ACCB '**""!. Recently, AMPK
has been demonstrated as a direct link between intracellular stress signals and
the regulation of gene transcription. For example, addition of AICAR (AMPK

activator) downregulates the expression of GLUTZ2, aldolase B and LPK genes in
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pancreatic B cells.'”>' AICAR administration in hepatocytes also resulted in
decreased expression of FAS, PEPCK and G-6-P genes.'™ ' |ncreased AMPK
activity in the liver also resulted in upregulation of CPT1 '7®

These AMPK effects have been suggested to be mediated via direct activation of
nuclear transcription factors that either activate or repress transcription of target
genes.177 For example, it has been shown that AMPK represses PPARYy-
mediated transcriptional activity.'’” On the other hand, AMPK activates PPARa-
mediated transcriptional regulation."® In addition, B-GPA (indirect AMPK
activator) activation of AMPK was associated with increased binding activity of
NRF1 to the promoter of a target gene.®' Recent evidence has also shown that
AMPK phosphorylates and inhibits transcriptional activity of ChREBP."™ AICAR
administration to hepatocytes repressed the induction of LPK gene expression by
attenuating the transcriptional activity of hepatocyte nuclear factor 4 (HNF4).'"*
77 Moreover, AMPKa™ mice were characterized by a downregulation of several
genes involved in both glucose transport and FA utilization."”® These data

therefore indicate that AMPK could be a direct link between intracellular stress

signals and the regulation of gene transcription.

1.6. The role of acetyl-CoA carboxylase in substrate metabolism

Acetyl-CoA carboxylase (ACC) catalyzes the carboxylation of acetyl-CoA to form

malonyl-CoA, a potent inhibitor of CPT1. At least two ACC isoforms (ACCa and

ACCRB) exist in mammals. The ACCa gene encodes a 265-kDa isoenzymic form

that is predominantly expressed in lipogenic tissues such as the liver and
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adipose tissue.?% In contrast, ACCB encodes a 280-kDa isoenzymic form that
is mainly expressed in non-lipogenic tissues such as the heart and the skeletal
muscle.?® ? The catalytic portion of ACCB is similar to that of ACCa except for
an additional 150 amino acids at the N-terminus. The N-terminus is believed to
be responsible for interacting with the outer membrane of mitochondria where it
controls mitochondrial FA transfer by producing malonyl-CoA near its CPT1
binding site.’®® ®' Since both ACC isoforms produce malonyl-CoA, it is believed
that malonyl-CoA produced by ACCa is essential for FA biosynthesis while
malonyl-CoA produced by ACCpB regulates mitochondrial FA oxidation pathways.
ACCa gene regulation has been extensively characterized (reviewed by

Taegtmeyer and others)?® % 182

and multiple levels of control have been
determined for its regulation in the FA biosynthetic pathway.'® At the
transcriptional level, ACCa is regulated by two promoters, Pl and PIl. Pl is

regulated under lipogenic conditions such as high carbohydrate feeding,'® 1%

while PIl is regulated by insulin, cAMP and tumor necrosis factor.'8 186
Interestingly, Pll contains glucose responsive elements and Sp1 sites which are
thought to mediated glucose-induced transcriptional activation of ACCa. ¥ 188

Since very little or de novo fatty acid synthesis occurs in non-lipogenic tissues
and as malonyl-CoA has been demonstrated as a potent inhibitor of CPT1, this
strongly suggests a distinct role for ACCB in the regulation of mitochondrial FAO
in the heart and skeletal muscle.'®'" Therefore, ACCB must be subject to

stringent regulatory control mechanisms at both transcriptional and translational

levels.
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1.6.1. Metabolic regulation of the cardiac isoform of acetyl-CoA
carboxylase (ACCB)

Previous investigators have demonstrated that in vitro and in vivo ACCB activity
is inhibited by reversible phosphorylation. Here, AMPK and PKA have been
identified as the two main enzymes involved in phosphorylation and inhibition of
ACCB activity (Figure 6). AMPK phosphorylates ACCa at Ser79, Ser1200 and
Ser1215 phosphorylation sites while PKA phosphorylates ACCa at Ser77 and
Ser1200.'*2 Interestingly, these phosphorylation sites are preserved on ACCB.2""
165. 166, 192 |n addition, phosphorylation sites for protein kinase C and casein
kinase |l have been identified on the N-terminal region of ACCB."®® It is also
important to note that phosphorylation of both ACC isoforms can be reversed by

C-165, 166, 193

protein phosphatases 2A and 2 The activation of protein

phosphatases is thought to be mediated by glucose and/or insulin, 1% 11 13. 194

As shown in Figure 6, the formation of malonyl-CoA by ACC can be reversed
through decarboxylation by malonyl-CoA decarboxylase (MCD). Increased MCD
gene expression and activity result in reduced malonyl-CoA levels thereby
promoting FAO. Some investigators have reported that FAO-promoting
conditions such as fasting and high-fat feeding increase cardiac MCD gene
expression.?’® MCD is also a PPARa target gene, for example, administration of
PPARa agonists resulted in the induction of MCD expression (at gene and
protein level) and activity.?’® Moreover, downregulation of cardiac MCD

expression (gene and protein) and activity was observed in PPARa™ mice.?”’
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Post-transcriptionally, MCD is phosphorylated and activated by AMPK which is in

tum activated in response to ischemia®’® and exercise.?>
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Figure 6. A schematic representation showing metabolic regulatory
mechanism of acetyl-CoA carboxylase. Abbreviation: free fatty acids (FFA), 5
adenosine monophosphate protein kinase (AMPK), protein kinase A (PKA), acetyl-CoA
carboxylase (ACC), malonyl-CoA decarboxylase (MCD), carnitine palmitoyl transferase
1/2(CPT1/2).
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Under energy-sparing conditions for e.g. ischemia and exercise, activation of
AMPK and PKA result in phosphorylation and inhibition of ACCB and subsequent
lowering of malonyl-CoA levels.'®® "% |n support, Abu-Elheiga et al.?®
observed reduced malonyl-CoA levels following a 48 hour fast in the liver,
skeletal muscle and the heart, leading to the conclusion that both ACC isoforms
must be regulated by nutritional flux.?°> %' Furthermore, administration of AICAR
to perfused rat hindlimbs lead to a reduction in ACCB activity and intracellular
malonyl-CoA levels, thereby increasing FAO.2% Also, insulin, epinephrine,
glucagon, leptin, citrate, acetyl-CoA levels, LCFA and malonyl-CoA have also

been implicated as important post-translational regulators of ACC activity.?" 5

165, 181, 203-205

Since the regulation of ACC activity by allosteric activation (citrate) and covalent
modification of enzymes i.e. by phosphorylation/dephosphorylation lasts for
seconds to minutes, maintenance of ACC activity for hours to days must be
regulated by changes in gene expression. 6> 181194, 203,204, 206 1 g\ pnort, ACCB
gene and protein expression were upregulated following exposure to glucose and
ciprofibrate, a PPARa agonist.'®® Moreover, ACCB gene expression in the rat
liver was downregulated following a 48 hour fast and markedly increased
following 24-48 hour refeeding with a fat-free high carbohydrate diet.'80 194
Interestingly, H9C2 myoblasts do not express ACCB while differentiated H9C2
myotubes highly express ACCPB, underscoring the importance of controlling FAO

180, 207

in the developing and an adult hearts. Moreover, ACCB null mice are
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characterized by low malonyl-CoA levels and a subsequent increase in FAO
rates in skeletal and cardiac tissues.2® When ACCR null mice were challenged
with a diabetes/ obesity-inducing diet (high-fat/high-carbohydrate), they were
protected against diabetes and resistant to weight gain compared to wild-type
mice.”® This was evidenced by a number of factors including decreased fat
content, efficient glucose clearance and high insulin sensitivity (reduced glucose
and insulin levels) and attenuated levels.'™ 2% Collectively, these data
underscore the importance of understanding transcriptional regulatory machinery
of ACCPB and its role in the regulation of FAO. In this regard, characterization of

180, 208

the recently cloned human ACCB promoter requires further attention in

order to advance our understanding of the regulation of ACC gene expression.

1.6.2. Transcriptional regulation of human ACC@ promoter

Most muscle-specific genes have multiple E-boxes (CANNTG) in their promoters
that bind muscle specific factors and regulate their gene transcription.?*® Since
ACCB is highly expressed in the skeletal muscle and the heart, Lee and
coworkers®® analyzed the human ACCB promoter for novel CANNTG binding
sites. Here, at least four E-box consensus sequences were identified.?’® These
studies revealed that MyoD, a member of the muscle regulatory factor family,
induces ACCP expression by binding to E-box consensus motifs located on the
ACCB promoter.?®® Furthermore, Sp1, a glucose responsive transcriptional factor,
inhibits MyoD mediated transcriptional of ACCB.2%® Others have demonstrated

that MyoD mediated transcriptional activation of ACCB promoter was attenuated
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by retinoic acid receptors, RXRa and RARa.?” Recently, SREBP1, a glucose-
responsive transcription factor thought to regulate expression of insulin and/or
diet-induced genes in the liver, has been implicated in transcriptional activation of

ACCB."%

1.7. The role of ACCp in metabolic remodeling

Understanding the fundamental role of fuel substrate switches in the progression
of cardiovascular diseases such as diabetic cardiomyopathy, cardiac hypertrophy
and heart failure is important to the development of novel therapeutic
interventions. As previously noted, the diabetes-induced shift in cardiac
metabolism (increased FAO rates) triggers contractile dysfunction.''® """ Some
investigators have therefore argued that the use of pharmacological inhibitors of
FAOQ, as a potential treatment for heart failure may be due to an indirect increase
in glucose oxidation and decreased fatty acid-induced mitochondrial oxygen

wastage, 0% 111

These and other data highlight the importance of understanding the regulatory
mechanisms underlying such fuel substrate switches in the heart. In light of this,
ACCB has been identified as a key regulator of FAO since its product malonyl-
CoA potently deactivates CPT1. Moreover, ACCB null mice are resistant to
diabetes and obesity-inducing diets, likely due to reduced malonyl-CoA
production and therefore continuous elevation of FAO rates.'®* 2° |n addition to

ACCpB-mediated control of FAO, preferential utilization of one particular metabolic
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fuel substrate by the heart will inhibit utilization of the other (Randle cycle). For
example, glucose is thought to limit FAO by inhibiting FA importation into the
mitochondrion. Together these data implicate ACCP as an important target for
therapeutic interventions during pathophysiologic metabolic remodeling.
Therefore, this thesis focused on further understanding transcriptional

mechanisms regulating ACCp gene expression in the heart.

Specifically, we hypothesized that (Figure 7):

1. Increased glucose availability induces cardiac ACCf expression via

USF1, a glucose-responsive transcription factor

2. NRF1, a transcription factor that promotes FAO, inhibits ACCpB

expression in the heart.
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Figure 7. Schematic representation of hypotheses

The objectives of the study were to:
1) Determine in vivo cardiac ACCP expression in response to high
carbohydrate refeeding
2) Elucidate the transcriptional mechanisms regulating the human

ACCP gene promoter in response to increased glucose flux



Chapter 2

The Human Gene Promoter of the Cardiac Isoform of
Acetyl-CoA Carboxylase (ACCR) is Transactivated by
Upstream Stimulatory Factor 1 (USF1) in a Glucose-

dependent Manner
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2.1. Introduction

The cardiac-enriched isoform of acetyl-CoA carboxylase (ACCB) is a key enzyme
regulating mitochondrial FAO in the heart. However, unlike ACCa (enriched in
lipogenic tissues), molecular mechanisms directing ACCB gene transcription are
unclear. Previous studies reported increased ACCB gene expression in the liver
of mice fed a high carbohydrate diet,"™ '** These data therefore associate
elevated plasma glucose levels with increased ACCB gene expression. In
agreement, others have shown that glucose and/or metabolites of glucose
metabolic pathways for e.g. the pentose phosphate and hexosamine biosynthetic
pathways play a role in mediating transcription of lipogenic genes.'” '# For
example, intermediate metabolites of the pentose phosphate pathway l.e.
glucose-6-phosphate (G-6-P) and xylulose-5-phosphate (X-5-P) have been
implicated in the transcriptional activation of several metabolic genes,'™ % 1!
Here, it has been proposed that increased X-5-P levels may activate a
downstream target, protein phosphatase 2A (PP2A) which in tum
dephosphorylates and activales specific transcription faclors for e.g. upstream
stimulatory factor 1 (USF1). Subsequently, activated glucose-sensing
transcriptional modulators bind specific cis-elements located within the promoter
regions of target genes. For example, it has been demonstrated that USF1
regulates gene transcription by binding to E-box sequence motifs (CANNTG)

located within the promoter regions of targel genes.®



Recently, four E-box consensus sequences were identified on the human ACCB
gene promoter.”™ In light of this, we hypothesized that USF1 induces ACCB
gene transcription in the heart in a glucose-dependent manner. Moreover, we
proposed that USF1-mediated induction of ACCB gene transcription occurs via
the pentose phosphale pathway. In order 1o lest the hypothesis, we initially
determined in vivo cardiac ACC[ gene and protein expression in mice fed a high
carbohydrate diet after a penriod of fasting. In agreement with our hypothesis. we
found increased cardiac ACCP expression associated with elevated plasma
glucose levels. To further investigate this, we next performed a series of
transfection-based studies using the human ACCp gene promoter and a USF1
expression construct. Here, we transientiy transfected various cell lines i.e.
neonatal cardiomyocytes and cardiac-derived H9c2 myoblasts, and two cardiac-
null cell types (CV-1 fibroblasts and HepG2 hepatocytes) with the full-length
ACCP gene promoter construct.and a USF1 expression vector under low (5.5

mM) and high glucose (25 mM) culturing conditions.

In this study, we.identify USF1 as a novel transactivator of the human ACCR
gene promoler in three of the four cell lines tested (cardiomyocytes, CV-1
fibroblasts and HepG2 hepatocytes). Transient transfection studies with several
ACCP gene promoter deletion and mutant constructs show that USF1-induced
human ACCP promoter activity is mediated through region -92 to -39 and/or E-
box 4 (-14 to -9) elements located in the first 563 bp upstream of the transcription

start site. Moreover, we found glucose-dependent USF1 transactivation of the
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human ACCR promoter in CV-1 flbroblasts and HepG2 hepatocytes. Our in vitro
data also suggest the involvement of a xylulose-5-phosphate/PP2ZA mediated
signaling pathway that directs the transcriptional requlation of the ACCR gene in

CV-1 fibroblasts.



2.2. Materials and Methods

2.2.1. In-vivo studies

a) Animals

Balb/C female mice aged between 8-10 weeks were housed at room temperature
on a 12-hour dark/12-hour light cycle. The metabolic cages lacked bedding and
contained a metal grid at the bottom of the cage to avoid re-feeding on fecal
matter, especially during fasting. Mice were stabilized for ten days with a
commercially available control diet (19% protein, 10% fat, 4.3% fiber and 60.6%
carbohydrates, catalog # 7024 (5755), Purina Mills, Richmond, IN). After
stabilization, one group continued to receive food ad libitum (control group) while
the other mouse group was fasted for 48 hours and re-fed a carbohydrate-
enriched diet (19% protein, 0% fat, 4.3% fiber and 70.6% carbohydrates, catalog
# 7576 (5803), Purina Mills, Richmond, IN) (RHC group) for an additional 48
hours. All animals had free access to clean water. In order to avoid any bias due
to diurnal variations, preparations such as blood and tissue collection were
routinely performed between 16h00 and 18h00. Mice were sacrificed after each
experimental time point using carbon dioxide. Intact hearts were dissected out
and stored at -80°C for subsequent molecular and biochemical analyses. The
University of Cape Town's Animal Research Ethics Committee approved all
animal experiments and the investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health (NIH

Publication No. 85-23, revised 1996).
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b) Determination of glucose levels

Blood was collected by cardiac puncture from all experimental groups. Samples
were centrifuged at 3,500 rpm for 10 min and the supernatant collected. Plasma
(50 W) glucose levels were measured using a spectrophotometric glucose

oxidase method described previously by Trinder et al. (1969). '

c) RNA isolation and Northern blot analysis

RNA was extracted and purified as described previously.” Northern blot analysis
was performed by loading 20 pg of total RNA in each lane, separated on a
denaturing gel and transferred to a nylon membrane (Hybond N, Amersham
Pharmacia Biotech, UK). After fixation, the membrane was probed with
radiolabeled probes derived from cDNA fragments encoding for ACCA. A 1,122-
bp fragment of ACCB was generated by RT-PCR using primers based on the
published rat ACCE cDNA sequence (5-TTCGATGTCCTGCCCACTTT-3'
(forward) and 5-TGGTGATGAAGAGGCGAAT-3' (reverse)’” 28 S rRNA
transfer to nitrocellulose membrane was used to assess RNA integrity and to
control for variance in gel loading. The relative abundance of mRNA was
determined by autoradiography and quantified by laser densitometric analysis
using the UVITec autoradiography analyzer with uviband software v.97

(Cambndge, UK).
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d) Protein extraction and Western blot analysis

Frozen hean tissue (60-80 mg) was briefly sonicated in 400 ul lysis buffer (10
mM Tris, 5§ mM EGTA, 0.1 mM DTT, pH 7.2) supplemented with protease
inhibitors (2 mM PMSF, 0.125 ug/mi leupeptin, 0.5% SDS). The homogenate
was centrifuged at 5,000 rpm for 5 min, the supematant collected and protein
concentrations determined using the Lowry method.*™® Sixty ug of protein extract
was used for ACC protein blotting analysis. Protein extracts were resolved by
SDS-polyacrylamide gel electrophoresis (5% ) and protein levels of the ACC 280-
kDa Isoform detected by probing blots with horse radish peroxidase-labeled
streptavidin (Kirkegaard & Perry Laboratories Ine., Gaithersburg, MD), which
binds biotin-containing carboxylases. Equal protein loading was confirmed using
Ponceau Red staining as described previously.”'” Protein bands were detected
using a chemiluminescence system (Amersham Pharmacia Biotechnology, UK)
and quantified by laser densitomelric analysis using the UVITec autoradiography

analyzer with uviband software v.97 (Cambridge, UK).

2.2.2. In vitro studies

a) Cardiomyocytes

Cardiomyocytes were isolated from 1-3 day old Wistar rats by collagenase/
pancreatin digestion and purified using percoll density gradient centrifugation.
Briefly, rats were Intraperitcneally anaesthetized with 02 ml sodium
pentobarbitone. The rat hearts were exercised out and immersed in 1X ADS
buffer (6.8 g NaCl, 0.4 g KClI, 1 g glucose, 0.17 g NaH;PO., 0.2 g MgSO,, 4.76g

HEPES in 1 L H;O, pH 7.4). The hearts were cut in half and washed twice with
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fresh 1X ADS buffer to remove blood. For the collagenase digestion, the hearts
were finely cut into small pieces, placed into a 25 cm? flask containing 10 ml
collagenase solution (0.0225g collagenase D (394 U/mg). 0.045 g pancreatin in
50 ml 1X ADS buffer) and incubated in a shaking water bath at 37°C for 15
minutes, The supematant was transferred into a 15 ml tube and centrifuged at
300 x g at room temperature for 3 minutes. The pellet was resuspended in 2 ml
newbom calf serum (NBS) (Gibco, New Zealand) and incubated at 37°C (the
collagenase digestion step was repeated until all of the tissue was digested). The
combined suspension was cenirifuged at 300 x g for 3 minutes al room
temperature. The pellet was resuspended in 4 ml of 1.082 g/m| of percoll solution
(Amersham, South Africa). An equal volume of 1.062 g/ml of percoll solution was
then added on fop of the suspension followed by centrifugation at 1,000 x g at
room temperature for 3 minutes, Thereafter, cardiomyocytes were transferred
into 1X ADS buffer and centrifuged at 300 x g at room temperature for 3 minutes.
The pellet was suspended in Dulbecco's Modified Eagle's Medium (DMEM)
(Highveld Biclogical, Seuth Africa) supplemented with 20% fetal calf serum (v/v)
and 100 pg/ml of penicillin/streptomycin. Each group of 20 neonatal ral hearts
yielded approximately 18 x 10° cells/ml. Cardiomyocytes were subsequently
plated in 12-well plates pre-coated with fibronectin (35 pg/ml) at a density of ~8 x

10* cells per well in DMEM.
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b) CV-1 fibroblasts, H9C2 myoblasts and HepG2 hepatocytes

HIC2 rat heart-derived myoblasts (ECACC no. 88092904), CV-1 monkey kidney
fibroblasts (ECACC no. 87032605) and HepG2 human Caucasian hepatocytes
(ECACC no. 85011430) were seeded in 75 cm’ flasks until they reached 70-80%
confluency. Thereafter, the medium was removed and cells were washed with 5
ml 1X PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na;HPOq, 0.24 g KH:PO4 in 1 L, pH 7.4).
The cells were trypsinized with 5 ml of 0.25% trypsin (Highveld Biological, South
Africa) and 0.2% EDTA (Sigma, Germany) and incubated at 37°C for 3 minutes.
Following incubation, 10 ml of medium was added and cells were transferred into
a 50 ml tube and centrifuged at 1,000 rpm for 5 minutes. Cells were then plated
in 12-well plates at a density of 3.5 x 10" cells per well for H3C2 myoblasts and
~7 x 10" cells per well for CV-1 fibroblasts and HepG2 hepatocytes, respectively.
H9C2 myoblasts and CV-1 fibroblasts were maintained in DMEM (Highveld
Biological, South Africa) supplemented with 10% fetal calf serum (v/v) and 100
ug/mi of penicillin/streptomycin. Hep(G2 hepatocytes were maintained in Earle's
Base Minimum Eagle's Medium (EMEM) (Highveld Biological, South Africa)
supplemented with 10% fetal calf serum (v/v) without penicillin/streptomycin. All

cells were incubated at 37°C (95% humidity, 5% COa).

c) Transfection studies
The cell transfection studies were carried out using FUGENE 8 Transfection
Reagent (Roche, Mannheim, Germany) following the manufacturers manual.

Briefly, twenty four hours following plating, neonatal cardiomyocytes, H9C2, CV-1



and HepG2 cells were transiently transfected for 48 hours with 0.38, 0.2, 0.6 and
0.5 pg, respectively, of the full-length pPIlIE-1317 human ACCP promoter-reporter
luciferase construct (ACCB plasmid DNA) and 10 ng of pRL CMV-Renilla was
added to correct for transfection efficiency. FUGENE 6 transfection reagent was
diluted in serum-free medium and added to the ACCPB plasmid DNA. A FUGENE
6:DNA complex was allowed to form by gently mixing and incubation for 15
minutes at room temperature. Following incubation, the FUGENEG:DNA complex
was carefully added (drop-wise) inlo the wells containing medium. Forty eight
hours after transfection, cells were subsequently harvested by washing twice with
cold 1X PBS, lysed by adding 100 pl of 1X Passive Lysis Buffer (PLB) (Promega,
Madison, WI). The lysates were centrifuged in a microfuge at 12,000 rpm for 2
minutes at 4°C. The supernatant was stored at -80°C for subsequent

measurement of luciferase activities.

For cotransfection studies, full-length pPIlIB-1317 human ACCJ promoter-reporter
luciferase construct-was transfected together with 0.19, 0.8, 0.3 and 0.25 pug of
the USF1-pUC-SRa expression (generously provided by Dr. Tetsuya Kamataki,
Hokkaido University, Japan) for neonatal cardiomyocytes, H9C2, CV-1 and
HepG2 cells, respectively. In additional experiments, promoter deletion
constructs pPlIB-569/+65, pPIlIB-m569/+65, pPlIB-349/+65, pPIlIB-93/+65, pPIIB-
38/+65 and pPlIB-18/+65 were ftransfected as earlier described (deletion

constructs shown in Figure 1). The serial deletion human ACCPB promoter-



reporter luciferase constructs have been previously described” and were kindly

provided by Dr. K-S Kim (Yonsei University College of Medicine, Seoul, Korea).

Transfection studies also included 0.38 pg of the USF1 reporter construct
(PUSF 1-Luc) (Panomics, Redwood City, CA) containing multiple copies of USF1-
specific enhancer elements in order to provide a measure of endogenous USF1

transcriptional activity in cardiomyocytes, H3C2 myoblasts and CV-1 fibroblasts.

To determine luciferase activity, the dual luciferase reporter-assay system was
used according to the manufacturer’s instructions (Promega, Madison, W1). Total
DNA concentrations were equalized with pGL3-Basic (vector only). Results are
expressed as relative luciferase units normalized to the activity of pGL3-Basic for
ACCB promoter-reporter luciferase construct and pControl-Luc for USF1 reporter
vector (vector only = 1). These data represent the mean + SEM of 2 or more
independent experiments performed in friplicates. To further assess the
mechanisms responsible for the USF1-mediated induction of ACCB promoter
activity, we performed various treatments. For the low versus high glucose
experiments, cells were plated in charcoal-stripped fetal calf serum (sFCS) to
avoid possible interference of growth factors with the glucose response. Twenty
four hours after transfection, cells were washed twice with phosphate-buffered
saline followed by an exposure to either low (5.5 mM) or high glucose (25 mM)
for an addilional 24 hours. 2-Deoxyglucose (25 M) was added lo cells for 24

hours under high glucose (25 mM) conditions. For the okadaic acid experiments,
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cells were treated (48 hours after transfection) with 50 nM, 75 nM and 100 nM
okadaic acid (Sigma-Aldrich, Germany) for 6 hours. In a separate experiment,
cells were incubated with 1 mM and 1.5 mM oxythiamine (Sigma-Aldnch,

Germany) for twenty four hours.

Figure 1. Schematic representation of human ACCP promoter Il (pPIIB-1317)
serial deletion reporter constructs.

(A) Full-length pPlIE-1317/+65, with E-boxes 1-4 (CANNTG) E-box mutants were
generated for E-boxes 1-3 by site-directed mutagenesis, substituting TG with AA in each
CANNTG (denoted by asterisk) (B} pPlIE-569/+65 with E-boxes 1-4 (wild-type) (C)
pPlIR-m569/+85, with mutated E-boxes 1-3 and Intact E-box 4 (mE1+E2+E3), (D) pPlIB-
349/+65. with E-box 4 only. (E) pPlI3-18/+65. with E-box 4 only.

47



2.2.3. Statistical analysis

These data are expressed as mean £ SEM. The mRNA and peptide levels are
reported in arbitrary units (AU) determined by densitometry and normalized to
controls (mean control value is set to 100). The unpaired Student's t test was
used to determine differences between two groups. ANOVA one—-way analysis of
variance was used to determine significance between control and experimental
groups where more than two sample populations were compared. All post-hoc
determinations (when ANOVA showed significant differences) were made by the

Bonferroni tesl. Values were considered significant when p<0.05.



2.3. Results

2.3.1. Induction of in vivo ACCP gene and protein expression in response
to elevated glucose levels

To investigate our hypothesis that ACCP gene expression |s glucose-responsive
in the heart, mice were fasted and re-fed a high carbohydrate diet (RHC) for 48
hours. Circulating plasma glucose levels and ACCP gene and protein expression
were thereafter determined. Plasma glucose levels were significantly elevated
from 6.6 £ 0.2 to 10.3 £ 1.6 mmol/L (p<0.01 vs. control, nz6) in the RHC group
(Figure 2A).

In parallel, ACCP steady-state gene (nz5, p<0.001 vs: control) and protein (n=5,
p<0.001 vs. control) expression were significantly elevated following high
carbohydrate re-feeding (Figures 2B & 2C). These data suggest that the
induction of ACCP gene expression in the mouse heart is associated with

elevated systemic glucose levels.
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Figure 2A. Elevated glucose levels following high carbohydrate refeeding.
Blood was collected by cardiac puncture and plasma glucose levels measured in re-fad
high carbohydrate (RHC) diet and control mice, Data are represented as means + SEM
{n=6). The asterisk denotes a significant difference between RHC and control mice,
*p=0.01 vs. control
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Figure 2B. Induction of in vivo ACCP gene expression in response to
elevated glucose levels. Cardiac ACCE mRNA levels in response to a refed high
carbohydrate (RHC) diet. Inset - representative Northern blot 1s shown for ACCR
Ethidium bromide stained 28 S rRNA is included to demonstrate unchanged RNA
expression. Densitometric analysis of Northern blots was performed and data
normalized to 28 S rRNA {mean control value set at 100}, The bars represent mean
SEM (n=5). The astensk denctes a significant difference between RHC and control mice,
*p=0.001. AU - arbitrary unis
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Figure 2C. Induction of in vivo ACCB protein expression in response to
elevated glucose levels. ACCR protein (280 kDa) levels in response to RHC. Bar
graphs represent the mean cardiac acetyl-CoA carboxylase (ACCB) peptide levels for
RHC and control mice normalized to Ponceau-stained protein bands (mean control value
set at 100) (n=5). The astensk denotes a significant difference between RHC and control
mice, *p<0.001. Inset - A representative Western blot for ACCB. Ponceau-stained bands
are shown to indicate unchanged protein loading. AU - arbitrary units.
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2.3.2. Glucose induces human ACCB promoter activity

To further elucidate the role of glucose in the induction of ACCE gene
expression, we began by transiently transfecting a 1,317 bp human ACCPB
promoter-luciferase construct (pPIIB-1317/+65) into neonatal cardiomyocytes,
H9C2 myoblasts. CV-1 fibroblasts and HepG2 hepatocytes. Twenty four hours
after transfection, cells were exposed to either low (5.5 mM) or high glucose (25
mM) for an additional 24 hours, High glucose exposure resulted in a moderate
but non-significant increase in ACCP promoter activity in neonatal
cardiomyocytes and CV-1 fibroblasts. Moreover, high glucose exposure
significantly elevated ACCJB promoter activity from 1.87 + 0.26 to 3.91 = 0.37
(n=9, p<0.001) and 1.4 + 0.2 to 35 + 0.2 fold (n=3) in HIC2 myoblasts and
HepG2 hepatocytes, respectively (Figure 3). In agreement with our gene and
protein expression data, these analyses demonstrate that the human ACCB
promoter activity can be induced by elevated glucose levels in a cell type-specific

manner.
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Figure 3. ACCp promoter luciferase activity in response to low/high
glucose levels. Cardiomyocytes. H8C2 myoblasts, CV-1 fibroblasts and HepG2
hepatocytes were transiently cotranstected with the full-length ACCP promoter-reporter
construct (pPlIB-1317/+65). Cells were exposed to low (5.5 mM) or high glucose (25
mM) levels for an additional 24 hours. Results are expressed as relative |uciferase units
normalized to the activity of vector only (pGL3-Basic = 1). These data represent mean £
SEM of 2 or mora independent expenments performed in triplicates, uniess stated,
HepG2, n=1 independent experiment. *p<0.05 vs. pPlIB-1317/+65 (low glucose)
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2.3.3. USF1 transactivates ACCp promoter activity

To delineate franscriptional pathways mediating glucose-induced ACCS
promoter activity, we next performed transfection assays employing an
expression vector of USF1, a candidate glucose-responsive transcription factor.
Recently, four E-box consensus sequences have been identified on the 1,317 bp
human ACCB promoter’™ i.e. E-box 1, E-box 2 and E-box 3 located further
upstream of the transcription start site (-569 to -348) and E-box 4 located
immediately adjacent to it (-14 to -9) (Figure 1).  Since high glucose exposure
failed to increase ACCP promoter activity in neonatal cardiomyocytes and CV-1
fibroblasts, we first tested whether USF1 would induce ACCB promoter activity
under low glucose. Secondly, we lested whether high glucose exposure would
further increase USF1-mediated ACCBE promoter activty. In neonatal
cardiomyocytes, USF1 overexpression increased ACCP promoter activity from
2,754 0.37 to 591 + 0.47 -fold (=6, p<0.05) and 3.23 + 0.38 to 4.66 + 0.35 -fold
(n=6, p<0.05) under low and high glucose exposure, respectively, (Figure 4A), In
CV-1 cells, USF1 markedly increased ACCp promoter activity by 19.2 + 1.33 -
fold (n=15, p<0.001), under low glucose exposure. A further USF1-mediated
increase of ACCP promoter activity was observed with high glucose exposure
(p<0.01 vs. USF1 + high glucose) (Figure 4B). However, USF1 overexpression
failed to increase ACCPB promoter activity in H9C2 myaoblasts whereas induction
of the ACCB promoter activity was noted in HepG2 hepatocytes (n=3) (Figure
4C). Collectively, these data suggest that USF 1 transactivates the human ACCPB

promoter activity in a cell type-specific manner and further implicate the
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involvement of glucose and/or USF1 responsive regions in the regulation of the

ACCPB promoter.
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Figure 4A and 4B. USF1 transactivates human ACCR promoter activity. A)
Cardiomyocytes and B) CV-1 fibroblasts were transiently cotransfected with the full-
length ACCR promoter-reporter construct (pPlIB-1317/+65) and USF1 expression vectar,
After 24 hours. cells were exposed to low (5.5 mM) or high glucese (25 mM) levels for an
additional 24 hours. Results are expressed as relative luciferase units normalized to the
activity of vector only (pGL3-Basic=1). These data represent mean £+ SEM of 2 or more
independent expenments performed In triplicates. *p<0.001 vs. pPIIE-1317/+65; "p<0.01
vs. pPlIR-1317/+65 + USF1 (low glucose)
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Figure 4C. USF1 transactivates human ACCp promoter activity in a cell
type-specific manner. H3C2 myoblasts and HepG2 hepatocyles were transiently
cotransfected with the fulllength ACCE promoter-reporter construct (-1317/+65) and
USF1 expression vectar Cells were exposed to high glucose (25 mM) levels for 24
hours. Results are expressed as relative |uciferase units normalized to the activity of
vector only (pGL3-Basic = 1). These data represent mean + SEM of 2-5 independent
experiments performed in triplicates, unless stated. HepGZ, n=3 or 1 Independent
experiment.



2.3.4. Delineation of the transcriptional machinery pathways directing

human ACCB promoter activity

a) 2-Deoxyglucose (2-DG) inhibits human ACCB promoter activity
Previous studies have shown that xylulose-5-phosphate, an intermediate in
pentose phosphate pathway (PPP), increases transcription of glucose-

responsive genes via stimulation of PP2A' '

To investigate the
transcriptional mechanisms directing USF1-mediated ACCB promoter activity, we
reasoned that inhibition of the PPP pathway should result in a reduction of USF1-
mediated transactivation of ACCB promoter activity. To accomplish this, we used
two pharmacological compounds known to inhibit the PPP pathway i.e. 2-
deoxyglucose and oxythiamine. 2-Deoxyglucose (2-DG), a nonmetabolizable
glucose analogue, has previously been used as a glucose deprivation mimetic’'®
"% and has been shown to inhibit G-6-PD activity, a critical step in the PPP
pathway, in the liver and skeletal muscle of rats®" Furthermore, 2-DG
administration in HeLa cells strongly inhibited the activity of Sp1, another
glucose-responsive transcription factor.”" To test our hypothesis, we treated
neonatal cardiomyocytes and CV-1 fibraoblasts with 25 mM 2-DG for 24 hours. In
neonatal cardiomyocytes, 2-DG did not inhibit USF1-induced ACCPB promoter
activity (Figure 5A). However, in CV-1 cells, USF1-induced ACCRE promoter
activity was strongly suppressed in the presence of 2-DG (p<0.01 vs, ACCB +
23, 222 did

USF1) (Figure 5B). Moreover, oxythiamine, a transketolase inhibitor,

not have any effect on USF1-induced ACCR promoter activity in both cell lines



employed (Figures 6A and B). These data implicate the involvement of glucose
and its metabolite, X-5-P in the transcriptional regulation of the ACCg promoter in

CV-1 cells.
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Figure 5. The effect of 2-deoxyglucose on USF1-induced activation of the
human ACCE promoter activity. (A) Cardiomyocytes and (B) CV-1 cells were
transiently cotransfected with the full-length ACCRE promoter-reporter construct (pPIIE-
1317/+65) and USF1 expression vector under high glucose (25 mM) conditions. The
following day, cells were exposed to 25mM 2-deoxyglucose for 24 hours. Results are
expressed as relative luciferase units normalized to the activity of vector only (pGL3-
Basic=1). These data represent mean + SEM of 2 independent expenments performed
in triplicates. *p<0.05 vs. pPlIB-1317/+65, *p<0.001 vs. pPIE-1317/465 + USF1
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Figure 6. The effect of oxythiamine on human ACCP promoter activity.

(A) Cardiomyocytes and. (B} CV-1 fibroblasts were transiently cotransfected with full-
length ACCE promoter and USF1 expression vector The following day. cells were
treated with the indicated concentrations of oxythiamine for 24 hours. Results are
expressed as relative luciferase units normalized to the activity of vectar only (pGL3-
Basic = 1). These data represent mean £ SEM of 2 independent experiments performed
in triplicates, "p<0.05 vs. pPlIg-1317/+65
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b) Inhibition of PP2A reduces human ACCP promoter activity

Protein phosphatase 2A (PP2A), a downstream target of X-5-P, has been
implicated in increased gene transcription by promoting translocation of
carbohydrate response element binding protein (ChREBP) into the nucleus
where it binds to the promoter region of target genes.'"” '" " In this study, |
investigated whether PP2A phosphorylates and activates USF1 to subsequently
promote ACCB transcriptional activation. | therefore proposed that inhibition of
PP2A would reduce USF1-mediated ACCB promoter activity, Okadaic acid, a
PP2A inhibitor, was used to confirm whether X-5-P mediated transcriptional
inhibition of USF 1-induced ACCPB promoter activity involved activation of PP2A.
In this study, | found that okadaic acid suppressed USF1-induced ACCP
promoler activity in a dose-dependent:manner in neonatal cardiomyocytes and
CV-1 cells (Figures 7A and B). These data confirmed the involvement of PP2A in

the USF1-mediated transcriptional regulation of ACCB promoter.

63



8.0 1
7.0+
6.0 5
5.0+
4.0
3.0 4
2.0+
1.0+

g

Relative Luciferase Units

B. 18.0 4
16.0 1
14.0 1
12.0 1
10.0 4
8.0+
6.0 -
4.0
2.0 =
0 -

Relativa Luciferase Units

1

#

pPIR-1317/465

pPIR-1317/+65
+ USF1

© Untreated
O 50 nM Okadaic acid
75 nM Okadaic acid
I 100 nM Okadaic acid

Figure 7. The effect of okadaic acid on human ACCP promoter activity.

The full-length ACCE promoter (pPIHE-1317/+65) and USF1 expression vector were
transiently cotransfected into cardiomyocytes (A) and CV-1 calls {B). After 48 hours, the
cells were treated with okadaic acid for 8 hours. Results are expressed as relative
luciferase units nenmalized to the actwity of vector only (pGL3-Basle=1}, These data
represent mean + SEM of 2 or more independent experiments perdformed in triplicates.
*p<0,05 vs. pPlIB-1317/+65; *p<0.05 vs. pPIIE-1317/+65 + USF1 (untreated),
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2.3.5. Assessment of endogenous USF1 transcriptional activity in

cardiomyocytes and CV-1 fibroblasts

a) Endogenous USF1 transcriptional activity is independent of glucose
levels.

To determine whether endogenous activity of USF1 transcription factor is under
the control of glucose, we transiently transfected neonatal cardiomyocytes and
CV-1 fibroblasts with a USF1 reporter construct (containing multiple copies of
USF1-specific enhancer elements) under low (5.5 mM) and high (25 mM)
glucose conditions. The transcriptional activity of the USF1 reporter construct
was significantly higher compared to control reporier construct in both neonatal
cardiomyocytes and CV-1 fibroblasts (p<0.001 vs. pControl-Luc in both cell
lines). However, exposure of the USF1 reporter construct to either low or high
glucose conditions showed a simlilar effect, thereby implying that endogenous

USF1 transcriptional activity Is independent of glucose levels (Figures 8A and B).
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Figures BA and B. Endogenous USF1 transcriptional activity is independent
of glucose levels. The USF1 reporter vector (pUSF1-Luc) was transiently transfected
into cardiomyocytes (A) and CV-1 cells (B) After 24 hours, cells were exposed to low
(5.5 mM) or high (25 mM) glucose for a further 24 hours. Results are expressed as
relative |uciferase units normalized to the activity of vector only (pControl-Luc = 1).
These data represent mean + SEM of 2 independent experiments performed in
triplicates, *p<0.01 vs. pControl-Luc.
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b) Endogenous USF1 transcriptional activity is inhibited by okadaic acid

We have previously demonstrated that USF1-mediated Iinduction of ACCP
promoter activity is inhibited by ckadaic acid (Figure 7). To further verify these
results, we transiently transfected the USF1 reporter construct in the presence of
okadaic acid, a PP2A inhibitor. Again, okadaic acid significantly attenuated USF1
transcrptional activity in a dose-dependant manner (p<0.05) (Figure 9). These
data further support the role of glucose metabolites in the transcriptional

activation of the human ACCPR gene promoter.

{r



7.0
6.0
5.0
4.0+
3.0
2.0+
1.04

G.-

Relative Lucilerase Units

40.0
35.0 4
30.0 4
25.0 4
20.0
15.0 -
10.0 4
5.0 ¢

Relative Luciferase Units

0 -

pContral-Lue

——

%

MW

=

AN

pUSF1-Luc

£ Untreated

O 50 nM Okadaic acid
75 nM Okadaic acid
O 100 nM Okadaic acid

Figure 9. Okadaic acid suppresses endogenous USF1 transcriptional
activity. The USF1 reporter vector (pUSF1-Luc) was transiently transfected into
cardiomyocytes (A) and CV-1 cells (B). After 48 hours, cells were treated with okadaic
acid for 6 hours and luciferase activities were measured Results are expressad as
relative luciferase umls nonngheed W the aclivity of vector only (pControl-Luc = 1),
These data represent mean + SEM of 2 or more independent experiments performed in
triplicates, unless stated, *p<0.001 vs. pControl-Luc, “p<0 05 vs. pUSF1-Luc (untreated)
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2.3.6. Assessment of USF1-dependent transactivation sites of the human

ACCB promoter

a) USF1 transactivation of the human ACCp promoter does not occur via E-
Boxes 1-3.

Previous investigators have demonstrated thal USF1 and USF2 isoforms bind E-
box sequence motifs (CANNTG) as homo and/or heterodimers on promoter
regions, increasing expression of several target genes."'g Moreover, the human
ACCpB promoter is transcriptionally activated by the muscle specific factor, MyoD,
via the E-boxes1-3 located at positions -569 to -348"° To further investigate
whether E-boxes1-3 are involved in USFi-induced ACCP promoter activity, |
employed two human ACCE promoter deletion constructs i.e. pPIIB-569/+65 (with
E-boxes 1-4) and pPlIB-m569/+65 (mutations within E-box 1, E-box 2 and E-box
3) (Figure 1). Here, USF1 overexpression induced ACCR promoter activity
(p<0.05 vs. -569/+65). The mutations in E-boxes1-3 showed no significant
changes for basal or USF1-induced ACCPB promoter activity in both cell lines
(Figure 10). These data indicate that E-boxes 1-3 are not involved in the basal or
USF1-induced ACCP promoter activity, thereby raising the possibility that E-box
4 (-14 to -9) and/or an identified reglon on the promoter may play a significant

role in the induction of ACCP promoter activity.
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Figure 10. USF1 transactivation of the human ACC@ promoter does not
occur via E-boxes1-3. Cardiomyocytes (A) and CV-1 cells (B) were transiently
cotransfected with either the wildtype (pPlIR-569/+65) or E-box mutant reporter
construct (pPlIB-m569/+65). (refer o Figure 1), together with a USF1 expression vector
under high glucose (25 mM) conditions for 48 hours. Results are expressed as relative
luciferase units normalized to the activity of vector only (pGL3-Basic=1). These data
represent mean £ SEM of 2 or more independent experiments performed in triplicates
*p<0,05 vs. pPIIR-569/+65 only or pPIIE-mSE69/+65 only.
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b) Assessment of USF1-dependent transactivation region of the human
ACCB promoter using serial deletion constructs

To identify USF1-responsive regions within the human ACCp promoter, serial
deletion constructs (Figure 1) were transiently cotransfected with the USF1
expression vector. In neonatal cardiomyocytes, USF1 overexpression led to a 6-
fold induction of basal promoter activity of deletion constructs pPIIE-1317 and
pPlIB-569 (p<0.05 vs. ACCP basal promoter activity) while basal promoter
activity of deletion construct pPIIB-93/+65 was moderately increased to 8.6-fold,
suggesting the presence of a repressor site between -569 and -94 region. On the
other hand, deletion of region -92 to -39 resulted in about 50% loss of both basal
promoter activity and USF1 responsiveness, suggesting that endogenous
activators and/or USF1 may bind to this region thereby increasing ACCP
promoter activity. A further loss of basal promoter activity (~50%) was observed
with deletion construct pPIIB-18/+65 but USF1 responsiveness was similar to that
of pPIIB-38/+65 (Figure 11A).

In CV-1 cells, USF1 responsiveness was similar for deletion constructs pPIIB-
1317, pPlIB-569 and pPIIB-93 (p<0.05 vs. ACCP basal promoter activity). Again,
deletion of region -92 to -39 resulted in a significant reduction of USF1
responsiveness. In addition, deletion constructs pPlIB-38 and pPIIB-18 had a
similar response to USF1 overexpression (Figure 11B). These data indicate that
region -92 to -39 could be a possible target for USF1 responsiveness. Moreover,
USF1 responsiveness was not completely lost with deletion of region -92 to -39,

thereby suggesting E-box4 could be involved.
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Figure 11. Assessment of USF1-dependent transactivation of the human
ACCPB promoter using serial deletion constructs. Seral deletion constructs of
the human ACCRB promoter were transiently cotransfected with the USF1 expression
vector into cardiomyocyles (A) and CV-1 cells (B) for 48 hours. Resulls are expressed
as relative luciferase units normalized to the activity of vector only (pGL3-Basic = 1)
These data represent mean £ SEM of 2 or more independent experiments performed in
triplicates. *p<0.05 vs. ACCP basal activity



2.4. Discussion

The purpose of this study was lo investigate transcriptional mechanisms directing
glucose-mediated ACCB gene expression, Here, we show an induction of in vivo
cardiac ACCP gene and protein expression in mice re-fed a high carbohydrate
diel after an acule fast. To further invesligate the association between
augmented glucose levels and increased ACCP gene expression, we fransiently
transfected neonatal cardiomyocytes, HAC2, CV-1 and HepG2 cells with a full-
length human ACCP promoter-luciferase construct under low or high glucose
exposure. In agreement with our in vivo expression data, transfection studies
show increased human ACCR promoter activity in cardjac-derived H9C2
myoblasts and HepG2 hepatocytes n response lo elevaled glucose levels.
However, no glucose-mediated increase in ACCP promoter activity response was
observed in neonatal cardicmyocytes. To delineate transcriptional mechanisms
direcling ACCP gene transcription, we performed -cotransfection studies
employing human ACCP promoter deletion constructs and a USF1
overexpression vector. Under high glucose conditions, USF1 overexpression
further Increased human ACCE promoter activily in neonatal cardiomyocytes,
CV-1 and HepG2 cells. However, USF1 overexpression did not have any effect
on ACCP promoter activity in H9C2 cells. Our data therefore show that USF1-
mediated induction of the human ACCB promoter aclivity occurs in a cell type-

specific manner.



2.4.1 Glucose acts as a signaling molecule regulating the human ACCp
promoter

The role of metabolic fuels acting as signaling molecules regulating expression of
numerous metabolic enzyme-encoding genes have recently been highlighted.'"
"' For example, it has been demonstrated that the FA-responsive transcriptional
regulator, peroxisome proliferator-activated receptor a (PPARa), activates
numerous FA enzyme-encoding genes in the heart'' On the other hand,
glucose-responsive transcriptional modulators for e.g. Sp1, SREBP1. and USFs
have been implicated in the expression of several lipogenic enzyme-encoding
genes ' *" T However, it is unclear whether glucose-sensing transcriptional
mechamsms regulate expression of metabolic enzyme-encading genes in the
heart. Here, we demonstrate elevated in vivo murine cardiac ACCB gene and
protein expression associated with increased plasma glucose levels. In support,
Oh et al™' reported increased ACCH gene expression following high
carbohydrate refeeding in the liver. To further corroborate these findings, we
performed several transfection assays. Our transfection studies show increased
activity of the fulldength human ACCPE promoter in H9C2 myoblasts and HepG2
hepatocytes In response to high glucose exposure. Our findings are consistent
with Widmer et al."™ who reported elevated ACCB protein expression in H4llE
hepatoma cells following exposure to glucose. However, no significant increase
of the full-length ACCB promoter activity was observed in neonatal

cardiomyocytes and CV-1 fibroblasts in response to high glucose levels.



2.4.2. USF1 mediates transactivation of the human ACCp gene promoter

USFs are ubiguitously expressed and have been shown to regulate the
transeription of several metabolic enzyme-encoding genes.”” Wang et.al.*”
found USF1 protein levels are markedly increased in the liver of rats re-fed a high
carbohydrate diet following an acute fast. Moreover, USF1 null mice displayed a
reduction of the glucose-mediated induction of the liver-type pyruvate kinase and
S14 genes.'™ We next performed cotransfection studies with a USF1
overexpressing vector to determine whether USF1 mediates the induction of
ACCPB gene promoter activity in response to glucose flux. Here, we show thal
USF1 overexpression significantly elevates human ACCP promoter activity in
neonatal cardiomyocytes, CV-1 fibroblasts and HepG2 hepatocytes. We also
found that high glucose exposure further increased USF1-mediated ACCP
promoter activation in CV-1 fipbroblasts. In support, glucose-responsive
transcription factors such as-SREBP1 and Sp1 have been shown to drive
transcriptional activation of human ACCPE promoter in HepG2 hepatocytes.'™
Our data therefore show that the glucose-dependent activation of |ISF1 can
induce ACCPR gene promoter activity in a cell type-specific manner. However,
based on the experiments performed, the USF1 response in neonatal
cardiomyocytes appears 10 be glucose-independent. This does not, however,
rule out a glucose-driven transcriptional program for ACCB gene upregulation.
The possibility exists that different data may have been generated using adult
cardiomyocytes instead of neonatal myocytes, since these cells are expected to

exhibit different metabolic profiles. Also, downstream pentose phosphate



pathway (PPP) or HBP glucose metabolites could perhaps mediate such a
response. These possibilities require further investigations. Future studies are
also required to test our findings in vivo since other investigators have indicated

that USFs are not responsive to dietary changes.

USF1 overexpression did not induce full-length human ACCR promoter activity in
HIC2 myoblasts, suggesting thal glucose-induced ACCP promoter activity may
occur through USF1-independent transcriptional mechanisms. However, it has
previously been shown that muscle-type transcription factors for e.g. Myc and
MyoD bind to E-boxes of human ACCPE promoter thereby resulting In its
activation *®® Since these muscle-type factors are abundant in cardiac-derived
HO9C2 myoblasts, endogenous ACCPB gene promoter activation could mask

potential USF 1 transcriptional effects.

2.4.3. Delineation of regulatory pathways directing ACCB promoter activity

To further delineate the signaling pathway(s) for glucose-induced transactivation
of the human ACCP promoter, we lested the hypothesis that metabolites of the
PPP regulate transcription of glucose-responsive genes via xylulose-5-
phosphate/PP2A mechanism. Previous studies have shown that 2-DG directly
inhibits G-6-PD, a critical step in the production of downstream intermediates
such as ribulose-5-phosphate and X-5-P. However, we found that 2-DG did not
inhibit USF 1-mediated human ACCB promoter activity in myocytes. This may be

due to the PPP being less active in muscle and highly active in lipogenic tissue
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such as adipose since it is involved in the reductive synthesis of FAs from acetyl-
CoA.° In contrast, 2-DG administration robustly inhibited the USF1-mediated
human ACCP promoter activity in CV-1 fibroblasts. These findings strongly
support the involvement of the downstream PPP intermediate X-5-P in the USF1-
mediated transcriptional activation of ACCB in CV-1 fibroblasts. These data also
confirm earlier findings that the PPP regulates transcription in a cell type-specific
manner. Oxythiamine, a transketolase inhibitor, did not significantly influence the
USF1-mediated human ACCP promoter activity in both neonatal cardiomyocytes
and CV-1 fibrablasts. Since lransketolase calalyzes the breakdown of X-5-P, its
inhibition may not result in the reduction of X-5-P _mediated gene transcription.
Moreover, oxythiamine inhibits about 70% of transketolase activity and only 15%

of G-6-PD activity.”*

To further strengthen these findings, we tested whether PP2A, a downstream
target of X-5-P is also involved in the USF1 mediated transcriptional activation of
human ACCB promoter. Here, we administered okadaic acid, a PP2A inhibitor
together with USF1 cotransfections. PP2A inhibition resulted in the reduction of
USF1-mediated human ACCP promoter activity in both neonatal cardiomyocytes
and CV-1 fibroblasts. In addition, okadaic acid reduced USF1 transcriptional

activity in a dose-dependent manner. Collectively, these data implicate the
involvement of a xylulose-5-phosphate/PP2A mediated signaling pathway that

directs the transcriptional regulation of the ACCP gene (Figure 12).
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2.4.4. Assessment of USF1 responsive region(s) on the human ACCPR
promoter

USFs are ubiquitously expressed and have been shown to bind consensus E-box
elements localed within the promoter regions of several metabolic enzyme-
encoding genes.'” Also, Moore et al’”® demonstrated that USF-mediated
regulation of the muscle-type CPT1 isoform was abolished when E-box elements
were mutated. Since four E-box sequence elements were previously identified
on the human ACCE gene promoter,”™ we hypothesized that USF 1-induced ACC
promoter activity is mediated via the E-boxes. Colransfection with a mutated E-
box construct (E-boxes 1-3) did not diminish human ACCB promoter activity in
both neonatal cardiomyocytes and CV-1-fibroblasts. suggesting that the
cbserved USF1-mediated induction of ACCE promoter aclivity may occur via E-
box 4 or anather identified region on the promoter. To identify USF1-responsive
regions within the human ACCR promoter. serial deletion constructs were
transiently cotransfected with the USF1 expression vector. In both neonatal
cardiomyocytes and CV-1 fibroblasts. deletion of region -92 to -39 resulted in ~
50% loss of USF1 responsiveness. Furthermore, USF1 failed to induce the
promoter activity of the pPlIB-38/+65 deletion construct. These data suggest that
region -92 to -38 may be a target for USF1 responsiveness. Qur data is
consistent with previous studies™' demonstrating that glucose-responsive
transcription factors, SREBP1 and Sp1 stimulate the transactivation of the ACCR
promoter via an Sp1-binding site and two sterol regulatory elements located in

regions -71 to -66 and -62 to -44, respectively, It has previously been proposed



that USFs function in a cell type-specific manner, through different ratios of USF1
and USF2 homo- and/ or heterodimers, or by interaction with cell type-specific
transcription cofactors.”” “® Therefore, we cannot exclude USF1 interaction with
other transcription factors for e.g. Sp1 or SREBP1 known to also bind to this
promoter region, Collectively, our deletion analyses show that USF1-induced
human ACCPR promoter activity is mediated in a cell type-specific manner through
region -92 to -39 and/or E-box 4 (-14 to -9) elements located in the first 569 bp
upstream of the transcription start site. However, additional DNA binding studies
are required to determine the exact contributions of individual E-box elements

located on the human ACCR promoler in the different cell lines investigated.

These data also suggest that the glucose-fatty acid cycle may be regulated at a
transcriptional level, since one would expect that glucose-induced ACCP gene
expression should result in increased malonyl-CoA levels, thereby Inhibiting
CPT1 and mitochondrial FAO (Figure 13). It has previously been shown that
USFs inhibit the PPARy coactivator 1 (PGC1)-dependent transactivation of the
muscle-type CPT1-promoter in neonatal cardiomyocytes.“” Also, a recent study
demonstrated that elevaled glucose levels resulted in a reduction of PPARa
mRNA levels and some of its target genes in pancreatic islets.”” These findings
may therefore have an important bearing on the pathogenesis of cardiac disease,
particularty when glucose utilization is impaired for e.g. with type 2 diabetes.
Abu-Elheiga et al.'"™ demonstrated that ACCR null mice, unlike wildtype controls,

did not develop diabetes when fed an obesity-inducing diet. Moreover, Debard
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et al."*" reported increased ACCPB gene expression in Type 2 diabetic patients.
Therefore, glucose-mediated induction of ACCR gene expression together with
enhanced FA uptake by the diabetic heart may result in intracellular lipid
accumulation and detrimental lipotoxic effects, including apoptosis and eventually
contractile dysfunction,”* ** This study highlights the importance of investigating
transcriptional mechanisms directing ACCP gene expression in the heart, since
this may eventually lead to the development of novel ACCB inhibitors, thereby
potentially diminishing the number of pathologic cardiac events occurring in

diabetic patients.
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1 malonyl-CoA

Figure 13. Proposed mechanisms through which USF1-mediated activation
may attenuate fatty acid oxidation




2.4.5. Limitations and future directions

HOC2 cells are widely used as a modsel for cardiomyocytes lo advance our
knowledge of molecular and biochemical mechanisms of the heart, ''- 27, 208. 254
%65, 2% This cell line exhibits different morphological characteristics to neonatal
cardiomyocytes but preserve hormonal and electrical properties found in adult
cardiac cells.”®" **® Despite the use of HIC2 cells to study various aspects of
heart function, this cell line differs from neonatal cardiomyocytes in several
respects. In the first instance, the HSC2 cell line is a heterogeneous mixture of
cells, ™ whereas cardiomyocytes are a homogeneous collection of heart cells.
Thus, like the intact heart, HOC2 cells consist of various cell types for e.g.
cardiomyocytes, fibroblasts, and endothelial cells. The transfection studies on
neonatal cardiomyocytes only examined the response of a single cell type, razing
the possibility that other cardiac cell types may in fact mediate the ACCPR

response, Further transfection studies are needed to investigate this possibility.
For instance, we are planning to do flow cytometry / FACS analysis to sort
different heart cells le. cardiac fibroblasts and endothelial cells. We will
subsequently investigate whether glucose-mediated induction of ACCB promoter

aclivity occurs in these cells.

Secondly, H9C2 cells are embryonically derived whereas cardiomyocytes are
derived from newborn rat heart tissue. Thirdly, H3CZ2 cells exhibit both skeletal
and cardiac muscle features.”®" “** These differences may have resulted in the

distinct response to stimuli especially in substrate metabolism studies. For



example, Gilde et.al.”™ have shown that neonatal cardiomyocytes exhibit a more
pronounced expression of FA metabolic genes such as UCP2 and ACS
compared to HOC2Z cells. Moreover, the well-described FA-responsive
transcription factor PPARa is abundant in neonatal cardiomyocytes but not
detectable in HIC2 cells.'' These differences may have contributed to
differential ACCP transcriptional activity observed with low and high glucose

exposure.

Lastly, | did not measure endogenous ACCR gene expression levels since | had
difficulty with the Northern blotting technique at the time (as did the rest of our
laboratory). This is one of the limitations of this study since there may be a
disconnection between the promaoter activity and actual ACCB gene expression
levels. However, we are In the process of performing additional experiments

(using real-time guantitative RT-PCR) to clarify this important issue.
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Chapter 3

Nuclear Respiratory Factor 1 (NRF1) inhibits
transactivation of the human gene promoter of the

cardiac isoform of acetyl-CoA carboxylase (ACCp)



3.1. Introduction

The rate limiting FA mitochondnal ftransfer enzyme, carnitine palmitoyl
transferase 1 (CPT1) plays a key role in the regulation of cardiac mitochondrial
FAO. Moreover, CPT1 gene regulation is (in part) under the contral of PGC1u, a
transcriptional ‘master modulator’. However, PGC1a does not directly bind to the
promoter regions of targel genes; rather, It promotes FAQ by acting as a
transcriptional co-activator together with PPARa or NRF1. Both PPARa and
NRF1 have been associated with increased gene expression of key modulators
of FA utilization, such as AMPK and CPT1.* 7" Upon activation by its ligands,
such as aleic acid and Wy-14.643, PPARa upregulates FAO-inducing genes
such CPT1 and MCAD to ultimately stimulate FAO. " Likewise, NRF1 was
associated with increased gene expression of CPT1 in  neonatal
cardiomyocyles.” These studies therefore highlight the role of PPARa and NRF1

in the transcriptional regulation of FAQO metabolic genes.

Conversely, ACCR catalyzes the production of malonyl-CoA, a potent inhibitor of
CPT1, thereby acting as an indirect inhibitor of FAQ In nen-lipogenic tissues such

“7 In terms of the FA-glucose cycle,

as the heart and skeletal muscle.™"
increased FAO rates should result in a concomitant decrease in glucose
oxidation. However, It is not clear whether this sequence will transpire at the
transcriptional level i.e. if transcriptional activalars of FA-responsive genes like

PPARa and NRF1. will repress gene transcription of an inhibitor of FAO for e.g.

ﬁlccﬁ.ﬁ?. 181, 08
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In light of this, we therefore hypothesized that PPARa and NRF1 inhibit ACCp
gene transcription thereby resulting in elevated FAO rates. To test this
hypothesis, | set out to establish an in vivo FA utilization mouse model by
activation of PPARa, a well-known FA responsive transcription factor. Here, |
administered natural (olive oil) and synthetic PPARu ligands (Wy-14,643) to mice
and measured ACCP gene expression after three days of treatment. Moreover, |
performed several transfection-based studies overexpressing PPARu or NRF1 in
different cell lines and determining its effects on ACCE promater activity. In this
study, we found that 1) administration of olive oil and Wy-14,643 (PPAR«
ligands) to mice over a period of 3 days promotes systemic FFA clearance and
induce ACCP gene expression in the heart, However, transfection of a PPAR«
expression vector together with an ACCS promoter construct did not have a
direct effect on ACCP promoter activity, suggesting that ACCB is not a PPAR«
target gene. 2) NRF1 inhibits both basal and USF1-induced ACCP promoter
activity in cardiac derived cell lines i.e. neonatal cardiomyocytes and H9C2
myoblasts. 3) NRF1 induces basal ACCB promoter activity in non-cardiac derived
cell lines i.e. CV-1 fibroblasts and HepG2 hepatocytes. 4) NRF1 inhibits

endogenous USF1 transcriptional activity in all cell lines tested.
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3.2. Materials and Methods

3.2.1. In-vivo studies

a) An in-vivo FA utilization model by olive oil and Wy-14,643 administration

PPARa has been previously demonstrated to be an important regulator of
several FA utilization enzyme-encoding genes'” ** and is activated by
endogenous (oleic acid) and synthetic ligands (Wy-14,643).°"** Based on our
hypothesis, we therefore investigated whether PPAR« activation inhibits ACCB
gene expression in the mouse heart. To activate PPARu, we administered olive
oil {enriched with oleic acid), and the specific PPARa« synthetic ligand, Wy-14,643
(Biomol, Hamburg, Germany) to mice. The mice were divided into three separate
groups. The control group received basal diet (no treatment), the second group
received basal diet and olive oil (0.25 mIF* and the last group received a
combination of olive oll and Wy-14,643 (100 mg/kg), by oral gavage on a daily
basis for a continuous period of 3 days as described before.” Olive oil also
allowed the agonist to be readlly and homogeneously mixed, thereby ensuring
less variation regarding the actual dose administered to each animal. Moreover,
olive oil has no toxic side effects that could be detrimental to the general well-
being of the treated mice. The Wy-14,643 dose used has previously been
reported.”” At the end of the experiments, tissue was collected for RNA isolation

and Northern blot analyses as previously described (chapter 2, section 2.2.1.).
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b) Free fatty acids measurements

Blood was collected by cardiac puncture from all experimental groups. Samples
were centrifuged at 3,500 rpm for 10 min and the supernatant collected o

217 Plasma FFA levels were

determine plasma levels as described previously,
spectrophotometrically determined using a commercially available kit for free

fatty acids (Half-micro test kit, Roche Mannheim, Basel, Switzerland).

3.2.2. In-vitro studies

a) Transfection studies

Transfections were camed out as previously described (chapter 2, section
2.2.2.). For this study, the full-length pPHB-1317 human ACCE promoter-reporter
luciferase construct”™ was transfected with equal amounts of either
pSGS5rPPARu or NRF1-pSG5 expression vector. To assess whether USF1-
dependent activation of the ACCRB promoter is regulated by NRF1, | co-
transfected the ACCP promoter-reporter construct £ 0.19, 0.8, 0.3 and 0.25 pg of
the USF1-pUC-SRa_expression veclor + NRF1 expression vector for neonatal
cardiomyocytes, HIC2 myoblasts, CV-1 fibroblasts and HepG2 hepatocytes,
respectively. Additional transfections with ACCP promoter deletion constructs
pPlIB-569/+65, pPIlIB-93/+65, pPIIR-38/+65 and pPIIB-18/+65 together with
NRF1-pSG5 expression vector were also performed (deletion constructs are
shown in chapter 2, Figure 1).

To assess whether endogenous USF1 transcription factor transcriptional activity

is under the control of NRF1, neonatal cardiomyocytes, H9C2 myoblasts and CV-
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1 fibroblasts were transiently transfected as previously described (chapter 2,
section 2.2.2) + equal amounts of the NRF1 expression vector, respectively.

The pSG5rPPAR: expression vector was generously provided by Dr. W. Wahli
of the University of Lausanne, Switzerland. The NRF1-pSG5 expression vector
was constructed by Dr. Richard Scarpulla and made available to us by Dr. Dan

Kelly (Washington University School of Medicine, MO).
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3.3. Results

3.3.1. The role of PPARa in the transcriptional regulation of ACCR

a) Activation of PPAR« induces ACCP gene expression in the mouse heart

The lipid-activated transcription factor, PPARu is a pivotal transactivator of
several FA enzyme-encoding genes, including CPT1 and MCAD.* #
Furthermore, PPARa is activated by both endogenous and synthetic ligands such
as oleic acid " ¥ and Wy-14,643, respectively. In light of this, olive oil. a
natural source of oleic acid. and Wy-14,643 were orally- @dminislered to mice for
3 days. To confirm whether our in vivo mouse model promotes FA utilization, we
first measured plasma FFA levels together with MCAD mRNA expression, as

markers of FA utilization

Olive oil administration alone did not have any effect on plasma FFA levels.
However, the combination of olive oil and Wy-14,643 resulted in a significant
reduction in FFA levels (p<0.05 vs. control mice) (Figure 1) and maintenance of
glucose levels (data not shown). The transcript levels of MCAD were increased
by both olive and the combinatiun of olive oil and Wy-14 643 (p<0.05) (Figure
2A). We next investigated whether PPARa-mediated whole-body metabolic
changes affecled ACCPE gene expression. The administration of olive oil resulted
in a moderate induction of ACCB gene expression versus conlrol (NS).
Surprisingly, the combination of olive oil and Wy-14 643 further increased ACCR
gene expression versus the olive oil alone group in the mouse heart (p<0.05)

(Figure 2B). These dala suggest that activation of PPARi: by olive oil and Wy-
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14 643 promotes FAQ thereby increasing systemic FFA clearance. However. it is
not clear whether PPARa activation directly induced ACCE gene expression in

the heart
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Figure 1: The effects of PPARa activation on plasma free fatty acids levels.
Blood was collected by cardiac puncture and plasma FFA levels measured In control
olive oil and olive oill + Wy-14 643 reated mice.  These data are represented as means +
SEM (n » G). The astensk denotes a significant difference between olive oil + Wy-14,643
and control (basal det only) mice (p < 0.05)
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Figure 2A and B: Increased ACCP gene expression in response to in vivo
administration of the synthetic PPARu ligand, Wy-14,643. Olive oil (250
jl) andlor Wy-14 843, a specific PPARa agonist, was administered (100 ma/kg/day) to
mice by oral gavage for a period of 3 days. Control mice were only given the basal diet
Inset - representative Northern blot is shown for medium-chain acyl-CoA dehydrogenase
(MCAD) and cardiac-enriched acetyl-CoA carboxylase (ACCJ) The bars represent mean
+ SEM (n = 4) The astenisk denotes a significant difference betweaen mice administered
Wy-14,643 (with olive oil) versus olive oil-treated animals (p < 0.05). AU - arbitrary units.



b) PPARa overexpression does not induce ACCB promoter activity in

cardiac- derived cells

To further investigate the concept that PPARa may induce ACCB gene
expression, | ftransiently co-transfected neonatal cardiomyocytes, HSC2
myoblasts and CV-1 cells with the full-length human ACCB promoter-luciferase
reporter construct and a PPAR« expression vector. In contrast lo the in vivo
data, PPARw overexpression did not have any effect on ACCB promoter activity
in cardiac-derived cells |e. cardiomyocytes or H9C2 myablasts (Figure 3).
However, PPARa overexpression significantly elevated ACCP promoter activity
In CV-1 fibroblasts (Figure 3). Together, these data suggest that PPAR« may

regulate ACCP promoter activity in a cell type-specific manner.

04



Bl ACCB (-1317/465)
o @l ACCB (-13171+85)

+ PPARD
4.5 o 35 . 10 %
- 9 -
4 a0 | §

n 35 2 . B -

-':: 3 g 25 d E T -
7 =]

. i oz 6 -
E &5 E 20 @

= = [ .
o 2 g 15 | =

- i = gy
@ 1.5 a =

2 ] 2 10 4 23 -
1] =)

E: . 2 L I

0.5 — 05 %,

0 0 . 0 .

Cardiomyocytes H3C2 Cv-1
myuoblasts fibroblasts

Figure 3: PPARa overexpression does not increase ACC promoter activity
in heart-derived cells.

Cells were cotransfected with the ful-length pPI-1317 human ACC|) promoter-reporter
canstruct together with the pSGErPPARa expression vector  Cells were subseguently
cultured for an additional 48 hours where after lysates were collected and luciferase
activities measured Results are expressed as relative luciferase units normalized to the
activity of vector anly {pGL3-Basic = 1), These data are represented as mean + SEM of
2 or more independent experiments performed In triplicates. “p<0.05 vs. pPl-1317
{only)



3.3.2. The role of NRF1 in the transcriptional regulation of ACCp

a) NRF1 overexpression inhibits basal ACCB promoter activity in neonatal
cardiomyocytes and H9C2 myoblasts

NRF1 has been previously associated with genes regulating FAQ.* * However,
since ACCB inhibits FAO via malonyl-CoA production, we reasoned that NRF1
promotes FAO, in part, via inhibition of ACCR gene expression. We began fo test
this hypothesis by employing transfection-based studies to analyze the effect of
NRF1 overexpression on ACCB promoter activity. As previously demonstrated,
ACCP promoter activity was induced basally for the full-length pPlIB-1317/+65
construct in neonatal cardiomyocytes (p<0.05 vs. pGL3-Basic). Interestingly,
cotransfection with NRF1 attenuated basal ACCPE promoter activity (p<0.05 vs.

pPIIB-1317/+65) (Figure 4A).

To confirm the transcriptional inhibition of ACCE by NRF1 in the heart, we
repeated these experiments using H9C2 myoblasts, a heart-derived cell line.
Here, ACCp promoter basal activity was significantly induced for the pPIIB-
1317/+65 construct (p<0.05 vs. pGL3-Basic) Again, NRF1 overexpression
suppressed basal ACCE promoter activity (p<0.01 vs. pPlIB-1317/+65) (Figure
4B) Together these data demonstrate that NRF1 overexpression inhibits basal

ACCPB promaoter activity in the heart.
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Figure 4A and B: NRF1 overexpression inhibits ACC8 promoter activity in
heart-derived cells. Cells were cotransfected with the full-length pPIIp-1317 human
ACC[ promoter-reporter construct together with the NRF1-pSG5 expression vector
Cells were subsequently cultured for an additional 48 hours where after lysates were
collected and luciferase activities. Results are expressed as relative luciferase units
normalized to the activity of vector only (pGL3-Basic = 1). These data are represented
as mean £ SEM of 2 or more independent experiments performed in triplicates. *p<0.05
vs. pPIIp-1317
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b) NRF1 overexpression induces basal ACCB promoter activity in CV-1
fibroblasts and HepG2 hepatocytes

In light of these findings, we next tested whether NRF1 inhibits ACCB promoter
activity in non-cardiac derived cell lines i.e. CV-1 fibroblasts and HepGz
hepatocytes, Here, CV-1 fibroblasts were transiently transfected with the pPIIB-
1317/+65 promoter construct, resulting in the induction of basal promoter activity
(p<0.05 vs. pGL3-Basic) (Figure 5A). NRF1 overexpression further induced
basal ACCB promoter activity for the full-length pPIlIB-1317/+65 promoter
construct (p<0.001). Of note, no basal induction of ACCP promoter activity was
observed with transfection of promoter constructs intc HepGZ hepatocytes.
However, NRF1 overexpression also induced ACCP promoter activity in HepG2
hepatocytes (p<0.01 vs. pPIIB-1317/+66) (Figure 5B), These data show NRF1

promotes ACCP promoter activity in non-cardiac derived cell lines.
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Figure 5A and B: NRF1 overexpression induces basal ACCR promoter
activity in CV-1 fibrohlasts and HepG2 hepatocytes.

Cells were cotransfected with the full-length pPlI[}-1317 human ACC|} promoter-reporter
construct together with the NRF1-p5G5 expression vector. Cells were subsequently
cultured for an additional 48 hours where after lysates were collected and luciferase
activities measured. Results are expressed as relative luciferase units normalized to the
activity of vector only (pGL3-Basic = 1). These data are represented as mean £ SEM of
2 or more independent exparments parformed in triplicates. *p<0.05 vs. pPlI[}-1317.
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c) Assessment of putative NRF1 regulatory regions on the ACCB promoter
in neonatal cardiomyocytes and H9C2 myoblasts

As far as we are aware, there are no classic NRF1 recognition siles located on
the human ACCP gene promoter. However, NRF1 has been shown to regulate
expression of genes that are devoid of NRF1 recognition sites by interacting with
myocyte enhancer factor-2 (MEF-2) and/or E-box consensus cis-elements %%
For work relating to this thesis we did not find ACCB promoter activity to be
regulated via E-boxes 1-3 and speculated that E-box 4 andlor the -92 to -39
regions may be responsible for induction of ACCB promoter activity (refer to
chapter 2, Figure 10). We reasoned that the inhibitory effect of NRF1 may be
mediated via interaction with E-box 4 and/or the -92 to -39 regions of the human
ACCpB gene promoter. To further pursue this concept we transiently cotransfected
various ACCP promoter deletion constructs (chapter 2, Figure 1) with an NRF1

expression vector into cardiomyoeytes and H9C2 myoblasts.

In both cardiomyocytes and H9C2 myoblasts, cotransfection with NRF1
overexpression attenuated basal ACCP promoter activity for all deletion
constructs (p<0.05 vs. all deletion constructs) except for the pPIlj}-18/+65
construct (Figure 6A). Together these data demonstrate that NRF1
overexpression potently inhibits basal ACCB promoter activity in the heart and
that NRF1 possibly interferes with factors that bind in the -38 to -18 region of the

ACCP gene promoter.
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Figure 6: NRF1 overexpression inhibits basal ACCPB promoter activity in
cardiac-derived cells lines.

{A) Neonatal cardiomyocytes and (B) H9C2 myoblasts were transiently transfected with
ACCPB promaoter deletion constructs (black bars) and in the other experimental group
ACCP promoter deletion constructs were cotransfected with an NRF1 expression vector
(gray bars) for 24 hours and luciferase activiies measured. Resulls are expressed as
relative luciferase units normalized to the activity of vector only (pGL3-Basic = 1) These
data are represented as mean + SEM of 2 or more Independent experiments performad
in triplicates. *p<0.05 vs basal ACCP promoter activity
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d) Assessment of putative NRF1 regulatory regions on the ACCp promoter
in CV-1 fibroblasts and HepG2 hepatocytes

CV-1 fibroblasts were transiently cotransfected with various ACCB promoter
deletion constructs together with the NRF1 expression vector. NRF1
overexpression induced basal ACCPE promoter activity for all deletion constructs
(p<0.001) (Figure 7A). However, in HepG2 hepalocytes NRF1 overexpression
induced ACCP promoler aclivity only for the pPIlIB-1317/+65, pPIIB-38/+65 and
pPlIB-18/+65 constructs (p<0.01 vs. pPIIB-1317/+65, pPIIB-38+65 and pPIIf-
18/+65) (Figure 7B). NRF1 overexpression had no effect on pPIIB-569/+65 and

pPIIB-93/+65 promoter activity.

Collectively, these findings implicate NRF1 in the transcriptional regulation of
ACCPB. Furthermore, NRF1 requlates ACCB in a cell type-specific manner
indicating differential interaction with cell type-specific transcriptional cofactors
and/or metabolic substrate preference and physiological functions between the

cardiac-derived tissues and the other tissues such as smooth muscle.
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Figure 7A and B: NRF1 overexpression induces basal ACCB promoter
activity in non-cardiac derived cell lines.

(A) CV-1 fibroblasts and (B) HepG2 hepatocytes were transiently transfected with ACCR
promoter deletion constructs (black bars). ACCJ promoter deletion constructs were also
cotransfected with an NRF1 expression vector (gray bars) for 24 hours and luciferase
activities measured. Results are expressed as relative luciferase units normalized to the
activity of vector only (pGL3-Basic = 1). These data are represented as mean + SEM of
2 or more independent expenments performed in triplicates, *p<0.05 vs. basal ACCB
promoter actwvity
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3.3.3. NRF1 overexpression inhibits USF1-mediated induction of ACCp
promoter activity

We have previously demonstrated that USF1, a glucose-responsive transcription
factor, induces ACCPB promoter activity.””* To further investigate the inhibitory
role of NRF1 in the transcriptional regulation of ACCP promoter activity, we next
cotransfected ACCE promoter deletion constructs + USF1 + NRF1 expression

vectors into neonatal cardiomyocytes, CV-1 fibroblasts and HepG2 hepatocytes.

a) NRF1 inhibits USF1-dependent induction of ACCB promoter activity

As previously shown, cotransfection with USF1 further increased basal ACCB
promoter activity for all the deletion constructs in cardiomyocytes (p<0.01 vs.
basal ACCB promoter activity) (Figure BA). NRF1 overexpression inhibited
USF1-dependent induction of ACCP promoter activity in all cell lines tested
(p<0.05 vs., pPlIB-1317/+65, pPIIRE-569/+65, pPIlIE-93/+65, pPIIB-18/+65).
However, the inhibitory effect of NRF1 overexpression in cardiomyocytes was
abolished with the pPlIB-38/+65 deletion construct, possibly due to severe loss of
USF1 responsiveness as indicated before (chapter 2, Figure 8A). We have
previously reported that NRF1 or USF1 overexpression induces basal ACCP
promoter activity in non-cardiac derived cell lines. We therefore reasoned that
simultaneous cotransfection of NRF1 and USF1 would further induce USF1-
mediated ACCB promoter activity. Unexpectedly, NRF1 overexpression markedly
attenuated USF1-induced ACCP promoter activity for several deletion constructs

(p<0.05 vs. pPIIB-1317/+65, pPIIB-569/+65, pPIIB-93/+65, pPIIB-38/+65) except
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for the pPIIB-18/+65 construct in CV-1 fibroblasts and the pPIIB-38/+65 construct
in HepG2 hepatocytes (Figures 8B and C) These data therefore strongly
suggest an Interaction between NRF1 and USF1 in regulating ACCR promoter

aclivity in these cell ines.
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Figure 8: NRF1 overexpression inhibits USF1-dependent induction of ACCp
promoter activity.

(A) MNeonatal cardiomyocytes (B) CV-1 fibroblasts and (C) HepG2 hepatocytes were
transiently cotransfected with ACCRE promoter deletion constructs and a USF1
expression vector (black bars) ACCE promoter deletion constructs were also
simultaneously cotransfected with USF1 and NRF1 expression vectors (gray bars) for 24
hours and luciferase activities measured Results are expressed as relative luciferase
units normalized to the activity of vector only (pGL3-Basic = 1) These data are
represented as mean + SEM of 2 or more independent expenments performed in
triplicates, *p<0.05 vs. ACCB + USF1,
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3.3.4 NRF1 overexpression inhibits endogenous USF1 transcriptional
activity

We have previously demonstrated that the endogenous transcriptional activity of
the USF1 reporter construct was significantly higher compared to control reporter
construct in neonatal cardiomyocytes and CV-1 fibroblasts (chapter 2, Figure 8).
To assess whether endogenous USF1 transcriptional activity is under the control
of NRF1, we cotransfected a USF1 reporter vector £ an NRF1 expression vector
into necnatal cardiomyocytes, H9C2 myoblasts and CV-1 fibroblasts. In
agreement with our USF1 overexpression studies, endogenous USF1
transcriptional activity was significantly higher than the control vector in all cell
lines (p<0.001 vs. USF1-Luc). Moreover, cotransfection with NRF1 significantly
diminished endogenous USF1 transcriptional activity in all cell lines tesled

(p<0.001 vs. pUSF1-Luc + NRF1) (Figures 9A, 9B and 9C).
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Figure 9: NRF1 overexpression inhibits endogenous USF1 transcriptional
activity.

(A} Neonatal cardiomyocytes; (B) HICZ myoblasts and (C) CV-1 fibroblasts were
transiently cotransfected with a pUSF1-Luc reporter vector £ an NRF1 expression vector
for 24 hours and luciferase activiies measured. Results are expressed as relative
luciferase units normalized to the aclivity of vector only (pCantrol-Luc = 1). These data
are represented as mean + SEM of 2 or more independent experiments performed in
triplicates. *p<0.05 vs. pControl-Luc, #p<0.05 vs. pUSF1-Luc.
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3.4. Discussion

3.4.1. ROLE OF PPAR« IN TRANSCRIPTIONAL REGULATION OF ACCB

a) In vivo fatty acid utilization mouse model

Previous investigators have shown that physiological and pathophysiological
conditions that promote FAO inhibit ACCB protein expression thereby relieving
CPT1 inhibition.”*® “** Since malonyl-CoA (ACCB product) inhibits CPT1 under
conditions favoring glucose metabolism, " | investigated the molecular regulation

of ACCP under FAO-inducing conditions.

To achieve this, | set out to establish an in vive FA utilization mouse model by
activation of PPARa, a well-known FA responsive transcription factor. PPARa is
activated by several endogenous and synthetic ligands (e.g. long-chain fatty
acids and fibrates).” In this study, | administered olive oil, a natural source of
oleic acid®' + Wy-14,643, a specific PPAR« activator’™ to mice for three
consecutive days. | observed a moderate reduction in systemic FFA levels with
olive treatment, reaching statistical significance with a combination of olive oll
and Wy-14643 treatment. Since Wy-14 643 is a hypolipidemic drug, these results
are not unexpected. Similar lipid-lowering effects were observed in cbese mice”*?
and lipoatrophy-induced diabetes®™ However, systemic glucose levels were
unchanged by either olive oil alone or in combination with Wy-14643 (data not
shown). | also found that administration of olive oil alone or in combination Wy-
14643 increased MCAD gene expression, an indication of increased FA [B-

oxidation in the heart. These data are in agreement with Van der Lee et al "'
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who also found that that administration of FAs (oleic and palmitic acids) or Wy-
14,643 induced expression of several FA utilization genes in vitro. These data
therefore support the establishment of an in vive FA utilization mouse model.
However, a limitation of this part of the study is that we did not measure ex vivo
cardiac fuel substrate oxidation rates for the various treatment groups. At the
time, the method was not established in our laboratory (due to lack of apparatus
and costs). However, the laboratory is currently in the process of acquiring the

necessary equipment to establish these methods for the mouse heart.

b) PPARuz-mediated metabolic changes regulate ACCB gene expression

To further investigate the regulation of ACCB gene expression, | next measured
transcript levels of ACCR in the mouse heart, Here, PPAR« activation by olive oil
resulted in a non-significant induction of ACCP gene expression. Moreover, a
combination of olive oil together with Wy-14,643 resulted in a significant increase
of ACCB gene expression. These findings were rather unexpected since
PPARa-driven FAQ conditions such as exercise, fasting and high fat feeding
have been shown to downregulate ACCPB protein expression ?® #3% %58 pleq.

others have demonstrated tha! accumulation of intracellular long-chain FAs

inhibit ACCB gene expression in the pancreatic beta cells. ™
In this study, Wy-14 643 and olive oil administration lead to significant reduction

in systemic FFA levels in mice. Here, | speculate that, the observed upregulation

of ACCR gene expression following treatment with olive ail and Wy-14,643 may
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be a consequence of reduced circulating FFA levels. | propose that with
abundant supply of FFAs, accumulation of intracellular long-chain FAs may
inhibit ACCP gene transcription, thereby promoting FAQ through a) CPT1
activation and b) ligand-induced PPARwu activation.”™® However, if FAO is
continuously stimulated through PPARa activation, this may lead to reduced
circulating FFA levels thereby relieving the long-chain FA inhibition on ACCB.
Such a negative regulatory effect could be beneficial, especially under FFA-
limiting conditions e.g. prolonged fasting or chronic aclivation of PPARw.
Although a direct effect of PPARa« cannot be excluded, FFA clearance may
therefore be responsible for the induction of ACCE gene expression observed
with olive oil and Wy-14643 administration. In agreement, others have reasoned
that PPARu-independent transcriptional regulation of non-PPARx larget genes
may be due to cellular metabolic changes induced by administration of PPAR«
agonists such as Wy-14,643.** For example, decreased cardiac GLUT4 gene
expression las been obseved following Wy-14,643 treatiment.” Also, Panagia
et.al.?”’ consistently demonstrated decreased cardiac GLUT4 protein levels in
three different models of elevated circulating FFAs i.e. diabetes, high fat feeding
and fasting. Furthermore, FFA clearance induced by Wy-14,643 has also been

associated with improved insulin stimulated glucose uptake ¥ 245248

Increased ACCP expression is also associated with elevated glucose levels®™
and should therefore result in increased malonyl-CoA levels and inhibition of

FAQ. This interplay between glucose and FA availability may be implicated in the



mechanism of cellular adaptation to various stimuli as proposed by Young et.
al.*! With the dynamic nature of fuel substrate supply to the heart, it is possible
that fuel substrates (acting as signaling intermediates) relay the message of
decreased FFA supply to the cell's transcriptional machinery which in turn
increases malonyl-CoA levels by upregulating ACCB. In this manner, it is
possible that the cell may "anticipate” the reduced FFA supply and prepares in
advance by increasing ACCPB gene transcription and thereby decreasing FAO
rates. Here, glucose-sensing transcriptional modulators may play a role to
elevate ACCP gene transcription. In summary, these data suggest that PPAR«-
mediated metabolic changes such as reduced systemic FFA and sustained
glucose levels may be responsible for upregulation of ACCPE gene expression
observed. However, further studies are required to fully delineate the precise

molecular mechanisms that underpin these interesting findings.

c) PPARa does not directly activate ACCp promoter activity in cardiac-
derived cells

To gain further insight into the regulation of ACCPB gene transcription by PPAR,
| cotransfected a PPARa expression vector together with the full-length ACCR
promoter construct into cardiomyocytes and H9C2 myoblasts. PPARu
overexpression did not significantly alter ACCE promoter activity in neonatal
cardiomyocytes or H9C2 myoblasts. These data confirm my earlier proposals for
the mouse /n vivo data i.e. that the upregulation observed with Wy-14,643 and

olive oil administration is not due to direct activation of PPAR«.
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Conversely, PPARu overexpression significantly induced ACCR promoter activity
in the ‘cardiac null-background' CV-1 fibroblasts. It is well documented that
PPAR« heterodimerizes with its obligate partner, RXR«, binding to peroxisome
proliferator response elements (PPRE) on promoters of target genes '™ 8 For
example, it was previcusly shown that overexpression of RXRu« further activated
muscle regulating factor 4 (MRF-4)-induced ACCPB promoter activity in NIH3T3
fibroblasts.”” Here, RXRua alone did not have any effect on basal ACCB
promoter activity””’ whereas | have demonstrated that PPARa alone induce
ACCP promoter activity in CV-1 cells. These discrepancies necessitate further

investigations in order to elucidate the role of PPARw/RXRa interaction in the

regulation of ACCP gene expression.

In summary, the first part of this chapter shows that ACCp gene regulation Is
controlled at multiple levels in the mouse heart, underscoring the complexity of
molecular regulatory mechanisms. We propose that systemic PPAR« activation
does not directly influence ACCP gene expression in the heart. However, we
suggest that its secondary effects on FFA clearance and improved Insulin-
stimulated glucose uptake may be responsible for the induction of ACCR
transcript levels. Intriguingly, as yet unidentified transcriptional mechanisms
directing molecular regulation of ACCB in non-cardiac tissues merits further

investigatian.
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d) Limitations and future directions

Olive oil is a natural source of oleic acid. Oleic acid is an endogenous ligand of
PPARa, therefore olive oil administration to mice was chosen as model of
endogenous PPARa activation in vivo. On the other hand, the synthetic PPARa
ligand, Wy-14,643 has been exiensively used as a specific activator of PPARa.
In our laboratory, another study investigating the effect of PPARa activation by
Wy-14,643 administration alone found that it did not significantly alter rat cardiac
ACCP gene transcription compared to controls (data not shown). However, in
this study, we were limited due to the prohibitive costs of the Wy-14,643
compound. In light of this, we thought that the best way to activate PPARa and
cardiac FAO would be to employ Wy-14,643 together with a natural ligand.
However, future expaeriments will be conducted in order o clearly show whether
Wy-14,643 alone affects mouse ACCP gene expression. The following
experiments will be considered: administration of oleic acid, oleic acid with Wy-
14,643 and Wy-14,643 alone to a) mice and b) cardiomyocytes, H9C2
myoblasts, CV-1 fibroblasts and HepG2 cells. Subsequently, | will measure: 1)
ACCP gene transcript levels using real-time quantitative RT-PCR, 2) ACCPB
promoter activity using reporter assays and 3) DNA:protein binding activity using
the electrophoretic  mobilty shit assay (EMSA) and chromatin

immunoprecipitation (ChlP) assays.

The role of FA-responsive transcriptional factors, PPARa and RXRa in the

regulation of ACCB gene transcription deserves further investigation. In this
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regard, the following experiments will be considered i.e. cotransfection of RXRu
expression vector alone and cotransfection of RXRa/PPAR«a expression vectors
together with the ACCE promoter in both cardiac and non-cardiac cell lines.
Neither PPAR« nor RXRa expression vector alone had an effect on basal ACCB
promoter activity, therefore | will investigate whether PPAR: and RXRa can

affect USF1-induced ACCR promoter activity.



3.4.2. THE ROLE OF NRF1 IN TRANSCRIPTIONAL REGULATION OF ACCB

An important aspect of the transcriptional control of mitochondrial biogenesis is
mediated by the master regulator PGC 1a that induces target genes together with
coactivators such as NRF1 and PPARa®™ . 2% 50 NpEq induces several
nuclear-encoded mitochondral respiratory enzymes,”™ while PPARa regulates
the expression of numerous FA ulilization genes for e.g. CPT1 and MCAD.'™"
Furthermore, exercise-mediated stimulation of FAO is  believed to be
transcriptionally driven by NRF1 and PPARa.’" ® Whether these transcription
factors promote FAO, in pad, by repressing the inhibitory mechanism that
controls long-chain FA (LCFA) Importatiop. into- the mitochondria is largely
unknown. Here, ACCR regulates mitochondrial transfer of LCFAs via production
of malonyl-CoA, a potent inhibitor of CPT1, thereby leading to a reduction in
FAQ. Of note, exercise-mediated stimulation of FAQ is associated with elevated
levels of NRF1 and PPARa accompanied by the increased expression of FA
enzyme-encoding genes such as AMPK and CPT1.”" In this study, we explored
the role of NRF1.in regulating ACCB gene regulation in the heart. To our
knowledge, this is the first study to implicate NRF1 as a novel inhibitor of ACCB

promoter activity.
We found that NRF1 overexpression markedly attenuated ACCR promoter

activity in neonatal cardiomyocytes and cardiac-derived H9C2 myoblasts.

Elevated NRF1 gene expression was previously shown to be associated with
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upregulation of CPT1 gene expression in neonatal cardimyocytes™ *

Moreover, previous studies have shown that the expression of NRF1%" and CPT1
! is upregulated in response to exercise. It has also been established that
exercise induces FAO by activation of AMPK which in turn phosphorylates and

199, 252. 258 Hance, AMPK has been recognized as a

inhibits ACC enzyme activity.
key regulator of FAO. Whether AMPK, in addition to phosphorylation of ACCR,
also inhibits transcriptional regulation of ACCB is still unclear. A recent study
reported that administration of B-guanadinopropionic acid (B-GPA), an AMPK
activator, was associated with increased NRF1 promoter binding activity.”' These
findings therefore provide a possible transcriptional mechanism through which
AMPK could inhibit ACCB gene expression in the heart, However, two studies
argue against this concept. In the firstinstance, NRF1 overexpressing mice did
not show significant changes in basal palmitate oxidation."™ We propose that
since these mice were not challenged with various stimuli that induce FAO, the
role of NRF1 as a positive requlator of FAO cannot be excluded. Secondly, Nau
et al. ™ reported that fetal hearts exhibited elevaied NRF1 |evels associated with
reduced CPT1 gene expression. We argue that this discrepancy may be due to
the reduced ability of the felus o ulilize FAs and nol necessarily due o reduced

upregulation of CPT1 gene expression by NRF1.

To Investigate whether the inhibitory effect of NRF1 overexpression on ACCP is
cardiac-specific, we repeated experiments employing non-cardiac cell lines ie.

CV-1 fibroblasts and HepG2 hepatocytes. Surprisingly. we found that NRF1



overexpression induced ACCP promoter activity in both CV-1 fibroblasts and
HepG2 hepatocyles. However, the NRF1-induced ACCRB promoter activity was
significantly higher compared to the USF1-mediated increase in ACCP promoter
activity. In light of these findings. we further tested whether cotransfection of
NRF1 and USF1 would inhibit or further induce USF1-mediated induction of
ACCB promoter activity. We found that USF1-mediated induction of ACCP
promoter activity was markedly attenuated in both cell lines. Intriguingly, NRF1-
mediated induction of ACC promoter activity was maintained while the USF1-
mediated induction of ACCB promoter activity was abolished. This was rather
unexpected since NRF1 differentially regulated basal ACCP promoter activity
Nonetheless, these dala clearly indicate that NRF1 may interfere with USF1
binding to the ACCE promoter  To further explore the inhibitory effect of NRF1
on USF1-mediated ACCB promoter activity we transfected cells with a USF1
translucent reporter vector and a NRF1 expression vecior. Attenuation of
endogenous USF1 transcriptional activity with NRF1 cotransfection confirmed
that NRF1 interferes with USF1-mediated induction of ACCB promoter activity
Overall, these data point to a novel role for NRF1 in regulating ACCB expression
in the hearl and raises the possibility that NRF 1 may coordinately regulate genes

involved in mitochondrial FA uptake.
As far as we could ascertain, there are no classic NRF1 binding elements

[(TIC)GCGCA(CIT)GCGC(A/G))] located within the human ACCR gene promoter.

However, it has been suggested that cerlain transcriptional coactivators do not
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bind directly to promoter sequence elements but rather interact with multiple
cofactors to activate or repress gene transcription,®" % 235 2% | o reement with
this concept, NRF1 increased gene expression of GLUT4 and muscle-specific
COXViaH and COXVIIl despite a lack of NRF1 promoter binding elements. - 2°
“% Instead, the NRF1-mediated effects are dependent on MEF-2 and/or E-box

consensus elements for their expression.

The human ACCB promoter contains several E-boxes. In light of this, we
employed ACCP promoter deletion constructs to investigate whether NRF1 can
interact with USF1 (E-box binding protein), to regulate ACCB promoter activity.
Since ACCP promoter activity was similar when transfecting with the pPIIB-
569/+65 or pPIIB-93/+65 deletion constructs, the inhibitory effect of NRF1 was
not mediated via a cluster of three E-boxes (E-box1-3) located between -569 and
-349. Similarly, in chapter 2, we reported that E-boxes(1-3) were not involved in
USF1-mediated induction of ACCB promoter activity. However, the USF1-
mediated increase of pPIIB-18/+65 promoter activity (containing E-box4 only)
was markedly attenuated by NRF1 overexpression in cardiomyocytes. However,
this induction of ACCP promoter activity was maintained or moderately inhibited
by NRF1 in CV-1 fibroblasts and HepG2 hepatocytes, respectively, These data
indicate that NRF1 may be interfering with USF1 binding to E-box4 in
cardiomyocytes. However, in CV-1 fibroblasts and HepG2 hepatocytes, NRF1
probably increases ACCR promoler activity via E-box4. Notably, USF1-mediated

induction of pPlIB-18/+65 promoter activity (containing E-box4 only) was reduced
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blot assays to confirm my /n witro werk (transfection assays), However, our
laboratory Is currently considering the purchasing a thermal cycler in order to

perform real-time quantitative RT-PCR measurements of ACCE transcript levels

Exercise
Metabolic remodeling
FFA

|malonyl-CoA
T CPT1

1 FAO

Figure 11: Proposed molecular mechanism for NRF1 in the transcriptional
inhibition of ACCP and regulation of fatty acid oxidation
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Chapter 4

Conclusion



reduced fatty acid oxidation observed in type 2 diabetic patients may be
attributed to increased ACCP gene expression and the subsequent accumulation
of malonyl-CoA levels.'”" “®  These data raise the interesting possibility that
USF1 levels could be increased within the diabetic context resulting in the
induction of ACCP gene expression, increased malonyl-CoA levels and
decreased CPT1 activity. However, further studies are required to investligate
this proposal and the contribution of this pathway to the accumulation of

damaging intracellular LCFAs in the heart.

In light of this, the identification of novel inhibitors regulating ACCP expression
may provide a mechanism through which detrimental intracellular lipid
accumulation and insulin resistance may be controlled. In support of this
concept, ablation of the ACCPB gene was accompanied by enhanced in vivo fatty
acid oxidation rates and strong resistance of these transgenic mice to diabetes
and obesity when challenged with a high-fathigh-carbohydrate diet."™  We
therefore Investigated regulatory mechanisms that may repress ACCP gene
transcription. We hypothesized that transcription modulators controlling genes
promoting energy producing pathways also inhibit ACCP transcription in order to
promote fatty acid oxidation. Here, for the first time as far as we are aware, we
identified NRF1 as a novel repressor of the ACCJ gene promoter in the heart and
in non-cardiac tissues, Furthermore, we report that NRF1 Inhibits basal and
USF1-induced human ACCB promoter activity. Also, endogenous USF1

transcriptional activity was markedly attenuated by NRF1 overexpression. Our
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findings provide further insight regarding NRF1-mediated repression of ACCR
gene ftranscription. Since we have suggested that USF1-mediated induction of
ACCPR promoter activity may have deleterious effects due to accumulation of
LCFAs, we propose that the newly identified NRF1-mediated repression of ACCR
transcription may in fact promote LCFA clearance. In this regard, exercise
improves insulin resistance via LCFA clearance. Moreover, the beneficial effects
of exercise have been extensively documented as a therapeutic intervention for
diabetes, insulin resistance, coronary hzart disease, hypertension and other
metabolic disorders. Exercise also inhibits ACCB gene expression thereby
increasing fatty acid oxidation.™® We therefore propose that NRF1-driven
transcriptional Inhibition of ACCE may be a potential mechanism through which

exercise exerls its beneficial effects.

Conversely, some Investigators have reported the use of pharmacological
inhibitors of fatty acid oxidation as a potential treatment for heart failure.""” In
support, mice lacking PPARa, a fatty acid-responsive transcriptional regulator,

% \whereas

were protected against diabetes-induced cardiac hypertrophy,
PPARa overexpressing mice displayed a diabetes-like metabolic phennrype_m
Furthermore, reactivation of PPARa during the development of cardiac

* Therefore, despite the potential

hypertrophy exacerbated cardiac function.'
cardioprotective effects of ACCP inhibition, it appears that under certain
conditions its activation may indeed be beneficial.  In this context, our

identification of both positive and negative regulators of ACCPB gene transcription
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may result in the development of novel therapeutic agents that will help alleviate

the growing global burden of heart disease.
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