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Abstract

Obesity-related metabolic diseases, including type 2 diabetes and non-alcoholic fatty liver
disease, are associated with dysregulation of metabolic pathways, including lipogenesis. The
transcription factors LXR, SREBP-1c and ChREBP are activated by cholesteztdbmlites,
insulin and glucose metabolites, and together regulate the network of lipogenic genes. The
activation of ChREBP by glucose has been suggested to occur via an intramolecular
mechanism involving a low-glucose inhibitory domain (LID) and a glucose-response
activation conserved element (GRACE). Under low glucose concentrations, LID inhibits
ChREBP’s transactivity controlled by GRACE, while elevated glucose concentration causes
this inhibition to be lifted. This leads to the transcription of a shorter, constitutively active
ChREBP isoform, termed ChREBHFnN contrast with the full-length ChREBRsoform,

ChREBR show increased expression in response to glucose.

Preliminary data indicated that LXRand ChREBR interact and may constitute a
sugar and cholesterol-responsive transcriptional switch. We could show through gene reporter
assays in HuH-7 cells, that a Carbohydrate Response Element (ChoRE)-like E-box/E-box-like
motif upstream of the canonical ChoRE is the functional site of ChirREBiEh greater
ability to activate the Chrebpb promoter. Treatment with GW3965 led to an increase in
Chrebpb promoter activity, suggesting a regulatory role for laXéh this promoter. A
putative LXRE was deleted, with no appreciable effect on Chrebpb activity, suggesting that
LXR must bind elsewhere. Co-immunoprecipitation experiments revealed that isXRle
to interact with the ChREBPLID. We suggest a model in which LXPbinds to a more
distal site on DNA and transrepresses ChR&Bfough DNA looping.

We also investigated the possibility of using peripheral blood mononuclear cells
(PBMCs) as a relevant model for liver biology, to be able to study our hypotheses in vivo.
Gene expression analysis in PBMCs from diabetic and pre-diabetic patients revealed that both
isoforms of ChREBP are negligibly expressed in these cells, which may have implications for

their future use as a proxy for liver tissue.
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1 Introduction

1.1 Obesity-related metabolic disorders

The increasing prevalence obesity is a public heahcern worldwide. Physical inactivity
and unhealthy diets high in simple sugars have beked to the increasing risk of non-
communicable diseases such as type 2 diabetedyahietayndrome, non-alcoholic fatty liver
disease and cardiovascular disease (1-4). Marhesttdiseases are associated with
dysregulation of metabolic pathways, but the era@thanisms for how environmental
factors lead to this dysregulation are still laygehcertain. However, the understanding of
how nutrients and their metabolites affect heatharamount for effective prevention, as well

as for the discovery of new therapeutic targets.

1.1.1 Type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) is characterizedh®yfailure of pancreatig cells to

secrete sufficient amounts of insulin, as wellressliin resistance in liver, adipose tissue and
skeletal muscle (5). The lack of insulin actionutesin a variety of metabolic disturbances,
affecting carbohydrate and lipid, as well as proteetabolism. Because of hyperglycaemia
and lipid disturbances, individuals with T2DM atehayh risk of developing microvascular
complications, such as neuropathy, nephropathipoathy, as well as macrovascular

complications such as atherosclerosis and cardialarsdisease.

Prediabetes is a high-risk condition that precedest hyperglycemia and patients with
prediabetes have a strong predisposition for dpuslpoT 2DM. Prediabetes is characterized
by impaired fasting glucose (IFG), impaired gluctiderance (IGT) or increased HbAlc (5).
In IFG, fasting plasma glucose is higher than ndérima does not meet the criteria for
diabetes. IGT is characterized by increased plagowse following an oral glucose

tolerance test (OGTT), but not to the same degsee diabetes.

Table 1 gives an overview of the diagnostic criteria falsbtes and prediabetes by the World

Health Organization (6), which are in concordand® Worwegian guidelines (7).



Table 1: Diagnostic criteria for diabetes and predi  abetes

Parameters Normal Prediabetes T2DM

HbAlc <6.0 % 5.7-6.4 % 26.5 %
Fasting plasma glucose  <6.1 mmol/L 6.1-6.9 mmol/L =27.0 mmol/L
Two-hour plasma OGTT  <7.8 mmol/L 7.8-11.1 mmol/L 211.1 mmol/L

OGTT: oral glucose tolerance test; T2DM: type 2 diabetes mellitus.

1.1.2 Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is defthas the presence of hepatic steatosis in
the absence of excess alcohol consumption (8)t@&rhe NAFLD refers to a spectrum of liver
diseases, ranging from simple hepatic steatosistealcoholic steatohepatitis (NASH),
fibrosis and cirrhosis. Steatosis can be definathi@presence of visible fat in >5 % of
hepatocytes (9). About 20 % of patients with singikatosis develop NASH, and out of these
cases, about 20 % will progress to fibrosis anidhaltely cirrhosis (10).

NAFLD is associated with features of metabolic spnage such as obesity, insulin resistance,
type 2 diabetes and dyslipidemia (8). It is alsoraiependent risk factor for cardiovascular
disease (11). The prevalence of NAFLD in a normeigivt population has been estimated to
be ~16 % (12), but may be as high as 90 % in olbelda@duals undergoing bariatric surgery
(13). The pathogenesis of NAFLD is complex andwell understood, but both increasdsl
novo lipogenesis and decreageaxidation have been implicated (14, 15). Usingelbdal
isotopes, Donnellgt al. revealed thatle novo fatty acid synthesis accounted for ~25 % of the
TAG in the livers of NAFLD patients, while 60 % carfrom non-esterified fatty acids in the
circulation and 15 % from the diet (14).

1.2 Metabolic regulation

Glucose is used at a high rate by organs sucledsr#iin, the renal medulla, and red blood

cells. It is therefore important to keep a steadyessupply of glucose to these tissues. At the
same time, persisting high glucose concentratiorisa blood can have detrimental effects on
the organism. Therefore, a number of regulatorylraeisms ensure that the concentration of
glucose in the blood is kept within certain limithen nutrient availability changes, such as in

the transition from fasting to feeding.



The liver plays an integral part in maintainingaggee and lipid homeostasis. In fasting
conditions, the liver maintains glucose homeostagisreaking down glycogen to glucose,
and through the production of glucose from non-ghylrate sources such as proteins, a
process known as gluconeogenesis. During feeduediver ensures efficient storage of
excess glucose as glycogen and fat. Since mamrmaadsehlimited capacity of storing energy
as carbohydrates, excess carbohydrate and praoeeuitenately converted to fat in adipose
tissue and the liver in a process knowml@sovo lipogenesis (DNL). Newly synthesized
fatty acids are esterified with glycerol-3-phosghtat form triacylglycerol (TAG), which is

stored primarily in adipose tissue.

In the short term, these metabolic pathways arelaggd by allosteric regulation and
hormonal cues, which modulate the activity of kaygyenes. The integration of energy
metabolism is controlled primarily by glucagon ansulin, which are secreted from
pancreatia andp ells respectively, in response to changing sutestraailability in the
blood. They regulate cellular metabolism by activ@signalling pathways that lead to
changes in the phosphorylation status of key engy#kects of insulin include increased
glucose uptake in muscle and adipose tissue, isedeglycogen synthesis and decreased

lipolysis and gluconeogenesis, while glucagon hgmosing effects.

Long-term adaptation to reduced or increased fatake occurs through changes in the rate
of transcription of genes encoding metabolic enzifsene expression includes multiple
processes, including transcription from DNA to RNE)A splicing, translation, post-
translational modification of a protein, and pratdegradation. The expression of a gene
product can be regulated on all these levels buioist often regulated at the transcriptional
level (16).

1.2.1 Glucose metabolism

Glucose is transported into cells by a family afagise transporters designated GLUT-1 to
GLUT-14 (17). When extracellular glucose bindshe transporter, its conformation is
altered, and glucose is transported across thenagtibrane down a concentration gradient.
Expression of the different GLUTSs is tissue speci@LUT-1 is abundant in erythrocytes and
the blood-brain barrier. GLUT-3 is the primary ghge transporter in neurons, while GLUT-4

is abundant in striated muscle and adipose tiddunkke other glucose transporters, the



number of active GLUT-4 transporters in the celhmbeane is regulated by insulin. The
abovementioned GLUTSs are primarily involved in gise uptake from the blood. GLUT-2
however, abundant in liver, kidney, and the partar@acells, is able to transport glucose into
the cells when blood glucose is high, or out ofscehen blood glucose is low. This is due to
its exceptionally high K for glucose, ~17 mM, which ensures fast equilibrabf glucose
concentrations between the cytosol and the extrdaespace (18). This allows for
appropriate regulation of glucose sensitive genemd the transition from fed to fasting

conditions.

Within the cell, glucose is phosphorylated to fagilmcose 6-phosphate. In the liver, this is
effectuated by glucokinase (GK), the first rateding enzyme in glycolysis. Like GLUT-2,
GK has a high Kk for glucose, enabling the liver to take up unlediguantities of glucose
(19). Glucose 6-phosphate may then enter glycotysike glycogenic pathway. Glycolysis,
the oxidation of glucose, provides energy and meatiates for other metabolic pathways
(17). Apart from GK, glycolysis is regulated on tadditional steps: phosphofructokinase-1
(PFK-1) and pyruvate kinase (PK). In cells withecltondria and with an adequate supply of
oxygen, pyruvate is the end product of glycolyBruvate can be converted to acetyl-CoA
by pyruvate dehydrogenase, and then enter thetiggglic acid (TCA) cycle, or serve as a
building block for the synthesis of fatty acids. Alternative fate for glucose is through the
pentose phosphate pathway. Activated glycolysisTa®é cycle lead to the production of
citrate and ATP, which allosterically inhibit PFK-This reduces the rate of glycolysis and
redirects glucose metabolites into this alterngpiaihway, which provides the cells with
pentose sugars utilized in RNA and DNA synthesisrddver, NADPH is produced, which

acts as a reductant in the biosynthesis of faitysasand cholesterol.

Glycolysis is regulated in the short term by akot activation or inhibition by metabolites,
or by covalent phosphorylation and dephosphorytaditthe rate-limiting enzymes PFK1 and
PK. During fasting, low levels of glucose stimulgtacagon secretion, which increases
hepatic glucose production, glycogenolysis, and@teogenesis. In the long term, the
glycolysis can be regulated by modulating the lewdlthe enzymes involved. Regular meals
containing carbohydrates stimulate secretion aflinsinsulin will, when binding to the
insulin receptor on target cells activate signglibascades, e.g. Ras/Raf/MEK/ERK, which

converge on chromatin and increase gene exprestgeveral rate-limiting enzymes in the



liver (17). Conversely, transcription and synthedithese enzymes are low when glucagon is
high.

1.2.2 de novo lipogenesis

De novo lipogenesis (DNL) is the synthesis of fatty adidsn simple precursors such as
glucose, and the process of elongation and desiatuiE these fatty acids. The main sites of
DNL are considered to be the liver, adipose tisand,lactating mammary gland. However,
the liver is thought to be quantitatively more imjaat in humans (20). The newly
synthesised fatty acids can be incorporated imoyiglycerol (TAG), which can be stored as
protein-coated lipid droplets in the hepatocytes)@orted as very low-density protein
(VLDL) to provide fatty acids to other tissues.

After glucose has been converted to pyruvate, tigepeoduct of glycolysis, it is transported
into the mitochondrion and converted to citratéhiea TCA cycle. Citrate is transported into
the cytosol and converted into acetyl-CoA by ATRate lyase ACLY). Acetyl-CoA
carboxylaseACC), the rate-limiting and regulated step in fattydesynthesis, then converts
acetyl-CoA to malonyl-CoA (17). Malonyl-CoA undega number of condensation
reactions with acetyl-CoA to form palmitate, a hon saturated fatty acid in a process that
is catalyzed by fatty acid synthaseAQN). Palmitate can later be elongated by enzymesan t
Elongation of very long chain fatty acids proteit QVL) family, bound to the membrane of
the endoplasmic reticulum (ER), and desaturatestégroyl-CoA desaturas8D), which
introduces a double bond at @ position (21).

Following a carbohydrate-rich meal, insulin sigimaglresults in dephosphorylation and
activation of ACC, which leads to increasing corcations of malonyl-CoA, causing
inhibition of B-oxidation. Moreover, insulin leads to increasetivity of lipoprotein lipase
(LPL) in adipose tissue, which results in increagpthke of fatty acids from VLDL and
chylomicrons, as well as increased production géylol-3-phosphate by stimulating

glycolysis. Together, this facilitates fatty acstexification to form triacylglycerol.



1.2.3 Transcriptional regulation  de novo lipogenesis

Transcriptional regulation of lipogenic genes isnptex and involves multiple transcription
factors and nuclear receptors. Three transcrigtiotors have been identified as particularly
important for regulation of lipogenesis: liver Xceptor (LXR), sterol regulatory element-
binding protein 1c (SREBP-1c), and carbohydratparse element-binding protein
(ChREBP) (22).

SREBP-1c is synthesized as an inactive precurdachws bound to the ER membrane. To
become active, the precursor must undergo protealgavage, which liberates the N-
terminal domain. This part of SREBP-1c can thendi@cate to the nucleus and act as a
transcription factor. Insulin mediates its longategffects by upregulating the expression of
the inactive precursor, as well as the proteolytaturation of SREBP-1c (23). SREBP-1c is
primarily responsible for expression of lipogenengs by binding to sterol response elements
(SRESs) in the promoter of its target genes (24)cGde itself also acts as an activator of
transcription of glycolytic and lipogenic enzymesthe liver and fat cells via ChREBP (25-
27). Target genes of ChREBP include enzymes inoglienetabolism such B&KLR and
GLUT-4, as well as lipogenic enzymes sucthAg&LY, FASN, ACC, andSCD1.

LXR plays a role in regulating lipogenic genesasponse to feeding, indirectly by inducing
the expression of ChREBP (28) and SREBP-1c (29)also directly by activation dfASN
(30) andCD1 expression (31). LXR, ChREBP, and SREBP-1c thukwoconcert to

control gene expression of lipogenic and glycolgihzymes (32), as shownkingure 1.
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Figure 1: de novo lipogenic pathway

LXR regulates SREBP-1c and ChREBP to enhance hepatic fatty acid synthesis, as well as key
enzymes in de novo lipogenesis. ACC: Acetyl CoA carboxylase; ELOVL: Elongation of very long chain
fatty acids protein; FAS: fatty acid synthase; GK: Glucokinase; L-PK: Liver pyruvate kinase; SCD1:

stearoyl CoA desaturase 1.

1.2.4 Lipoprotein and cholesterol metabolism

Neutral lipids such as TAG and cholesterol arewster soluble, and must therefore be
incorporated into lipoprotein particles to be aoleirculate in the blood. Lipoprotein
particles consist of a TAG-rich hydrophobic lipidre and a surface monolayer of
amphipathic phospholipids, associated with spéigil-binding proteins called

apolipoproteins.

Dietary fatty acids are absorbed and re-esterifigtlie enterocytes and secreted as large

lipoprotein particles, called chylomicrons, int@ttirculation via the lymphatic system.



Chylomicrons deliver TAG to, e.g. adipose tissué skeletal muscle, and the remnant
particle is taken up and metabolized by the likgrids are transported from the liver to other
tissues in the form of VLDL particles. Periphetiabties take up fatty acids from VLDL via
LPL, and the lipid-depleted particles are then regaoby receptors in the liver, or they
remain in circulation until they shrink and becolme-density lipoprotein (LDL) particles.
Cholesterol from LDL particles is taken up in tisswia the LDL receptor (LDL-R). The
cellular cholesterol content is regulated by th&ABCGSREBP2 system (19). Like SREBP-1c,
SREBP-2 is an integral part of the ER membraneassdciated with SREBP cleavage-
activating protein (SCAP). When sterols are abutydd@AP is bound to an INSIG protein
which keeps the SREBP-SCAP complex inactive. At ébwlesterol concentrations, the
SREBP-SCAP complex moves from ER to the Golgi, @I®REBP-2 is proteolytically
cleaved by SCAP. Proteolytic cleavage generatesREBP fragment that acts as a
transcription factor that can translocate to thelews and enhance expression of LDL
receptors. In addition, SREBP-2 increases expresgienzymes involved in cholesterol
biosynthesis, such as HMG CoA reductase (17).

Non-hepatic cells acquire cholesterol via uptakehaflesterol from LDL particles and
throughde novo synthesis, but they are unable to catabolizexiteEs cholesterol must
therefore be transported from peripheral tissug¢bddiver for faecal and biliary excretion in
a process called reverse cholesterol transport R RCT system consists of various
steps, the first and most critical step being fifle>xeof cholesterol from peripheral cells.
Macrophages are responsible for a tiny fractiotot#l body RCT. However, their activity is
directly relevant to the development of atherosdex. Macrophages are “professional
phagocytes” and are able to take up modified chedelsand other debris via their scavenger
receptors, and cholesterol is esterified to prdteetcell against cholesterol toxicity. As they
accumulate cholesteryl ester, they form foam cellgch is the first step in the development

of atherosclerosis.

Efflux of cholesterol from peripheral cells is mat#id by the ATP-binding cassette
transporters ABCA1 and ABCGL1. Free cholesteralaadferred via ABCAL to lipid-poor
apolipoprotein A-l, resulting in the formation acdscent high-density lipoprotein (HDL)
particles, also called pygHDL. Further uptake of cholesterol by HDL is medahby
ABCGL1 and the scavenger receptor class B type IEBR33). In the HDL particle, the



cholesterol is immediately esterified by Lecithiotesterol acyltransferase (LCAT) to form
cholesteryl ester, which allows HDL to take up &iddial free cholesterol. Cholesterol is then
transported in HDL patrticles via the systemic dation and taken up by the liver through
SR-BI, and can then be excreted into the bileees ¢holesterol or bile salts. An alternative
route for cholesterol in HDL particles is transé& cholesteryl ester transfer protein (CETP)
to TAG-rich particles, whose remnants become chaleksenriched and can be taken up into
the liver. While some species, e.g. rats, don'eh@#TP, this might be the major pathway in
humans (19).

1.3 Transcription factors

Transcription factors (TFs) are proteins that cargene regulation and determine where,
when and how efficiently the RNA polymerase Il ftions. The term TF covers several
functionally different groups of transcription reégtors, including general transcription

factors and sequence-specific DNA-binding transnpfactors.

General transcription factors, such as TATA-bindangtein (TBP) and polymerase II-
associated transcription factors (TFIIA and TFI&8;.) are accessory proteins that assemble
on the promoter to form a transcription initiatilomplex. These TFs are necessary for the
initiation of transcription, as they position th&lR polymerase Il and pull apart the double
helix to expose the template strand. Additionat transcription factor TFIIH is involved in

releasing the other TFs from the RNA polymerasthabthat transcription can take place.

Sequence-specific DNA-binding TFs bind to short DE§juences called response elements
to regulate the rate of gene transcription. Theykvas transcriptional activators by aiding the
assembly of the RNA polymerase and general THsegbtomoter, or they work as repressors
to prevent the assembly of the protein complex. ddfsalso modulate chromatin structure to
affect the accessibility of the promoter to theagahtranscription factors and RNA
polymerase. The sequence-specific DNA-binding tapson factors do not have enzymatic
activity of their own but require co-regulators Bwas histone modifying enzymes or

nucleosome remodelers to function.



As a minimal requirement, DNA-binding TFs alwaysy@&wo functional domains; a DNA-
binding domain (DBD) and a transactivation domadiAD). TFs are often classified based on
their DBD. Common DBD structural motifs include themeodomain, zinc fingers, helix-
loop-helix and leucine zippers (34). The DBD oftemtains one or more helices which

dock into the major groove of DNA wherever it ren@gs its binding site, so-called
responsive element. The TAD interacts with otheregulatory proteins to activate
transcription from a nearby promoter. Transcripfiactors frequently bind to DNA as

dimers, which increase the strength and specifafityre protein-DNA interaction. Two
different proteins can pair in different combinaso which allows for many different DNA

sequences to be recognized by a limited numberadéins.

1.3.1 bHLH-LZ transcription factors

Basic helix-loop-helix (bHLH) proteins make up getfamily of dimeric transcription
factors that play a crucial role in several deveileptal processes. The bHLH TFs have two
highly conserved and functionally distinct domaifise N-terminal contains a basic domain,
which binds to DNA at consensus sequences knovenlaancer boxes (E-box). The
canonical E-box sequence is CANNTG, where N isrargteotide. However, non-canonical
E-boxes also exist, and different families of bHptdteins recognize different E-box
consensus sequences. The central HLH domain &desiinteractions with other proteins to
form homo- and heterodimeric complexes. Some bHtdt#gn family members also have a
leucine-zipper domain C-terminal to the bHLH regiéreucine zipper motif consists of an
a-helix with repeating leucine residues at eveéfydsition. These residues stabilize leucine
zipper dimers through hydrophobic leucine-leucimenactions Eigure 2). Members of the
basic helix-loop-helix leucine zipper (bHLH-LZ) faginclude transcription factors such as
Myc, Mad, Max, Mondo, ChREBPs, SREBPs, and MIx.
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Figure 2: Leucine zipper domain

A: Protein structure showing essential domains of the bHLH transcription factor Max homodimer.
Reproduced from (35) by permission of The Royal Society of Chemistry. BR: basic region; HLH: helix
loop helix; LZ: Leucine zipper. B: lllustration of how a leucine zipper domain is stabilized through
hydrophobic leucine-leucine interactions and ionic interactions. Modified from (36).

1.3.2 Nuclear receptors

The nuclear receptors (NRs) are a family of ligaagulated transcription factors that are
activated by steroid hormones, such as estrogepragesterone, or other lipid-soluble
molecules, such as retinoic acid, oxysterols, agtd hormone. NRs regulate the
transcription of genes that are essential for &tyaof biological processes, including
embryonic development, cell proliferation and meted (37). Since NRs play a key role in
many diseases, such as diabetes, and cancer réhalsa major targets for drug design and

discovery.

The NRs are modular proteins and share a commoctste of four domains (38), as shown
in Figure 3. The N-terminal domain contains a ligand-indep@atnd@nsactivation function,
known as activation function 1 (AF-1). It is recaged by coactivators and other transcription
factors and its length and sequence varies inrdifitemembers of the NR family. The central
DNA-binding domain (DBD) consists of two Zinc-fingeotifs, which are common to the

NR family. Following the DBD is a hinge domain, whiconfers spatial flexibility to the

receptor. The C-terminal contains the ligand-bigdiomain (LBD) that is fairly well
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conserved. It engages in the binding of agonistet antagonistic ligands but also contributes
to dimerization with other NRs. The LBD also hdgjand-induced activation function 2

(AF-2) which is involved in interactions with cog@ators.

N-terminal Hinge
domain region
A i’ AB C D E
DNA binding Ligand binding
& domain (DBD) doman (LDB)

3D

Figure 3: Structural organization of nuclear recept  ors

A: Schematic 1D amino acid sequence of a nuclear receptor. B: 3D structures of estrogen receptor

domains: DBD (bound to DNA) and LBD (bound to ligand). Reproduced from Wikimedia Commons.

Nuclear receptors can form homodimers or heterodinoe as for certain receptors; function

as monomers. As an example, steroidogenic factmtslas a monomer, while steroid
receptors such as androgen receptor and estrogeptoe act as homodimers. A number of
NRs form heterodimers with retinoid X receptor (RXRr example, retinoic acid receptor
(RAR), thyroid hormone receptor (THR) and the met&imuclear receptors LXR, farnesoid

X receptor (FXR), and peroxisome proliferator-aated receptor (PPAR). The NRs bind to
hormone response elements (HRES), which are dergadf the canonical sequence
RGGTCA, in which R is a purine. This sequence cambdified, extended and repeated, and
the repeat can be direct, inverted or everted.répeated sequences can also be separated by
a different number of nucleotides, which ensures tihe response elements are selective for a

given receptor or group of receptors.
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1.3.3 Carbohydrate response element binding protein

Carbohydrate response element binding protein (BHEalso known as MLX-interacting
protein-like (MLXIPL) or MondoB, is a large trangation factor of ~95 kDa (864 amino
acids) and belongs to the bHLH-LZ family of tranption factors. ChREBP contains several
functional domainsKigure 4), including an N-terminal glucose-sensing modG&K),

which is evolutionally conserved in Mondo proteialso known as Mondo conserved region
(MCRI-1V). The MCR/GSM contains two nuclear expsignals (NESs) and a nuclear
localization signal (NLS), important for the celullocalization of ChREBP. The glucose-
responsiveness of ChREBP has been mapped to théNBSRIregion, which consists of a
glucose-response activation conserved element (GRAdhd a low-glucose inhibitory
domain (LID), which inhibits ChREBP’s transactivatal activity, conferred by GRACE in
conditions of low glucose concentrations (39). Tihkbition is lifted in conditions of high
glucose concentrations. The C-terminal region aoata basic helix-loop-helix/Zip domain
that is responsible for DNA-binding and regulatadriranscriptional activity through

heterodimerization with Max-like factor X (Mlx) (30

The humarMLXIPL gene consists of 17 exons spanning position 73%8P473,593,194 on

the minus strand on chromosome 7. In 2012, Hermdrcallaborators discovered a shorter
and more potent isoform, which they named ChRE®Pseparate it from the canonical, full
length isoform ChREB#(41). The ChREBPIisoform is transcribed from an alternative
promoter 24 kb upstream of tMLXIPL exon 1A. When transcribed, the alternative exon 1B
is spliced to exon 2, losing exon 1A and the carelfChREBI®. translational start site.
Instead, translation begins at codon 177 (AUG xione4, leading to a shorter protein of 687
amino acidsKigure 4). Since ChREBP lacks most of the LID, it is constitutively active

regardless of glucose concentrations.
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Figure 4: Schematic representation of the ChREBP o and ChREBP B proteins.

Schematic protein structure of the murine ChREBPa and its shorter isoform ChREBPB. Recognized
domains and sites for post-translational modification are indicated. bHLH: Basic helix-loop-helix
domain; LID: Low-glucose inhibitory domain; GRACE: Glucose response activation conserved
element; GSM: Glucose sensing module: MCR: Mondo conserved region; NES: Nuclear export signal;

NLS: Nuclear import signal; ZIP-like: Leucine zipper-like domain.

ChREBP is most abundantly expressed in tissuegeaictide novo lipogenesis; the liver,
white adipose tissue, brown adipose tissue anthdmamary gland (42, 43). It is also highly
expressed in pancreatic islets, small intestineleskl muscle, and to a lesser extent in the
kidney and the brain (42). ChREBBhows lower expression than ChREHR the liver,
WAT, and pancreatic islets, and also respond diffgy with respect to expression levels
following fasting and refeeding. Hermanal. proposed a model in which ChREBPotently
induces the expression of the ChRBBsbform through an identified carbohydrate respons
element (ChoRE) in exon 1B upon glucose activaiddr). ChREBB has a transcriptional
activity 20-fold higher than ChREBRbut also a much higher turn-over (41). Thus, hil
changes in dietary carbohydrate availability prilgaegulate ChREBR activity, this feed
forward loop ensures that ChREBExpression, and thereby the total ChREBP transznigl
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activity, is upregulated concomitantly (44). Moreovn pancreatif-cells, ChREBB has
been shown to inhibit the expression of ChReBRough a negative feedback loop (45).

Glucose
metabolites

| Negative
feedback

Nucleus

Chrebpbeta

Target gene prom.

- /

Figure 5: A proposed feed-forward and feedback mechanism

Activation of ChREBPa by glucose metabolites leads to translocation to the nucleus, and binding to
ChoRE in the ChREBP promoter. As a result of this feed-forward mechanism, ChREBPf induces
transcription of lipogenic genes by binding to ChoREs in the target gene promoters. In pancreatic -
cells, ChREBP has also been shown to inhibit ChREBPa in a negative feedback loop. This
mechanism has not been reported in other tissues, such as liver and adipose tissue. ChoRE:

Carbohydrate response element.

Several nutritional and hormonal signals have ts®wn to regulate ChREBP activity, and
regulation occurs at the level of subcellular laetion, DNA-binding, and transcriptional
activity. ChREBP is activated in response to cayblosite feeding (fructose and glucose) and
inhibited by signals pertinent to fasting, inclugliglucagon/PKA, AMPK and ketone bodies
(46). Interestingly, polyunsaturated fatty acidgénalso been shown to inhibit ChREBP
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activity (47), suggesting that ChREBP has a roleegulating metabolic signals beyond being

a glucose sensor.

Activators of ChREBP regulate its entry from théospl to the nucleus, where it forms
heterodimers with MIx and binds to ChoREs in retpriaregions of genes involved in
metabolism, particularly lipogenesis, glycolysikjapneogenesis, insulin signalling and
tumorigenesis. The ChoRE is a conserved consergugisce, which is composed of two
canonical CACGTG E-box sequences separated bypése pairs (48). MiIx is a member of
the Myc/Max family of basic helix-loop-helix leu@rzipper transcription factors and is an
obligate binding partner of ChREBP (40, 4Byvo ChREBP/MIx dimers form a tetramer that
binds to the two E-boxes of the ChoRE motif to farmanscriptional complex regulated by
glucose (50).

It is thought that nuclear-shuttling factors sushld-3-3 proteins, CRM1, and importins bind
to NES1, NES2 and NLS in ChREBP to affect its silblze localization in response to
variations in glucose concentrations. Deletion atation of the MCRII (containing NES1) or
MCRIII (containing the 14-3-3 binding site) leadsincreased ChREBP nuclear localization
(51). However, trapping the full-length ChREBP e thucleus does not lead to constitutive
activation, suggesting that mechanisms other thiatear shuttling are important for the
regulation of ChREBP activity (52). Individually lééng or mutating MCRI-IV abolishes
ChREBP transactivation in response to glucose%8B,Moreover, the distances between the
MCRII, MCRIII and MCRIV are conserved across spsgcighich suggests that they act as
one functional module (55). Daviesal. proposed a model where a dynamic intramolecular
interaction between LID and GRACE prevents bindm@®NA, recruitment of co-activators,
and stimulation of transcription (53). In this mbde active metabolism leads to the
production of a glucose metabolite which might biodhe MCRI-1V region and lift the
inhibition by LID, thus increasing the transactieatactivity conferred by GRACE. Exactly
how glucose metabolites cause this conformatiomahge is uncertain, but it may involve
allosteric activation, which is the case for glyengynthase, a key enzyme of glycogen

synthesis in the liver (56).

It is still a matter of debate precisely which glae metabolite that induces ChREBP activity.
At least three metabolites have been suggestediosd-5-phosphate (X5P) (57), glucose-6-
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phosphate (G6P) (58) and fructose-2,6-bisphosgR2t€bP) (59). In low glucose
concentrations, ChREBP is phosphorylated on Serab@6Thr-666, which sequesters
ChREBP in the cytosol in association with the 133otein, thus hindering transcription of
target genes (57). High glucose concentrationdtresalevated concentrations of X5P, a
product of the pentose phosphate pathway, whidliedes protein phosphorylase 2A (PP2A).
PP2A will, in turn, lead to the dephosphorylatidrChREBP, which allows for its
translocation into the nucleus (57). However, thel was challenged by Denghal., who
reported that G6P, but not X5P was necessary f&ERP activation. Their data showed that
dephosphorylation by PP2A is not enough to actiziiBEBP. Phosphorylation may,
however, play a part in the transition from fastindeeding. Glucagon treatmdatds to
significant rise in Ser-196 phosphorylation andh® subsequent export of ChREBP from the
nucleus bothn vivo andin vitro (58, 60). Other post-translational modifications;lsas
acetylation and O-GIlcNAcylation, do not influenceREBP nuclear shuttling but increase its
transcriptional activity within the nucleus by fawng its recruitment to its target gene

promoters (61, 62).

1.3.4 Liver X receptor

The two Liver X receptors LX&®(NR1H3) and LXR3 (NR1H2), are members of the NR
family of transcription factors. They function dsygiological regulators of lipid and
cholesterol metabolism and control diverse pathviagevelopment, reproduction,
metabolism, immunity, and inflammation. Structwstldies of the LXR LBDs have revealed
that they are canonical NR structures. Lax&d LXR3 are closely related and share >75 %
amino acid identity in both DBD and LBD. LXRs highly expressed in the liver, but also in
the kidney, intestine and macrophages, while pXRubiquitously expressed (63-65)

A schematic structure of the LXR proteins is shawRigure 6.

NTD DBD Hinge LBD

LXRa 1 95 161 257 434 447
LXRp 1 84 157 273 432 461

Figure 6: Schematic structure of human LXR o and B proteins

NTD: N-terminal domain; DBD: DNA-binding domain; LBD: Ligand-binding domain. The numbers
represent the amino acid positions that demarcate the domain borders in LXRa and LXR,

respectively.
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Activation of LXR leads to heterodimerization wigXR and binding to LXR response
element (LXRE) to induce the expression of itseéaigenes. The LXRE consists of twe 5
AGGTCA-3 consensus half-sites spaced by four nucleotidBs4mnotif). The LXRs were
initially discovered as orphan receptors (66), argsterols were later suggested to be their
endogenous ligands. Oxysterols are 27-carbon demgaof cholesterol or by-products of
cholesterol biosynthesis and contain hydroxyl, cagbor epoxide groups (67).
Physiologically important endogenous LXR liganddule 248)-hydroxycholesterol,
present in the brain and plasma,R2(ydroxycholesterol, a metabolite of steroid hones,
24(S),25-epoxycholesterol in the liver, and 27-hydrdxylesterol in macrophages and plasma
(68). The LXR ligand binding pocket (LBP) is reladly flexible and allows for compounds
of very different structures to bind (69), includithe synthetic ligands Tularik (T0901317)
and GW3965 (

Figure 7). While Tularik also activates other NRs, name§RFand pregnane X receptor
(PXR) (70), GW3965 is a more selective agonist.iR (71).

CH3

CHj

24(S),25-epoxycholesterol 24(S)-hydroxycholesterol

OH CF3

CF Cl
o O 8
O
kCF3

0]

oo U

Tularik (T0901317) GW3965

Figure 7: Natural and synthetic ligands for LXR

18



The classical model of LXR activation assumes tihat_XR and RXR heterodimer is
constitutively bound to LXRES in the nucleus. Tram#ion is suppressed by corepressors
such as nuclear receptor co-repressor (NCoR) #&acsig mediator for retinoic acid and
thyroid hormone receptor (SMRT). Upon ligand adiva, the corepressor complex
disassociates, and coactivators such as p300, 6G&BAC2/NCOAG, are recruited and
activate transcription (72). An alternative modajgests that ligands, pioneer factors, co-
regulators and post-translational modificationsNRY play important roles in determining
LXR binding sites (68). In this model, histone H3K®nomethylation signals for LXR
recruitment. Upon ligand treatment LXR recruits @¢mylases, and the histones are
demethylated, causing a more open chromatin stejcillowing for LXR to bind to the
LXRE.

LXRs are subjected to a variety of PTMs, includaigpsphorylation (73), ubiquitination (74),
SUMOylation (75) and O-GlcNacylation (76, 77). TeésTMs can function cooperatively or
competitively, and have been shown to cross-tatk amd affect the action of co-regulatory
proteins. LXRs are modified by O-linkgdN-acetylglucosamine (O-GIcNAc), a product of
the hexosamine biosynthetic pathway, in responsggtoglucose conditions. This potentiates
their transactivational activity and increasesdkpression target genes like SREBP-1c (76).
Interestingly, it has been suggested that SUMQytadif LXRs leads to anti-inflammatory
effects, by inhibiting gene expression of pro-inflaatory cytokines such as TiE&nd IL-6
(78). These genes that are induced by pro-inflarmmdtFs such as NkB, STATs, and AP1
family members, can be transrepressed by SUMOylat&tt When LXR bind agonists this
can trigger modification by SUMO, allowing LXR toter the transrepression pathway (75).
SUMOylated LXR docks to the NCoR-SMRT co-repressamplex at the promoters of
inflammatory response genes, thereby preventingpressor complex disassembly and gene

activation (78).

In addition to playing a role in lipogenesis, LXR@regulates several proteins involved in
cholesterol homeostasis and bile acid metabolisXiR Increases the expression of the
cholesterol transporteABCA1 andABCG1 in macrophages, thus increasing the rate of
reverse cholesterol transport (79, 80). In therJitXR induces the expression ABCG5 and
ABCGS, which are involved in the excretion of bile acidpregulation 0ABCG5 and

ABCGS also limits the uptake of cholesterol in the ititess(81). LXR increases expression of
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IDOL, a negative regulator of LDL-R, which leadsréaluced uptake of LDL-cholesterol in
macrophages (82). In mice, LXR has been shown tegupateCyp7al, which is involved in
the conversion of cholesterol to bile acids. Howetlee humarCYPAL promoter is
unresponsive to LXR (83). Because of the role oRLX regulating cholesterol homeostasis,
they have been evaluated as potential therapeugets for diseases related to
hypercholesterolemia, i.e. atherosclerosis. Inddéedadministration of LXR agonists in mice
led to reduced aortic lesion formation (84) andnelesion regression (85). However, these
mice also displayed hepatic steatosis and hypbrtegdemia due to increased hepatic
lipogenesis and VLDL secretion, which has hampénedlevelopment of pharmacological

therapies targeting LXRs.

1.4 Role of ChREBP and LXR in metabolic
pathophysiology

Dysregulation of lipogenesis can contribute to hiepsieatosis, which is associated with
obesity and insulin resistance. Both ChREBP and IsKRulate the lipogenic pathway in the
liver, and it is reasonable to believe that theaym role in the development of metabolic

diseases such as hepatic steatosis and T2DM.

1.4.1 NAFLD

Increased expression of ChREBP in the liver has BBewn to correlate with obesity and
hepatic steatosis in humans (86). Genetic modatbedity in mice and rats have established
ChREBP as a key mediator of hepatic steatosistdsieas worsened by ChREBP
overexpression in liver (87, 88), while ChREBP digfncy improves hepatic steatosis and
other metabolic anomalies, including insulin remise (88, 89). However, a recent study
associated decreased hepatic ChREBP expressiotheittevelopment of NASH, while
treatment of NASH decreased inflammatory markedsiacreased ChREBP expression (90).
The authors then speculated if the decrease in BRREpression is associated with the

progression of NASH.

Similarly, it has been proposed that LXR play aldake in NAFLD. On the one hand,
hepatic LXR expression is associated with increasaverity of NAFLD (91). On the other,

LXR also has anti-inflammatory effects which magmase the progression from steatosis to
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steatohepatitis. The anti-inflammatory effects ¥iR_have been suggested to occur via a
direct and an indirect mechanism. The direct meshamvolves SUMOylated LXR, which
as described above is capable of transrepressingBNFy a tethering mechanism.
Transrepression inhibits production of inflammatoyyokines, including tumour necrosis
factora, interleukin-6, and interleukingl(78). The indirect mechanism involves ABCA1,
which reduces the amount of cholesterol in thempamembrane of peripheral cells.
Cholesterol in the plasma membrane affects thetfumof Toll-like receptors such as TLR4,
and thus higher levels of ABCAL reduces the aatwvedf TLRs (92)

1.4.2 Insulin resistance

The evidence for the role of hepatic ChREBP in lins@sistance is contradictory. Both
global and liver-specific ChREBP deficiency leadsmpaired glucose tolerance and insulin
resistance in mice (42, 93). However, RNAi-mediated/nregulation of ChREBP in obese
ob/ob mice improved hepatic steatosis and metabolicaitas, including insulin resistance
(88, 89), suggesting different effects of ChREBR itontext of lipid overload. In another
study, ChREBP overexpression in the liver led tpriowed insulin sensitivity, despite
exacerbated steatosis, which may suggest thatibegpedtosis is disassociated from insulin
resistance (86). This seemingly contradictory fngdmay be linked to ChREBP’s role in
upregulating SCD-1, which converts saturated fatigls (SFA) into monounsaturated fatty
acids (MUFA), as steatosis was associated witmameased MUFA:SFA ratio in the liver of

these mice.

As DNL in adipose tissue helps sink excess enerigke, it is associated with a favourable
effect on glycaemic control (94, 95). In obese hosy@&xpression of ChREBPbut not
ChREBRy, in adipose tissue correlates with improved imssénsitivity (41, 96, 97). This
suggests that ChREBP protects against obesity{assdénsulin resistance, possibly by
inducing DNL. Also, decreased ChREBP expressiaipocytes may exacerbate the state of
insulin resistance by directly affecting the rekea$ specific adipokines and lipid species

such as diacylglycerol and ceramides (98, 99).

Activation of LXR has been shown to have potentiseglucose-lowering effects (70, 100).
This has been attributed to the ability of LXR ndibit hepatic gluconeogenesis and promote

glucose uptake in white adipose tissue (WAT), @atinent with synthetic LXR agonists has
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been demonstrated to downregulate the gluconeogemygmeEPCK andG6PC (100,
101). In addition, LXR activation induces expressid hepatic glucokinase, increasing
glucose flux into the liver and enhancing glucoskzation (100). In murine WAT, LXR has
been shown to promote glucose uptake via the ufaego of GLUT-4 (71, 100). However,
treatment with LXR agonist impaired glucose uptakadipocytes derived from overweight
individuals, suggesting possible species seledifexts of LXR or dysfunctional signalling
in obesity (102).

1.5 The rationale behind the current project

While DNL in WAT is associated with increased inswdensitivity, DNL in the liver is linked
to hepatic steatosis, insulin resistance and miétafymdrome. The current model of
transcriptional regulation of hepatic DNL involviesR, which regulate expression of
SREBP-1c and ChREBPChREBR, in turn, regulates ChREBRexpression. Preliminary
data from our group indicate that LX¥Rlso has the ability to regulate the ChREBP
promoter, indicating that LXR and ChREBP engageanscriptional cross-talk. The
molecular mechanisms involved in this cross-taéklargely unknown but may involve some
kind of protein-protein interaction. Interestingiyyhas been shown that LXRnteracts with
ChREBR, but not ChREBP (Ngrgaard, unpublished data). Further data indcc#tat when
LXRa and ChREBR are exposed to LX&ligands such as GW3965, the activity of the
ChREBR promoter is reduced. This apparent contradiciahtd the hypothesis that
ChREBP and LXR are part of a carbohydrate and shaxiel-responsive transcriptional
switch. In this model, oxysterols would drive thgpeession of ChREB&® while glucose
would drive the expression of ChRERP

Expression of ChREBPIn adipose tissue has been shown to correlateimgteased insulin
sensitivity, while an inverse correlation has bebgerved in the liver, suggesting opposite
roles for ChREBP in WAT and liver. While adipossstie samples are fairly accessible, it is
generally not possible to obtain liver tissue sasftom healthy volunteers. Therefore, any
accessible cell type or tissue that could be used@oxy to study liver biology is of interest.
Peripheral blood mononuclear cells (PBMCs) are dloslls with round nuclei and include
lymphocytes (T cells, B cells, and NK cells), moytes and dendritic cells. These cells are

part of the innate and adaptive immune system, &/haan function is to prevent and limit
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infections from pathogens such as viruses and ba¢i®d3). The innate immune system is
the first line of defence against pathogens. GHlthe innate immune system, such as
monocytes and macrophages, secrete cytokines \Wwgadho inflammation and activation of
cells in the adaptive immune system. The cellhiefadaptive immune system, i.e.
lymphocytes, recognize specific pathogens and graigainst recurring infections.

Lymphocytes are the largest cell population covénethe term PBMC (104).

PBMCs are fairly easy to obtain from humans, andesblood cells are part of the transport
system in the body, they interact with most tissures are exposed to an array of nutrients,
metabolites, excreted factors, and waste prodB&MCs share more than 80 % of the
transcriptome with other tissues like kidney anerj and also express organ-specific genes
(105). PBMCs also express genes that are respotaspleysiological stimuli such as fasting
and feeding, or different levels of fatty acidsg§1@07). Furthermore, PBMCs seem to reflect
the liver environment and compliment adipose tiggw#ngs in transcriptomics (104).
Therefore, they have been used for studying theorese of certain genes related to fatty acid
and cholesterol metabolism, suchHMGCR andLDLR (108, 109). We were interested in
finding out whether these cells could serve asmasvo model for investigating our

hypothesis.

1.6 Aims of the project

The main objective was to attain a deeper undetstigrof the putative carbohydrate and
cholesterol-responsive transcriptional switch i likker. By using a combination af vitro
assays and patient material, we wished to investiga

1. How LXR and ChREBP work individually, and togethto regulate the ChREBP
expression.

2. How LXR and ChREBP bind to each other in thé e@d how this binding is regulated.
3. How expression of ChREBRnd ChREBPR and the ratio between the isoforms changes
under different physiological and pathophysiologmanditions, like hypercholesterolemia,

hyperglycemia or high levels of polyunsaturatedtyfatids.
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2 Methods

This section describes the laboratory techniqudspancedures carried out in this project.
Details about reagents, kits, equipment, and soéaee listed ilAppendix

I, antibodies are listed iltppendix |1, preparation of buffers and reagents is outlimed i
Appendix |11, plasmids are listed iAppendix 1V, and finally, primer sequences are given in
Appendix V.

2.1 Peripheral blood mononuclear cells

A pilot study had been conducted by Prof. KB Holvienvhich blood samples were collected
from diabetic and pre-diabetic patients. Serum lid@rs were analyzed at Department of
Medical Biochemistry, Oslo University Hospital. Baarkers included fasting serum
concentrations of glucose, insulin, C-peptide, LBIQL and total cholesterol, triglycerides,
free fatty acids, C reactive protein (CRP), asparaainotransferase (ASAT), alanine
aminotransferase (ALAT), vitamin B12, folate, cieate and plasma homocysteine.
Additionally, PMBCs were isolated from whole bloadd frozen at -80°C as described
previously (110). The study was approved by thgi&tel Committees for Medical and
Health Research Ethics (REC) South-East Norway.

2.1.1 Homeostatic Model Assessment for Insulin Resistanc e

Homeostatic Model Assessment for Insulin ResistdRi€@MA-IR) is a method which
provides a score for estimating insulin resistabesed on measurements of fasting serum
glucose and insulin levels. There has been denaiadta reasonable correlation between
HOMA-IR and euglycemic and hyperglycemic clamp gadwhich are considered the gold
standard for assessing insulin sensitivity (11d}his project, HOMA-IR was calculated
using the formula (insulin, pU/mL x glucose mmol23.5. Common cut-off levels range

from 1.6-3.0, depending on the study populatior2(11.3).
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2.1.2 Gene expression analysis

In this project, total RNA was isolated from theN®8s, cDNA was synthesized, and gene
expression oEXRA, MLXIPL (ChREBR/f), FASN andSREBF1 was analyzed by gPCR, as
described irBection 2.4.

2.2 Culturing of mammalian cells

Cell culturing is the process where animal or plagils are removed from the tissue and
grown in a favourable artificial environment. Thesds can be derived from multicellular
eukaryotes or an established cell line or celistis such, the cell culture represents a
simplified model system for studying basic celllbgy, perform toxicity testing, develop
gene therapy etcetera (114). When cells are igbfaben tissue and allowed to proliferate,
this is known as a primary culture. When the pryrarture occupies all of the available
substrate, they have to be sub-cultured by tramséethem to a new vessel with fresh growth
medium to provide more room for continued growtfteAthe first sub-culture, the primary
culture becomes what is known as a cell line. {eds derived from primary cultures have a
limited lifespan. As they are passaged, cells withhighest growth capacity will start
predominating the culture, resulting in genotypd @henotypic uniformity in the population.
If a subpopulation of the cells is positively sédetfrom the culture by, e.g. cloning, the
culture is known as a cell strain. Normal cellsalgulose their ability to proliferate after a
limited number of cell cycles. These cell lines lamewn as finite. However, some cell lines
become immortal through a process called transfoomavhich can occur through stable

transfection or naturally occurring mutations.

Three different mammalian cell lines were usedferin vitro experiments of this project;
COS-1, HuH-7 and HepG2. These cell lines are furdlescribed in the following chapters:
2.2.1-2.2.3. HuH-7 cells were used for reporter gene assaysrithed inSection 2.7. HepG2
cells were used for gene expression studies, testmSection 2.4. COS-1 cells were used
for co-immunoprecipitation assays, describe8action 2.8. All cells were cultured in single-
use sterile polystyrene culture flasks (Corning,lfalcon™). For downstream applications,
the cells were seeded in single-use sterile palgatyculture plates (Corning Inc., Falcon™).
All cell line work was performed in biological styecabinets in a designated cell lab, where

the working area was washed with dd@Hand 70 % ethanol before use.
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The regrowth of cells follows a standard patterthvai lag phase, log phase and plateau phase
in which the cell concentration exceeds the capatithe medium. If the cells are left in this
phase, the cells will withdraw from the replicatioycle, the medium will become exhausted
and eventually the cells will die. It is therefangportant to routinely sub-culture the cells to
avoid the senescence associated with prolongedceijdensity and to ensure reproducible
behaviour of the cells. Sub-culturing, or passagaigells involves detaching adherent cell
cultures from the surface of the culture flasksibing the proteolytic enzyme trypsin and
transferring a small number of cells into a newsegsvith fresh culture medium. The

procedure for sub-culturing of cells is describe&ection 2.2.4.

2.2.1 HuH-7

The HuH-7 cell line is a well-differentiated hepayte-derived carcinoma cell line. The cell
line was established by Nakabayaettal. from cells derived from liver tissue from a 57aye
old Japanese male with well-differentiated hepdtoleg carcinoma (115). HuH-7 cells are
epithelial-like cells, adhere to the surface o$lieand plates and grow in a 2D monolayer.

HuH-7 cells have a number of mutations, e.g. atpoimtation in the p53 gene.

In the current project, culture medium for HuUH-Ti€®vas composed of high (25 mM)
glucose Dulbecco’s modified Eagle’s medium (DMEM)hWL-GIn (Lonza, #12-604F), 10 %
heat-inactivated FBS (Sigma-Aldrich, #F7524), a@dBmL penicillin/50 pg/mL
streptomycin (Sigma-Aldrich, #P4458).

2.2.2 HepG2

The HepG2 cell line, established by Knowsesl., is an immortalized cell line derived from
liver tissue from a 15-year-old Caucasian male. dé¢ikline was originally reported to be a
hepatocellular carcinoma cell line, however, maeently it has been reported that HepG2
may, in fact, is a hepatoblastoma-derived cell (E6). HepG2 cells are epithelial-like,
adherent and grow in a 2D monolayer and in smategates. The cells perform many
differentiated hepatic functions, such as triglydemand cholesterol metabolism, lipoprotein

metabolism, glycogen synthesis and insulin signgl{iL17).
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HepG2 cells were cultured in low (5mM) glucose DMENih L-GIn (Lonza, #BE12-707F),
10 % heat-inactivated FBS (Sigma-Aldrich, #F7524mM L-glutamine (Sigma-Aldrich,
#G7513) and 50 U/mL penicillin/50 pg/mL streptomy¢bigma-Aldrich, #P4458).

2.2.3 COS-1

COS-1 is an African green monkey kidney fibroblidst-cell line suitable for transfection by
vectors requiring expression of SV40 T antigen. liinewas derived from the CV-1 cell line
(ATCC CCL-70) by transformation with an origin defi’e mutant of SV40 which codes for
wild-type T antigen. The cells contain a singleegrated copy of the complete early region of

the SV40 genome.

COS-1 cells were cultured in culture medium comgdasfehigh (25 mM) glucose DMEM
with L-GIn (Lonza, #12-604F), 10 % heat-inactivatelS (Sigma-Aldrich, #F7524), and 50
U/mL penicillin/50 pg/mL streptomycin (Sigma-Aldhc#P4458).

2.2.4 Cell cultivation procedures

All cells used in this project were cultivated &t3C in a humidified atmosphere of 5 % £0
in the air.

Procedure for sub-culturing of cells

The volumes and concentrations detailed in thisgutare are adapted to culturing in 75cm
(T-75) flasks. For larger culture flasks, adjustwvoes accordingly. First, remove the old
medium and wash twice with 5 mL PBS. Add 2.5 mlpsin and incubate at 37 ° C until the
cells detach. HuH-7 and COS-1 cells are incubaie@-# minutes, while HepG2 cells are
incubated for 5-6 minutes. After incubation, gersthake the flask so that the cells detach.
Add 5 mL culture medium with FBS to inactivate thgsin. Count the cells as described in
Section 2.2.5. Transfer 1:5 or 1:10 of cells to a new flask, @l&ging on the number of days
until next sub-culturing. Adjust the final volume 12 mL. Sub-culture or renew the medium
of the cells three times per week, and ensurethieatiotal cell concentration does not exceed
8x10 cells/T-75.
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Procedure for freezing cells

Wash the cells with PBS and add trypsin to dethelcells, as previously described. Count
the cells as described 8ection 2.2.5, and calculate how many aliquots to freeze. The
concentration of cells should be approximately Px¥ad mL freezing medium per ampulla.
Spin down the cells at 1300 rpm for three minudes, discard the medium. Re-suspend the
cells in freezing medium to a concentration of 1%hl.. For the cell lines used in this
project, the freezing medium consisted of 5 % DMSB@ 95 % heat-inactivated FBS v/v.
Freeze the cells at -80°C using a cryogenic frgeeamtainer, which lowers the temperature
1°C/min. Do not move or disturb the cells during treezing. After 24 hours, transfer the cell

ampullas to a liquid nitrogen @Ntank for long-term storage.

Procedure for thawing cells

The cell line ampullas are kept in liquid bnks at -196°C. Equilibrate 15 mL culture
medium in a T-75 culture flask at 37°C and 5 %@ 30 minutes. Thaw tubes of cell in a
water bath at 37°C. Transfer the cells to the@mdture flask. Change the medium after

approximately 24 hours to remove the DMSO.

2.2.5 Cell counting

In order to be able to sub-culture or seed cel@appropriate concentration, it is necessary
to count the cells. This can be done using therogen™ Countess™ Automated Cell
Counter. The Trypan Blue Stain is mixed 1:1 witl tell suspension. Live cells will actively
transport the stain out of the cell, while the deells will absorb the staining. Hence, live
cells have bright centres, while dead cells haueiform blue colour with no bright centres.
The machine is then able to distinguish betweed ded live cells.

Procedure for counting cells

After trypsinizing the cells and adding cell cuunedium with FBS to inactivate the trypsin,
take a representative aliquot of 30-50 pL of tHestespension for cell counting. Add 10 pL
of the cell suspension to 10 puL 0.4 % Trypan BlterS(Invitrogen #T710282). Mix gently by
pipetting up and down. Apply 10 pL of the sampletonie to one side of the cell counting
chamber slide and put the slide into a CountesstorAated Cell Counter (Invitrogen™).

Adjust the focus so that live cells have brighttoenand dead cells are blue. Live cell, dead
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cell, and total cell count is shown on the scresnyell as percentage viability. Count

samples twice and use the average.

2.3 Glucose stimulation

2.3.1 Stimulation of HepG2 cells with glucose

HepG2 cells are maintained in 5 mM glucose DMEMedthe cells in 12-well-trays, at a
concentration of 2xfwell in 1.5 mL DMEM with 5 mM glucose.

On the following day, inspect the cells to enstia tells are equally confluent in all the
wells. Change the medium from normal (5 mM) to high Mm) or low (1 mM) glucose-
containing medium: Remove the old medium, wash aahtwice with 1 mL fresh medium,
containing either high or low glucose dependinglantreatment. In this project, we used this
type of glucose treatment in a time-course experimdere cells were harvested before
changing the medium (t0), and then 6, 12, 24 ankdoi8s after changing to high or low

glucose-containing medium, as outlined=igure 8.

Change medium to low or

high glucose
Day 1 Day 2 Day 3 Day 4
L 1 [ ] [ [ ]
I 1 | 1 | 1
i t0 6 t12 124 t48
Seed cellsin
12-well trays

Harvest cells, isolate RNA, cDNA synthesis and gPCR

Figure 8: Flowchart of glucose stimulation experime nt

HepG2 cells were seeded in 12-w trays in normal (5 mM) glucose. On day 2, the medium was
changed to low (1 mM) or high (25 mM) glucose. Cells were harvested at baseline, and 6, 12, 24 and
48 hours after changing medium.
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Harvesting: Inspect the cells. Wash all wells twigth 1 mL PBS. Add 400 pL RLT buffer
with 0.1%p-ME (2-Mercaptoethanol). Scrape the cells with lastaper. Transfer the lysate
to 15 mL tubes and store at -80 °C. Proceed witA Rdlation and downstream analysis, as
described irBection 2.4

2.4 Gene expression assays

2.4.1 Isolation of total RNA

RNA was isolated using the Qiagen RNeasy Mini Kit4104). The RNeasy procedure
makes use of a silica membrane and a buffer systeésolate up to 100 ug of RNA from

cells and tissue. RNA smaller than 200 nucleotidash as 5.8S rRNA and 5S rRNA, are
selectively excluded. The samples are first lysadildomogenized in the presence of a buffer
containing guanidine thiocyanate gh#lE, which inactivates RNases. This ensures that th
isolated RNA remains intact. Ethanol is added, engwappropriate binding of RNA to the
silica membrane. Contaminants are washed awayRais then eluted with Tris-buffered
water. The purified RNA can then be used for doveah analysis such as cDNA synthesis
and gPCR.

Procedure for isolating total RNA

Wash cells twice with 1 mL PBS. Add 10 B-ME pr. 1 mL Buffer RLT, supplied in the
Qiagen RNeasy Mini Kit (#74104). Add 400 pL BuffeL T per well in a 12-well cell culture
dish. Scrape the cells with a rubber cell scrapdrallect the lysate in a microcentrifuge

tube. Remove any cell clumps by passing the lyasaleast 5 times through a 21-gauge needle
fitted to an RNase-free syringe. If the lysateas to be used immediately, freeze at -80 ° C.
Otherwise, proceed according to the manufacturegsual (2011) (118, 119). Measure RNA

concentrations on NanoDrop® ND-1000 spectrophotem@anoDrop Technologies).

2.4.2 Assessing RNA quality

There is a linear relationship between the RNA itppahd gene expression measurement
(120, 121). It is therefore important to test RN#atity in order to obtain meaningful and
reproducible data in downstream analyses. One rddtrassessing RNA quality is using the

Agilent 2100 Bioanalyzer system, which uses autechatectrophoresis to provide sizing,
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quantitation, and purity assessments for RNA sasaflbe Bioanalyzer uses algorithms to
determine the RNA quality, as expressed as an Ritygiity number (RIN). The RIN scale
ranges from 1 to 10, where 1 is the lowest ands10a highest quality. For reproducible and
reliable data in downstream analysis, a RIN highan 5 is recommended, and higher than
eight is considered as perfect total RNA (120).

Procedure for assessing RNA quality

Using the Agilent RNA 6000 Nano Kit (#5067-1511)epare the gel-dye mix according to
the manufacturer’s instructions (2013) (122). Ltaelsamples onto the chip supplied in the
kit. Run the chip in the Agilent 2100 Bioanalyzethin 5 minutes.

2.4.3 Complementary DNA (cDNA) synthesis

Reverse transcriptase (RT) is an enzyme origirialind in retroviruses which can synthesize
DNA from RNA. RT can hence be used to synthesizeptementary DNA (cDNA) from
isolated mMRNA. Random hexamers primers (5’-NNNNNNean hybridize anywhere on the
RNA, generating a double-stranded segment whereaRTstart the reverse transcription. By
adding deoxynucleotides (ANTPs), RT can syntheddd¢A hybridized to mRNA.

The polymerase chain reaction (PCR) is quite sgadib contamination. Hence it is
important to follow good laboratory practices witnng PCR assays. When working with
RNA, precautions should also be taken to avoid eraiz RNA breakdown by ribonucleases
(RNases). RNases are extremely stable and existurally every cell, bacteria, and fungi.
Always wear a clean lab coat and gloves, and chgloyes often. Open and close sample
tubes carefully to avoid spilling. Lab work shote performed on a clean lab bench using

dedicated equipment and supplies.

Procedure for cDNA synthesis

cDNA was synthesized from mRNA using the AppliedBistems High Capacity cDNA
Reverse Transcription Kit (#4368813), followingtimstions supplied by the manufacturer
(2010) (123). The kit includes deoxynucleotides Té), random hexamer primers, RT
buffer and MultiScribe™ RT.
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Dilute the RNA to 50 ng/uL in 10 uL RNase-free wateor each reaction, use 4.7 pL RNase-
free water, 2 pL RT buffer (10x), 2 pL random pri;gl0x), 0.8 uL dNTPs (100 mM), 0.5
pHL MultiScribe™ enzyme, and 10 pL of the diluted Rimplate. The total reaction volume
should be 20 pL and contain 500 ng of RNA. Rurréwverse transcription reactions in PCR
strips on a Veriti™ 96 Well Thermal Cycler (Appli&ilosystems™), using the program

outlined inFigure 9:

Step 1 Step 2 Step 3 Step 4
Annealing Reverse transcription  Enzyme inactivation Cool
85°C
5min
37 °C
25°C 120 min
10 min 4°C

Figure 9: PCR temperature cycling for reverse trans  cription

As controls, prepare a sample without the Multige enzyme to control for contamination
of genomic DNA, and a sample using pure water vatiRINA to control for contamination
of RNA in the reagents, as well as primer dimenfation. The cDNA can be stored short-

term at 2-6°C, or long-term at -20 °C.

2.4.4 Quantitative Polymerase Chain Reaction (QPCR)

The polymerase chain reaction (PCR) is a methadhich specific sequences within
genomic DNA or the cDNA template are amplified gsgequence-specific oligonucleotide
primers, heat-stable DNA polymerase, and therméiry. In real-time quantitative PCR
(gPCR), the PCR product is measured with each ofcenplification. The amount of DNA
Is measured via reporters that yield an increaumgescent signal in direct proportion to the
number of PCR product molecules generated. Datactetl in the early and exponential
phase of the reaction give quantitative informatorthe staring quantity of the amplification
target. If a particular sequence is abundant, esipioad amplification is observed in earlier

cycles. If the sequence is scarce, exponentialiiogpion is observed in later cycles.
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Primers are short forward and reverse complementacieotides that anneal to the gene of
interest. They direct the DNA polymerase to thetistg point of replication. Primers used in
this project were designed using Primer-BLAST fridi@BI, except for the primers targeting
CHREBPA andCHREBPB, which were found in literature (41Appendix 1V). A primer pair
should be sequence-specific so that only one pdatti©NA sequence is amplified, and in the
case of cDNA amplification, preferably anneal t@eyexon junctions to avoid amplification

of genomic DNA.

In order to measure the amplification of DNA durihg gPCR, fluorescent probes or DNA-
binding dyes and instruments that measure fluorescduring the thermal cycling can be
used. SYBR Green® is a fluorescent dye that biadkotible-stranded DNA. When SYBR
Green® binds to DNA, it emits a stronger fluoresc@gnal than unbound dye. The cycle
number at which the fluorescent signal crosseshitesshold, i.e. detected above background,
is expressed as the threshold cyclg)(Che G value is used to calculate the initial DNA

copy number and is inversely related to the amotitdarget (124).

SYBR Green® will bind to any amplified product, nost the target sequence. It is therefore
important to assess specificity for every react@ne common assessment is a melting curve
analysis. The rationale for this assessment isgihett amplicon has a specific melting
temperature, f. Off-target products will therefore have detectatiifferent T, values. When
double-stranded DNA (dsDNA) melts, DNA becomes lgrgjranded, the dye disassociates,
and fluorescence decreases. The gPCR softwardananssthis into a peak, which should be
narrow, symmetrical and devoid of other anomake®wmmalies are an indicator of multiple

products, such as primer dimers or other non-siggmibducts.

Procedure for gPCR

Thaw gPCR reagents on ice and spin down beforeRPuspare a master mix corresponding to
5.0 uL KAPA SYBR® FAST gPCR Master Mix (2x) Univat{KAPA Biosystems,
#KK4601), 2.3 uL PCR water, and 0.1 pL of forwat@ (1M) and reverse (10 uM) target
gene primers per qPCR reaction. Pipette 7.5 pL ttemmaster mix into the wells of a 96-
well optical reaction plate. Dilute the cDNA sangle5 with PCR water and pipette 2.5 pL
of the diluted cDNA into each well in the reactioiate, using a multichannel pipette. This

yields a total reaction volume of 10 pL. Cover tbe of the plate with an optical adhesive
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sealing. Spin down the plate at 1000 rpm for 1 n@nRun the plate on a CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad Laborasjriesing a protocol suitable for
KAPA SYBRe FAST gPCR Master Mix (2x). A subsequent melt cuamalysis should be
included in order to analyze the specificity of gfeCR reaction.

(ydles: 45
I
Step 1 Step 2 Step 3 Stepd-6
Enzyme activation Denaturation Annealing/ Melting curve
extension
95°C 95°C 95°C 95°C
. 15 sec
3 10
e e 60°C 60°C +0.5°C/5 sec
20 sec 15sec

Figure 10: qPCR protocol

2.4.5 Processing of gPCR data

Relative mRNA expression was calculated using tmeparative € method, also known as
the 2*2°Tmethod. Advantages of this method include eass®fand the ability to present
data as ‘fold change’ in gene expression. The gB&R were normalized to TATA-binding
protein (TBP)ACr is the target €— Cr of the reference gene in each sampleCr is the
ACrt value of the treatment — tiaCr value of the control. In this project, the consamples
refer to cells cultivated in 5 mM glucose beforsatment. The relative amount of target
mRNA in a sample is given by*2°t. This will set the control samples to 1. Relative
expression of PBMC data was normalized so thaatleeage was equal to 17 € 35 was

considered negligible expression, and the samptenetaiconsidered further or set tg=G5.

2.5 DNA cloning

DNA cloning refers to the process of replicatingnaall piece of DNA. Plasmids vectors are
circular double-stranded DNA molecules, derivedrfolasmids that occur naturally in
bacteria, yeast and some higher eukaryotic cellS)(IPlasmids can be engineered to
optimize their use as vectors in DNA cloning. Tkeential components of a plasmid vector
include a replication origin (ORI), a region whepeogenous DNA fragments can be inserted,
and a drug-resistance gene. By treating the plasmidrestriction enzymes, which cleave
dsDNA at specific sites, one can open the plasmidpmepare it for inserting a gene of
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interest. This means that treating exogenous DNA,&human gene promoter, with the same
restriction enzymes will result in a DNA fragmenitiwa set of compatible ends. The DNA to
be cloned is then added to the cut plasmid, anffaélgenents are covalently joined by DNA
ligase, generating a recombinant plasmid. The réawent plasmid can then be inserted into
bacteria by transformation. Since the vector costai drug-resistance gene, only the bacteria
that have acquired the plasmid will survive wherated with the corresponding antibiotic.
Plasmids are duplicated before every cell divigiad are passed on to the next generation of
the host cell, and thus numerous copies of theypthsan be generated.

The majority of the DNA plasmids used in the cutq@mject Appendix 1V) were either
cloned and transformed at Department of Nutritldniversity of Oslo from 2012 to 2017, or
received as gifts. Plasmid stock solutions wereesitat -20°C. In this project, the reporter
plasmids pGL3b-mChREBPbeta-Exon-1B E-box-del and3iiamChREBPbeta-Exon-1B
DR4-del, and the expression plasmid pCMV4-FLAG-mEBR-LID were cloned,
transformed and purified by the procedures desdridatow.

2.5.1 Site-directed mutagenesis

The sequence of a cloned DNA fragment can be cliblbgsite-directed mutagenesis using
PCR. By allowing synthetic, overlapping oligonudide primers with mutations to anneal to
the template plasmid DNA, the mutated DNA is regiedl in the PCR. The template plasmid
DNA can later be removed by treating it widipnl, an endonuclease which specifically
digests methylated DNA (126). Since only plasmidADisiolated fromE. coli and not PCR
DNA is modified by methylatiorDpnl treatment can be used to separate the template fro
PCR products.

Procedure for PCR mutagenesis

Make dilutions so that all reagents have the appatgpconcentrations. Mix 5.0 pL template,
wild-type plasmid (5 ng/pL), with 1.25 pL forwardimer (10 uM), 1.25 L reverse primer
(10 uM), 5.0 pLPfuUltra 1l reaction buffer (10x) (Agilent, #600670), 1.2 dNTP (5 mM),
1.0PfuUltra Il Fusion HotStart DNA Polymerase (2.3 1U/uL) (Aagit, #600670) and ci®

to a total reaction volume of 50 puL. Run the PCRadhermal cycler, using the program
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outlined inFigure 11. In this project, we used a Veriti™ 96 Well Thern@aicler (Applied

Biosystems™).

Cycles: 18
v !
Step 1 Step 2 Step 3 Step 4 Step 5
Denaturation Denaturation Annealing Elongation Cool
95°C 95 °C
2min 30 sec

Figure 11: Temperature cycling for PCR mutagenesis

After the PCR is finished, add 10 of Dpnl restriction enzyme to 25 pL of the PCR mix.

Incubate at 37°C for 90 minutes to break down émepiate plasmid.

Procedure for cloning of pPCMV4-FLAG-mChREBP-LID

Start by amplifying the desired DNA fragment us@R, in this case, the low glucose
inhibitory domain (LID) from ChREB#&:. Dilute the PCR reaction solutions to appropriate
concentrations. Mix 5.0L of the DNA template (5 ngL) with 2.5uL forward primer (10
uM), 2.5 L reverse primer (1QM), 5.0 uL PfuUltra reaction buffer (10x) (Agilent,
#600670), 2.1L dNTPs (10 mM), 1.QuL PfuUltra Il Fusion HotStart DNA Polymerase (2.5
U/uL) (Agilent, #600670). Add ddH20O to a total volumEe50 uL and run the reaction mix

on a thermal cycler, using the program outlinedigare 12.

Cycles: 30
v I
Step 1 Step 2 Step 3 Step 4 Step 5
Denaturation Denaturation Annealing Elongation Cool
95°C 95°C
72°C
4 min 30 sec

1 min/kb

Figure 12: PCR amplification program
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After the PCR, verify that the correct insert hasi amplified by running an aliquot of the
PCR mix on an agarose gel: Mix 5 pL of the reactrox with 15 pL dH20 and 5 pL 5x
loading dye. Run with a DNA ladder (Invitrogen, #80018) on a 0.8 % agarose gel with
TAE buffer at 100V for 30 min using Sub-Cell® GT timntal Electrophoresis System (Bio-
Rad® laboratories, #1704401) and PowerPac™ BasiePSupply (Bio-Rad® laboratories,
#1645050).

Perform a PCR clean-up using the NucleoSpin® GelR@R Clean-up kit (Macherey-Nagel
#740609) according to the manufacturer’s instrungi®017) (127) with the following
adjustments: incubate for 1 minute when binding Diddfore spinning, and 1 minute when
eluting DNA, before spinning. Elute DNA in 25 pL10: TE buffer Appendix I11). Measure
concentration on a NanoDrop® ND-1000 spectrophoten(@&anoDrop Technologies).
Next, cut the PCR products and the vector withaghigropriate restriction enzymes, in this
projectBglll andHindlll, which will generate so-called sticky ends that lzder be ligated.
Mix insert, vector, restriction enzymes and buffessdescribed ifable 2 and incubate at
37°C for 1.5-2 hours.

Table 2: Cutting reaction of insert and vector

Volume (uL)
Reagent Insert Vector
Insert 23.0
Vector - 4.0
Balll 2.0 2.0
Hindlll 2.0 2.0
NEBuffer 3.1 (10x) 4.0 5.0
1:10 TE buffer 9.0 37.0

Run the cut vector along with a DNA ladder on a%.&garose gel to separate the desired
products from uncut vector and artefacts such asspecific amplicons and primer-dimers.
Excise the desired DNA fragment from the gel aneet the DNA from the gel using the
NucleoSpin® Gel and PCR Clean-up kit (Macherey-N&jgd0609). Follow the protocol
provided by the manufacturer (2017) (127). EluteADN 25 pL 1:10 TE buffer and measure
on a NanoDrop® ND-1000 spectrophotometer (NanoOmghnologies).
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Next, set up a ligation reaction and control. Mie tut PCR products and vector with T4-
DNA ligase (New England Biolabs, #M0202S/L), T4-DN@ase buffer and 1:10 TE buffer

to a total volume of 20 pL, as outlined in

Table3. Incubate at room temperature for 30 minutes. Make to add the insert in at least

3-fold molar excess for efficient ligation.

Table 3: Ligation reaction and control

Volume (uL) *
REELE Ligation Control
Vector, 4849 bp (30 ng/uL) 12.6 12.6
Insert, 556 bp (30 ng/uL) 4.4
T4-DNA ligase buffer (10x) 2.0 2.0
T4-DNA ligase 1.0 1.0
1:10 TE buffer - 4.4

Procedure for preparation of agarose gel

For a 0.8 % agarose gel, mix 0.8 g agarose (Laf&@181) in 100 mL 1XTAE in an
Erlenmeyer flask. Boil in a microwave oven at efflect for 3 minutes until the gel solution
appears clear. Cool the gel solution under runniager. Add 10 uL SYBR™ Safe DNA Gel
Stain (Invitrogen™ #533102 to 100 mL gel and gently swirl the liquid to mRour the
solution into a gel tray and put the comb intogeésolution. Wait 20 minutes until the gel

solidifies before running gel electrophoresis.

2.5.2 Transformation of E. coli

Transformation is the genetic alteration of the calised by uptake and expression of foreign
DNA. In bacteria, this can occur via uptake of mhKENA, transduction by bacteriophages, or
conjugation (125). In order for the bacteria toabée to take up naked DNA, such as a
plasmid, the cells must be made competent. Thidbeatone chemically or by
electroporation. The purpose of the transformagitbects the choice of method. DtdBells

are ark.coli strain that is engineered for optimal transfororagfficiency. When the cells

are heat-shocked, they are triggered to take wggioDNA through pores in the cell wall.

1 Volumes depend on the length of insert and vector. We used an online ligation calculator
(http://2011.igem.org/Team:UT_Dallas/ligation)
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Procedure for transformation of DH5 a

Thaw competent DHbon ice and mix 200 uL of the bacteria with 5 plligated or un-
ligated plasmid by pipetting up and down. Inculthebacteria on ice for 30 minutes, then
heat shock at 42 °C for exactly 90 seconds befotng the bacteria back on ice for 2
minutes. Seed 50 pL of each bacteria suspensi@natefd.B plates with the antibiotic of
choice, in this case, ampicillin as the plasmidgector an ampicillin resistance gene.

Incubate the plates overnight at 37 °C.

Identification of positive clones

Pick six colonies and use them to inoculate sixL3coitures. Incubate a 37 °C overnight with
shaking (250 rpm). Re-streak the culture on freBPAMpicillin plates. Incubate at 37 °C
overnight, and keep them at 4 °C for later use.féhewing day, isolate plasmid DNA using
the Miniprep NucleoSpi# kit (Macherey Nagel, #740588), according to tregrinctions
provided by the manufacturer (2017) (128). Meaf)N& concentrations on the NanoDrop®
ND-1000 spectrophotometer (NanoDrop Technologies).

A test cutting can be performed to identify plassnidth the correct sized insert before
sending them off for sequencing. In this projedest cutting was performed on pCMV4-
FLAG-mChREBP-LID by mixing 4.0 pL plasmid DNA (106fuL), 0.5 uLBglll, 0.5 puL
Hindlll, and 2 uL NEBuffer 3.1, adjusted to a total volush@0 pL with 1:10 TE buffer. As
uncut controls, 4 pL plasmid DNA and 16 pL 1:10Wa&s mixed. After incubation at 37 ° C
for 1.5-2 hours, add 5 pL loading dye to each sarapt run 25 pL of the plasmid mix on a
0.8 % agarose gel along with a DNA ladder in TAEduat 100V for 30 min.

Prepare the isolated DNA for Sanger sequencingAdt@Biotech (Germany). Dilute the
plasmid DNA to a concentration of 80-100 ng/uL. NBixtiL DNA with 5 pL sequencing
primers (5 uM) in a 1.5 mL microcentrifuge tubeq8encing primers are listed Appendix

V. Choose one clone for maxi preparation based oresegunteqgrity.

Maxi preparation

When a positive clone has been identified, st2@Q@mL bacterial culture by inoculating the

medium with bacteria from the corresponding readteel colony. Incubate at 37 °C with
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shaking (250 rpm) overnight. Perform a maxi prepaineby using the Nucleobond ® Xtra

Maxi Plus kit (Macherey Nagel, #740416) accordimgnianufacturer’'s manual (2017) (129).
For long-term storage of plasmids, prepare glycstatks. Add 1000 pL of bacterial culture
to 500 pL 50 % glycerol in a 2 mL screw-top tube gently mix. Freeze and store at -80°C.

2.6 Transfection

Transfection refers to the process of artificiatliroducing foreign nucleic acids into
mammalian cells. The main purpose of transfecsaio istudy the function of genes or gene
products, by enhancing or inhibiting specific gempression in cells, and to produce
recombinant proteins (130). The introduced nuchkeids may exist stably or transiently in the
cell. In stable transfection, the foreign DNA isagrated into the genome of the cell or
maintained as an episomal plasmid. This leadsrgigient expression of the gene, which can
also be passed on through multiple generationsahsient transfection, the introduced
nucleic acid exists in the cells only for a limiteeriod of time and is not integrated into the
genome. However, the high copy number of the teantetl genetic material ensures high
levels of expressed protein within the period isexin the cell. Peak transient expression is

generally seen 24-72 hours after transfection.

Transfection of DNA into mammalian cells can beiacéd by several methods, including
microinjection, electroporation, and lipofectionpbfection is a popular method in cell
biology and related research fields, as it is feistple and highly reproducible (131).
Lipofection is based on the use of cationic lipsls;ch as Lipofectamine, which complexes
the negatively charged nucleic acids and formamstection complex. The interaction with
the cell membrane is mediated by this positive gharf the liposomes, and the DNA is taken

up into the cell, assumingly by endocytosis.

In this project, HuH-7 and COS-1 cells were traotfd with DNA plasmids with reporter
genes and expression genes to be used in a difal#se gene activity assay, described in
Section 2.7.1. COS-1 cells were also transfected with expresgiasmids and used to study

protein-protein interactions, describedSection 2.8.
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Procedure for transfection of COS-1 and HuH-7 cells

Seed cells in a 24-well culture plate at a conegiatn of 0.70x18/0.5mL/well. Incubate the
cells for 24 hours. Inspect the cells under a ligidroscope to ensure that the cells have an
acceptable confluence level. For optimum transbecgfficiency and subsequent cell

viability, the cells should be 90-95 % confluent.

Prepare DNA plasmids in 1:10 TE buffer accordinghi® experimental setup. The plasmids
used in this project are describeddppendix V. Pre-warm DMEM without FBS in a 37 °C
water bath. Prepare a master mix of DMEM and Liptimine® 2000 (Invitrogen™,
#11668-019). Mix the components by pipetting up do@n 3-4 times and incubate at room
temperature for 5 minutes. Add DMEM to the DNA s#esbefore adding the Lipofectamine
master mix. The ratio of DNA to Lipofectamine shibble between 1:2 and 1:3 w/v. Add the
Lipofectamine master mix to the DNA samples and hyipipetting up and down 3-4 times.
Incubate at room temperature for 20 minutes. Thightlae transfection complex solutions to

each well dropwise to avoid damaging the cellsulate the cells at 37 °C.

Procedure for adding agonist

A nuclear receptor agonist, in this case, the LX§Brést GW3965, can be added to the cells
four to six hours after transfection. Dilute GW3969MSO to the desired concentrations.
Add the agonist to DMEM with FBS to a final conaatibn of 0.1 % DMSO. Add 50 pL of
the treatment solution to each well dropwise. Iratalat 37 °C for 18-24 hours before

collecting the cells.

2.7 Reporter gene assays

2.7.1 Luciferase

Reporter genes are indicators of transcriptionai&z The reporter gene is typically joined
to a promoter sequence in a circular DNA vectoriciis transfected into cells. Expression
of the reporter protein correlates with transcapél activity of the reporter gene promoter.
The function of cis-acting transcriptional elemecas be investigated by cloning the
promoter region upstream or downstream of the tepgene. This allows the

characterization of promoter and enhancer elentbatgegulate gene expression. The effect
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of trans-acting factors can be assayed by co-teatish of the reporter gene with a cloned
DNA plasmid, expressing the trans-acting proteimtdrest, or by activating trans-acting

factors through treatment of the cell culture (132)

Commonly used reporter genes that induce visudéytifiable characteristics usually involve
fluorescent and luminescent proteins. Firefly lexase is a 61 kDa enzyme cloned from the
firefly Photinus pyralis, encoded by theuc gene. It catalyzes a two-step reaction which
involves the oxidation ab-luciferin, a reaction that produces light at ab8b®-570 nm.
Renilla luciferase is a 36 kDa enzyme from sea paRsyi(la reniformis), encoded by the
Rluc gene. It catalyzes the oxidation of coelentergzaiiech produces a blue light of 480 nm.
The oxidation reactions are showrFigure 13. The enzymes use different substrates and
produce light at different wavelength. This allofes discrimination between their respective
bioluminescence reactions, making them suitablei$erin a dual-reporter assay. The most
common dual-reporter assay uses both fireflyRadlla (132). First, the Firefly substrate is
added, and luminescence is measured. NRexii]la substrate is added, extinguishing firefly

activity, and initiating the second luciferase teat

Recombinant Firefly

HO s " :[/ COOH Luciferase 0 s N o~
\QN S ; :. \er\lf: :S]/

2
Mg™ Light
o ATP AMP+PP, o
Beetle Luciferin 0, co, Oxyluciferin
o) M@’ o Renilla 4<_<\_4>7 GH
[ Luciferase
NVN = S
N Light
H
HO
Coelenterazine Coelenteramide

Figure 13: Simplified illustration of the biolumine scent reactions catalyzed by Firefly and
Renilla luciferases

Substrates and known co-factors for the luciferases are presented. Modified from (133).
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Procedure for luciferase assay

The Dual-Luciferase Reporter Gene Assays were peed using Dual-Luciferase® Reporter
Assay System kit (Promega, #E1960). The Fireflyféduase substrate, LARII, and tRenilla
luciferase substrate, Stop&Glo® reagent, supplietthé kit were prepared according to
instructions supplied by the manufacturer (200331 The prepared substrates should be
kept out of light and can be stored at -20 °C fooa a month.

Incubate the cells for 18-24 hours. Inspect this ¢elensure that the transfection or
treatments have not affected cell viability or celmber. Remove the medium from the wells
and wash cells twice with 0.5 mL PBS. Make sureetaove all liquid from the wells. Passive
lysis buffer (5% PLB) is supplied in the kit and shie diluted 1:5 before use. Add 100 pL
1xPLB to each well. Incubate the cells for 15 masubn an orbital shaker at 600 rpm.
Transfer duplicates of 30 uL lysate to a 96-wellteripolystyrene microplate (Thermo
Fischer Scientific, #136101) and measure sampleg tise Synergy 2™ Multi-Mode Reader

(Bio-Tek® Instruments).

Synergy 2 is a single-channel microplate readeckwhijects reagents into the wells and
measures light. Before reading the plate, primepande the dispensers with dgbM Prime

the dispensers with 1500 uL of the substrate re¢agBead the microplate using a protocol
where 30 uL LARII reagent is injected into eachhaeld Firefly luciferase activity is
measured before 30 pL Stop&Glo® reagent is inje@eadRenilla luciferase activity is
measured. Apply a 2-second delay between addinguibstrate and measure of the luciferase
activity, and a 10 second light integration timehé&M the microplate readings are finished

prime and purge the dispensers first with 70 %redhand subsequently with de@.

2.7.2 Processing of gene activity data

Data from the dual-luciferase reporter gene aseap@sented as relative light units (RLU).
In order to calculate the RLU for each sample,fiideciferase activity (LUC) was divided
by activity from the internaRenilla luciferase control (RLUC). Data from different lmgical
replicates were normalized to each other usingrmalization factor. Means, standard
deviations (SD) and relative standard deviatiorSRwere calculated. RSD is the SD
divided by the mean. The Solver add-in in Excel wsed to calculate the normalization
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factor for each biological replicate that yields tbwest sum of RSD. Sample means were

normalized to their respective controls, and thetrmd sample mean was set to 1.

2.8 Protein-protein interaction studies

2.8.1 Co-immunoprecipitation

Immunoprecipitation is the technique of precipitgta protein out of a solution by using an
antibody that binds specifically to an antigen loat tprotein. In this way, it is possible to
isolate and concentrate a specific protein fronusiamds of proteins in a cell. Co-
immunoprecipitation (ColP) is a classic techniqoeifivestigating protein-protein
interactions, where intact protein complexes aegipitated from a solution. In the ColP, cell
lysates are generated, and antibodies that talgesvan protein of the complex are added.
The antigen is then precipitated, and proteinsdahanot bound to the precipitate are washed
away. Finally, the proteins that are bound to thigbady, either directly or indirectly via
protein complexes, are eluted and analysed, fanplaby SDS-PAGE and western blotting
(135) as described 18.2.

One method for precipitating proteins uses magietazs, such as Dynabeads®. These are
conjugated to bacterial proteins, such as pro#®iasd G, which bind to different domains of
immunoglobulins. The beads are incubated with tiidady of the target protein. By
incubating the cell lysate with the beads, thedapgotein will form complexes with the
antibody bound to the beads.

Procedure for ColP

Preparing cell lysates: Seed cells in 6-well tratya concentration of 3.5x3.per tray, 2
mL/well. For sufficient amount of protein for Colfged six wells per treatment. The
following day, inspect the cells to ensure thaythee confluent or close to confluent. Prepare
DNA solutions according to the experimental purpasé setup. Transfect the cells as
described irBection 2.6. After 24 hours, remove the medium and wash oe00 pL cold
PBS. Work on ice. Add 250 pL cold PBS-T (0.1% Twa@rto each well. Scrape the cells
and transfer to chilled centrifuge tubes. Centuftige tubes for 3 minutes at 500 rcf. Aspirate

the supernatant and re-suspend the pellet in 500ygis buffer, described iAppendix I11.
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Leave the tubes on ice for 10 minutes. Freeze picdrfor 2 minutes or at -80°C for 10
minutes. Thaw on ice and centrifuge for 10 minatie$800 rcf at 4°C. Pipette the supernatant

into a fresh tube.

Immunoprecipitation: Equilibrate the Protein A oiDgnabeads, depending on the antibody
(host and subtype) used in the experiment, by i uL Dynabeads with 1000 pL lysis
buffer in a microcentrifuge tube. Put the tubesanagnet and remove the lysis buffer.
Vortex the lysates and transfer 200 pL of eachirireat to separate tubes. Save 10 % for
Input samples. Add 1-1.5 pg antibody per 100 plysdite. Incubate on a rotator for 2-3
hours at 4 °C.

Wash the beads with wash buffer, describefippendix 111, for 5 minutes with rotation.
Place on a magnet and remove as much of the wdfgn ba possible to ensure thorough

washing. Repeat this step twice.

Add 45 pL 1xSDS loading dye to the beads. Mix nefid vortexing to re-suspend all of the
beads. Spin down at 500 rcf for 30 seconds. Foimimat samples, add 15 pL lysis buffer and
10 pL 5xloading dye to 20 pL of the sample forrafivolume of 45 pL. Boil all samples at
95°C for 5 minutes. Re-suspend beads and load 21 fhle IP reactions and 20 uL of the
Input samples on an SDS-PAGE. Store the remaiysajés at -20°C.

2.8.2 SDS-PAGE and western blotting

Western blotting is a technique used to identifyanfify and determine the size of specific
proteins (136). It involves separation of protdigselectrophoresis, transfer of the protein to a
membrane and detection by antibodies specificaégtbtein of interest. Proteins can be
separated by an isoelectric point, molecular weigleictric charge, or a combination. A
common method is to use polyacrylamide gels andusododecyl sulphate (SDS)-

containing buffers (136). SDS is a strong, ani@@tergent that denatures proteins,
complexes with peptide chains and gives them atmihegative charge. The proteins can
then be separated based on molecular weight owlyade is applied to the gel, leading the
negatively charged protein:SDS complexes to mig@atards the cathode with at a speed
inversely correlated to the size. The proteins bereeparated into bands within each lane.

The gel should include a molecular weight markesraoter to determine the molecular weight
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of the target protein, and preferentially a langhwvai positive control. The separated proteins
are then transferred from the gel onto a membakeetroblotting ensures speed and
complete transfer (136). It uses electric currergull proteins from the gel onto the
membrane in a gel-membrane sandwich. To prevergpsaific binding of the antibody, the
membrane is blocked in a diluted solution of bovseeum albumin (BSA) or skim milk
powder. The membrane is then incubated with thagmy antibody, which binds specifically
to the target protein. After washing, the membranacubated with the secondary antibody,
which is linked to a fluorophore or an enzyme, ligdsorseradish peroxidase (HRP), which
is able to cleave a chemiluminescent substrates fHaiction produces luminescence, which is
directly proportional to the amount of protein. 8l@an be washed in buffer and stripped,
which entails removing the bound antisera to enshlse of the blot. This will, however,
result in a reduced signal from the re-blot (137).

Procedure for SDS-PAGE and western blotting

Dilute samples so that each sample has the sartamooncentration. Prepare 5xloading dye
and add to each sample 1:4 v/v. Mix samples andpat heating block at 9& for 5
minutes. Centrifuge samples at 400 rcfrcf for 2 unés.

Mount the gel of choice in a gel chamber. We use@0112+2w Criterion Tris-HCI precast
gels in the Criterion Cell system. Slide the gébiposition and lock everything into place.
Fill the inner chamber with running buffekgpendix 111) and ensure there is no leakage.
Then fill the outer chamber with buffer. Remove tioenb gently. Apply 5 pL of Precision
Plus Protein™ All Blue standard (Bio-Rad #161-03&3) 5 uL of Precision Plus Protein™
Dual Color standard (Bio-Rad #161-0374) to the $malls on each side of the gel. Load
samples and run the gel at constant voltage (2dongpproximately 60 minutes or until the
blue dye front reaches the end of the gel.

Activate the PVDF membrane by soaking it for 5 selin 100 % methanol, then 2 minutes
in ddHO and finally in transfer buffeppendix 111) until use. Pre-soak sponges and filter
paper in transfer buffer for a few minutes befose.uPlace an ice block in the back chamber
of the blotter. Fill the tank of the Criterion Blet with transfer buffer and place a magnetic
stir bar inside the tank. Once the gels have stppening, crack the plastic gel cassette open

with the cassette-opening tool built into the Grde cell lid.
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Assemble the transfer cassette: Pour chilled tearmfffer into each compartment of the
assembly tray, open the cassette and place thie ppliate in the tray. Place a pre-wetted
sponge on the black plate of the cassette. Thanea pre-wetted filter paper onto the
sponge. Carefully lift the gel from the gel-cassethd submerge it briefly in transfer buffer
before laying it on the filter paper. Layer the PWBiembrane onto the gel and place a filter
paper and sponge on top. Use a blot roller to renaavbubbles trapped between the layers
for the blot assembly. Close the sandwich, lockghég into position and place the entire
sandwich into the Criterion Blotter apparatus. Adohsfer buffer up to the fill level. Put the
apparatus on a magnetic stirrer at low speed. Gbrine Criterion blotter to a power supply

and transfer the gel at 0.6 A for 1 hour. The \g#tahould be approximately 70-90.

Disassemble the sandwich when the transfer is catmdDiscard the gel and the filter paper.
Rinse membrane with 1xTBS-T, described\ppendix I11. Incubate membrane in blocking
buffer (Appendix 111) at room temperature with agitation for 1 houab#°C overnight. The
next day, remove the blocking solution. Dry theexigf the membrane quickly on a paper
towel before incubation with primary antibody. Déyrimary antibody 1:1000 in TBS-T
with 3 % BSA. Incubate with rotation for 1 hourrabm temperature or at@ overnight.
Rinse membrane once in TBS-T. Then wash membrab@ Bwnutes in TBS-T. Dilute
secondary antibody (Jackson Laboratories, #11510025-1:10 000 in TBS-T and incubate
the membrane with rocking. Tilt the box with themiwane slowly for 45-60 minutes. Rinse
membrane once in TBS-T. Then wash membrane 3 xiddtes in TBS-T. Dry the edges of
the membrane quickly on a paper towel before dewetp Develop using an enhanced
chemiluminescent (ECL) horseradish peroxidase (HitB¥trate kit (Thermo-Scientific,
Dura #34076, Pico #34080). Mix equal amount of Sotul and Solution 2 to generate
working solution. Make enough solution to be ableaver the entire membrane
(100uL/cm?). Place the membrane on a straight surface, jgifeonto a plastic/glass plate.
Add working solution to the membrane and move tagepently so that the solution covers
the entire membrane. Incubate membrane with workatgtion for 2 minutes. Do not shake
membrane during this period. Drain off the exceeskimg solution. Develop the membrane
by recording the chemiluminescent signal using aridoc station, e.g. the Bio-Rad Image
Lab camera.
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2.9 Statistical analysis

Statistical analyses were performed using IBM® SPS$atistics 25 and GraphPad Prism 7.
Data are presented as means and standard erhw wietan (SEM) unless otherwise specified.
Statistical differences between groups were detexthby two-way analysis of variance
(ANOVA), followed by Tukey’'s multiple comparisongis. To test for the assumptions of the
two-way ANOVA, residual analysis was performed. li@u$ were assessed by inspection of a
boxplot, normality was assessed using Shapiro-gvilkrmality test, and homogeneity of
variances was assessed by Levene's test. Foatalistl tests, p < 0.05 was considered

significant.

Correlation between blood biomarkers and gene ss® in peripheral blood mononuclear
cells was assessed. To assess linearity, a sphttaf the two variables was plotted.
Bivariate normal distribution was assessed by Shapilk’s normality test. For assessing
effect sizes, guidelines by Cohen were used, wher@.5 is a large size effeet> 0.3 is a
medium-size effect and> 0.1 is a small size effect (138). Due to the esqibry nature of

the cohort, we chose not to adjust for multiplestes
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3 Results

3.1 Site-directed mutagenesis

Unpublished data from our research group has itetica co-regulatory role for LX&Rand
ChREBRu in the regulation o€hrebpb expression (Ngrgaardnpublished data). In order to
investigate the function of putative regulatorynedsts in theChrebpb promoter, we wanted
to delete an E-box (half-site of putative ChoRE) &R4 (putative LXRE) element the
pGL3b-mChREBPbeta-Exon-1B reporter plasmid, andparethe activities from the
mutated promoters with the wild-type promoter. Wilel-type reporter was a gift from Prof.

Mark Herman and has been described previously (41).

Site-directed PCR mutagenesis was performed wihniiention to create two new reporters:
pGL3b-mChREBPbeta-Exon-1B-E-box-del, in which thbdx is deleted, and pGL3b-
MChREBPbeta-Exon-1B-DR4-del, in which a DR4 respagiement is deleted. For this, we
used mutated, overlapping primefgopendix V). After the PCR, the reaction mix was
treated withDpnl, which breaks down methylated DNA and thus remdkegemplate DNA
while leaving the PCR product inta&icoli DH5a were transformed with the cut PCR
product and the uncut PCR product as a controlekoh reporter, six colonies were selected
for plasmid mini-preparation and sequencing at GAi@ech, Cologne, Germany. For both
plasmids, a clone with 100 % sequence identithédoding region was chosen for maxi-

preparationAppendix VI-VII).

3.2 Cloning of ChREBP-LID expression construct

LXR has been shown to interact with ChREBBut not ChREBP (Ngrgaard, unpublished
data). Since ChREBHacks the lowglucose inhibitory domain (LID) in the N terminale
hypothesized that LXR interacts with the LID. Irder to test this hypothesis, an expression
plasmid was cloned in which only the LID (178 fieshino acids) of the ChREBRrotein is
expressed. In addition, LID was tagged with a FL¥&G-+to allow us to detect or capture this
relatively small protein domain. The FLAG-LID inse@ras amplified from the template
plasmid pPCMV4-FLAG-mCHREBPalpha in a PCR using #ieprimers @Appendix V). In

order to verify that the correct insert was ametifin the PCR, the PCR product was run on
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an agarose gel and visualized using SYBR Safe eldatrophoresis resulted in a DNA
fragment at 500-65Bp, which corresponds to the FLAG-LID insert (559 rigure 14)

5000

2000
1650
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500

Figure 14: Verification of PCR product on agarose g el

The FLAG-LID insert was amplified from the template plasmid pCMV4-FLAG-mCHREBPalpha in a
PCR using specific primers. To verify that the correct insert was amplified in the PCR, the PCR
product was run on an agarose gel and visualized using SYBR Safe. The standard reference is
modified from restriction analysis of pPMV4-FLAG-mCHREBPalpha cut with Bglll and Hindlll, using

Serial Cloner v.2.6 (Serial Basics).

After trimming of the FLAG-LID and the pCMV4-FLAG-@HREBPalpha vector witBgll|
andHindlll restriction enzymes, the insert was subclonedthorector. A schematic outline
of the cloning strategy is shown kingure 15.
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Figure 15: Cloning strategy for the ChREBP-LID cons  truct
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1: The pCMV4-FLAG-mChREBP-a vector was used as a template for cloning. 2: The FLAG-ChREBP-

LID insert was amplified from the plasmid template in a PCR using specific primers. 3: The PCR

product was trimmed using Bglll and Hindlll restriction enzymes. 4: The plasmid template was opened

using the same restriction enzymes. 5: The trimmed insert and plasmid template were ligated using

T4-DNA ligase. LID: Low-glucose inhibitory domain.

The ligation and control mix was transformed i&tooli DH5a. The colony growth on the

ligation reaction plate was 3:1 compared with tbetol. Six colonies were picked for mini-

preparation. These were test cut vl andHindlIl and run on an agarose gall

colonies produced a fragment at approximately §8Guhich corresponds to FLAG-LID

(556 bp) Figure 16). Four clones were selected for sequencing. Qhan& was chosen for

maxi preparation. The cloned sequence chromatotpathe ChREBP-LID construct is
given inAppendix VI1I1, aligned to the pCMV4-FLAG-mCHREBPalpha plasmidazzn bp

positions 400-1660, covering the full open readmagne.
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Figure 16: Verification of DNA plasmid clones on an agarose gel.

FLAG-LID was cut with Bglll and Hindlll, sub-cloned into a pCMV4-FLAG-ChREBPalpha-vector and
transformed into E.coli DH5a. After mini preparation of the clones, the plasmids were test cut with Bglll
and Hindlll and verified on 0.8 % agarose gel along with uncut plasmids for control. Numbers
represent the ID for the plasmids isolated from separate colonies, c: cut plasmid. The standard
reference is modified from restriction analysis of pPMV4-FLAG-mCHREBPalpha cut with Bglll and

Hindlll, using Serial Cloner v.2.6 (Serial Basics).

3.3 Regulatory element-dependent activation of the
ChREBPf promoter

In order to investigate the role of different mstifh regulating the ChREBRpromoter, HuH-
7 cells were transfected with five different LU(oegters driven by the murir@hrebpb
promoter. The wild-type reporter (pGL3b-mChREBPHexan-1B) and the two mutated
reporters (pGL3b-mChREBPbeta-Exon-1B-ChoREdel)(a@l3b-mChREBPbeta-Exon-
1B-ChoRE-E-box-del) were gifts from Prof. Mark Heormand have been described
previously (41). The two remaining reporters (pGUBEGhREBPbeta-Exon-1B DR4-del and
pGL3b-mChREBPbeta-Exon-1B-E-box-del) were cloned part of this project, as
described irBection 3.1. A schematic representation of the different ChREBeporter
constructs is shown in

Figure 17. The cells were co-transfected with LXRnd/or ChREBE expression plasmids,
as well as their respective heterodimerizationnaaist RXR: and Mlxy. Six hours post
transfection, the cells were treated with GW396po&nt, selective agonist for LXRand
LXRp, or DMSO as a control.
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Figure 17: Schematic representation of the differen  t ChREBPS reporter construct

The wild-type murine Chrebpb reporter and four other reporters construct with different deletions were
used in this project. The DR4 (putative LXRE), upstream E-box and ChoRE, are highlighted. ChoRE:

carbohydrate response element; DR4: Direct repeat 4.
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As can be seen iRigure 18, both LXRx and ChREBR induce expression from the wild-type
reporter. For LXR this induction is ligand-dependent. Co-transfectsth LXRa and
ChREBR: did not have the expected additive or synergeffiect in regulating th€hrebpb
promoter. Even more surprisingly, when adding thensst, we saw slightly reduced activity
in cells transfected with both LXRand ChREBR, compared to cells transfected with
ChREBR alone.

Deletion of both the ChoRE and E-box leads to apteta loss of the effect of ChREBBN

the Chrebpb promoter Figure 18B), as previously shown by Hermahal. (41). The LXRx-
effect is on the other hand retained. We then vehtténvestigate the individual effects of the
ChoRE and E-box. Interestingly, deletion of ChoRdE bt affectChrebpb promoter activity

in any substantial wayF{gur e 18C), while the E-box deletion led to loss of actiyisymilar

to that of the double deletioRigure 18D).

Finally, we wanted to investigate the effects detlieg a DR4 type response element (RE) in
the Chrebpb promoter. We expected that deletion of DR4 typewrkld lead to loss of

LXR's ability to regulate the promoter. Despitettivee could observe that the effect of LXR
was retained, and the reporter even showed algligigher activity than the wild-type
reporter Figure 18E). When comparing the reporters directly, we ordgerved a significant
reduction in the LXR-response with the ChoRE-delet{Figure 19)

56



A Wild-type

10+

##

81 Bl DMSO
3 B 1 GW3965
x 6
S FAK KAX Ex 2
2
> 4
‘5 HEE
<

2- H

N il
pcDNA3  + +
LXRa + + + +
RXRa + + + +
ChREBPa +  + + +
Mix + + + o+
C ChoRE deletion

10+
8 Hl DMSO
; # [ GW3965
g HeNe wen
;G g H ﬂ
pcDNA  + +
LXRa + + + +
RXRa + + + +
ChREBPa + o+ + o+
Mix + o+ + o+
E DR4 deletion

# #H4
10
o Bl DMSO
i

8 P 1 GW3965
: KXW
| B2
x 61
£
Z 4 sk
1]
L3 %%

N [
pcDNA  + +
LXRa + + + +
RXRa + + + +
ChREBPa + 4+ + +
Mix + + + +

Figure 18: Activity data for different reporters
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HuH-7 cells were transfected with plasmids expressing LXRa, RXRa, ChREBPa and Mixy, and

different ChREBPR-Exonl1B-driven Luciferase reporters as indicated. The Renilla Luciferase plasmid

57



pRL-CMV was used as an internal control. Cells were stimulated with 10 uM GW3965 dissolved in 0.1
% DMSO for 18 hours. 0.1 % DMSO was used as a control. Cells were lysed, and Dual luciferase
assay was performed 24 hours after transfection. The data represents at least three independent
assays performed in duplicates normalized to DMSO control. All values are given as mean+SEM.
Statistical differences were assessed by two-way ANOVA, followed by Tukey’s multiple comparison
test: **p<0.01, ***p<0.001 compared to control, and #p<0.05, ##p<0.001 compared to the indicated
group. RLU: Relative light units.
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Figure 19: The effect of LXR agonist treatmentont he different ChREBP B reporters

HuH-7 cells were transfected with plasmids expressing LXRa, RXRa, and different ChREBP-
Exonl1B-driven Luciferase reporters. The Renilla Luciferase plasmid pRL-CMV was used as an
internal control. Cells were stimulated with 10 pM GW 3965 dissolved in 0.1 % DMSO for 18 hours. 0.1
% DMSO was used as a control. Cells were lysed, and Dual luciferase assay was performed 24 hours
after transfection. The data represents at least three independent assays performed in duplicates
normalized to DMSO control. All values are given as mean+SEM. Statistical differences were
assessed by two-way ANOVA followed by Tukey’s multiple comparison test: ***p<0.001 compared to

DMSO control, and ##p<0.01, compared to agonist of different reporter. RLU: Relative light units.
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3.4 Glucose stimulation of HepG2 cells

Having observed that both ChREBBnd LXRu is involved in regulating the activity of the
Chrebpb promoter at 25 mM glucose, we wanted to investigat& the expression of
ChREBR:, ChREBP, LXRa and selected target genes changes in responkesébes

glucose level over time. We, therefore, performéitha course experiment in which HepG2
cells were stimulated with 25 mM glucose and comgdhat to cells grown at 1 mM glucose.
We choose not to transfect the cells and instelgrethe endogenous factors. The cells
were harvested at baseline and after 6, 12, 24l8rnwburs, and total RNA was isolated.
Expression oCHREBPA, CHREBPB, LXR, FASN, SREBF1, andPKLR1 was assessed by
gPCR.

As expected, expression GHREBPB, but notCHREBPA, was increased by high glucose

treatment compared to low glucosedur e 20). However, there was no substantial change in
expression oEXRA and ChREBP/LXR target genes.
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Figure 20: Relative expression of ChREBP, LXR and s elected target genes in HepG2 cells

HepG2 cells were maintained and seeded in normal (5mM) glucose medium. 24 hour after seeding
the medium was changed to low (1 mM) or high (25 mM) glucose medium. Cells were harvested at
baseline (t0), and 6, 12, 24 and 48 hours after changing the media. The data represents two biological
replicates analyzed in triplicates. Relative expression was normalized to t0. All values are presented
as mean +SEM. Statistical differences between treatments were assessed by two-way ANOVA,
followed by Tukey's multiple comparisons test: *p<0.05, **p<0.01, ***p<0.001. HG: high glucose (25
mM); LG: low glucose (1 mM).
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3.5 Peripheral blood mononuclear cells

In adipose tissue, expressionGHREBPB, but notCHREBPA, mRNA has been shown to
correlate with insulin sensitivity in obese nonlBtic subjects (41, 96, 97). Due to the
difficulty of obtaining liver biopsies, few studiésve measure@HREBP expression in liver
tissue. We, therefore, wanted to investigate whddBMCs could serve as a proxy for
studying ChREBP and ChREBP target gene expressitheiliver. Moreover, we wanted to
assess whether expressiorC6fREBP andCHREBP target gene expression in PBMCs

correlates with biochemical data such as insulivsisi@ity or serum glucose.

3.5.1 Study population

The PBMCs used in the current project were coltkotea previous pilot study conducted in
2008, which included 25 middle-aged adults prevpdggnosed with diabetes or pre-
diabetes. For one of the participants, biologicaterial was not available, and this individual
was not included in further analyses. There waseaved distribution of men and women
among the subjects, with 19 men and 5 women. Ctaarstics and biochemical data for the

study population are shown Trable 4.
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Table 4: Characteristics of the study population

Variable

Male/female, n

Age, years

Fasting glucose, mmol/L
Insulin, pmol/L
C-peptide, nmol/L
HOMA-IR

Total cholesterol, mmol/L
LDL-C, mmol/L

HDL-C, mmol/L

Fasting triglycerides, mmol/L
Free fatty acids, nmol/L
ALAT, U/L

ASAT, U/L

Vitamin B12, pmol/L
Creatinine, pumol/L

CRP, mg/L

Folate, nmol/L

Homocysteine, umol/L

19/5

55+8.9
8.2+2.42

86 (50.3-126.0)
1.10 (0.72-1.78)
4.9+2.92
4.5+0.86
2.8+0.80
1.1+0.26
1.8+0.81

499 +191.6

35 (24.0-51.8)
26 (23.0-36.3)
240 (203.8-336.3)
73+13.7

1.9 (1.5-4.0)
12.6 (9.4, 16.1)
11+3.0

Values are presented as frequencies, mean +=SD or median and 25" — 75t percentiles. ALAT: Alanine

aminotransferase; ASAT: aspartate aminotransferase; CRP: C-reactive protein; HDL: high-density

lipoprotein cholesterol; HOMA-IR: Homeostatic Model Assessment for Insulin Resistance; LDL: low-

density lipoprotein cholesterol.

RNA was isolated, and RNA quality was assessedyumitomated electrophoresis on an

Agilent Bioanalyzer. An RNA integrity number (RINp is considered acceptable for gPCR.

Average RIN was 7.91+0.7Figure 21). Electropherograms for two high-quality RNA

samples are shown Figure 22.
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Figure 21: RIN values for PMBC RNA

RNA was isolated from PBMCs from 24 diabetic and pre-diabetic patients and RNA quality were

assessed using the Agilent Bioanalyzer. Mean RIN was 7.91+0.71. PBMC: Peripheral mononuclear

cells; RIN: RNA integrity number.
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Figure 22: Electropherogram for assessing RNA integ rity

RNA integrity was assessed on an Agilent 2100 Bioanalyzer. Integrity of the RNA is assessed by
visualization of the 18S and 28S ribosomal RNA bands. Figure shows electropherogram for two high-
quality RNA samples isolated from PBMCs, displaying a small 5S RNA peak and high 18S and 28S
peaks. PBMC: Peripheral blood mononuclear cells; RIN: RNA integrity number.

3.5.2 Expression of LXRA, SREBF1 and FASN

We continued by assaying the expressiobX®RA, as well asSREBF1 andFASN. SREBF1 is
a well-characterized LXR target gene, wHil&SN is regulated by both LXR and ChREBP.
The expression of these genes was within normagler&tXRA Cr: 28.3+0.46 SREBF1 Cr:
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26.4+0.61 FASN Cr: 26.2+0.80)LXRA, SREBF1, andFASN are part of the same lipogenic
gene regulatory network (s€egure 1 in introduction), where LXR regulatdREBF1
expression, and both factors regulefSN. Therefore, we first wanted to see if their
regulation correlated in the PBMCs. Preliminarylgs@s showed the relationship to be linear
with both variables normally distributed, as assddsy Shapiro-Wilk's tesp(> 0.05), and
there were no outliers. As can be seeRigure 23, there was a strong positive correlation
between expression 8REBF1 andFASN, r = 0.72, p<0.001. There was no correlation
betweerLXRA andSREBF1 or LXRA andFASN.
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Figure 23: Correlations between LXRA and LXR target genes in PBMCs

RNA was isolated from PBMCs from 24 diabetic and pre-diabetic subjects. A gPCR was run for with
primers targeting LXRA, SREBF1, and FASN. Dots represent three technical replicates normalized to
the mean relative expression of TBP. Pearson’s r and unadjusted p value is presented. AU: arbitrary

units; PBMC: peripheral blood mononuclear cells.

3.5.3 Effect of serum glucose and cholesterol on lipogen ic gene
expression in PBMCs

Although the study population included diabetic @neldiabetic patients, there was
considerable variation in fasting glucose leveldhimithe study sample, ranging from normal
and near-normal to levels indicating severe instdsistance. We were therefore interested in
how levels high glucose and insulin resistancecaffene expression &XR, FASN, and
SREBF1 in these cells.

Preliminary analyses suggested a linear relatigniséiween the variables. All variables were
normally distributed, as assessed by Shapiro-Widlssp >0.05). For HOMA-IR, there was
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one outlier. Correlation was run with and withdu putlier, and was found not to affect the

results.

As shown inFigure 24, there was a medium-size negative correlation éetviasting serum
glucose and expression SREBF1 andFASN, while there was no significant correlation with
LXRA. There was a medium-size negative correlation éetwotal serum cholesterol and
FASN (r = -0.44,p = 0.03). There was no significant correlation betw@ C and_XRA or
SREBF1, as shown irrigure 25. HOMA-IR did not correlate with expression of asfythe

genes (not shown).
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Figure 24: Correlations between fasting serum gluco se and gene expression in PBMCs

RNA was isolated from PBMCs from 24 patients with diabetes and pre-diabetes. gPCR was run for
with primers targeting LXRA, SREBF1, and FASN. Dots represent three technical replicates
normalized to TBP. Pearson’s r and unadjusted p value is presented. AU: arbitrary units; PBMC:

peripheral blood mononuclear cells.
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Figure 25: Correlations between
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RNA was isolated from PBMCs from 24 patients with diabetes and pre-diabetes. gPCR was run with

primers targeting LXRA, SREBF1, and FASN. Dots represent three technical replicates normalized to

TBP. Pearson’s r and unadjusted p value is presented. AU: arbitrary units; PBMC: peripheral blood

mononuclear cells.
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3.5.4 Expression of ChREBP a and ChREBP 8

To our regret, the expression@HREBPA andCHREBPB in the PBMCs assayed was
negligible (G>33) in all samples, as shownkigure 26, and no further analyses were

performed on these data.
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Figure 26: mRNA expression of ChREBP isoforms in PB MCs from diabetic and pre-diabetic
patients .

Expression of ChREBPa and ChREBP in PBMCs from 24 diabetic and pre-diabetic subjects was
assessed using gPCR. A: CHREBPA, Mean Cr: 35.7+1.3. B: CHREBPB, Mean Cr: 40.9+1.5. t: gene
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was not detectable in the sample. No statistical analyses were performed on these data. Cr: threshold

cycle; PBMC: Peripheral blood mononuclear cells.

3.6 Co-immunoprecipitation

LXRa has been shown to interact with ChREBBut not with ChREBP (Ngrgaard,
unpublished data). ChREBHs the shorter isoform of ChREBP that lacks mdshe LID in
the N-terminal. A schematic representation of ChRizBnd ChREBB proteins are shown in
Figure 4. Because of this difference in affinity, we hypedgized that LXR interacts with
ChREBR via LID. To test this hypothesis, we transfect€dSC1 cells with FLAG-
ChREBRy, FLAG-ChREBP-LID, and LXR, alone and in combination, and
immunoprecipitated the cell lysates with both LXiRI&LAG antibodies.

When using a FLAG antibody (middle panel), both [B-fagged ChREB#®and LID are
immunoprecipitated. As can be seen, LoXIR detected in both precipitates. When reversing
the experiment, we could show that both LID and EBRu is co-immunoprecipitated
together with LXR (right panel). Together, this Gions that LXR interacts with ChREBP
and show for the first time that this interactisirelayed through the LID. The experiment

was conducted twice, and a representative bldtag/s inFigure 27.

Input IP-FLAG IP-LXRa (LBD)
ChRa ChR- ChRa ChR- ChRa ChR- ChRa ChR- ChRe ChR- ChRa ChR-
LID LID LD LID LID LD
LXRo LXRat LXRa LXRa LXRa LXRat LXRa LXRa LXRa
ChREBP (FLAG) | == — _— — : — 100
L )

LXRa (V5/LBD) — — — —-— . . . 50
ChREBP-LID (FLAG) R - - - - |2

Figure 27: Co-immunoprecipitation experiments with ChREBPa, LID, and LXR «a.

COS-1 cells maintained in 25 mM glucose were transfected with a FLAG-ChREBPa or FLAG-
ChREBP-LID expression vector, with or without a V5-LXRa expression vector. Overexpressed
ChREBP and LXRa were immunoprecipitated with FLAG and LXRa antibodies. Input and
immunoprecipitated proteins were immunoblotted with FLAG and LXRa antibodies. ChR: ChREBP;
LBD: ligand-binding domain; LID: low glucose inhibitory domain; FL: full-length.
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4 Discussion

4.1 Methodological considerations

Research in molecular biology is often based onehsgstems. These systems include
vivo model organisms such as the bacterttiooli, the fly Drosophila melanogaster, and the
mouseMus musculus, as well asn vitro cell systems. All models have advantages and
disadvantages and represent invaluable, but imgierfethods for investigating molecular

mechanisms.

4.1.1 In vitro cell systems in biomedical research

Invitro cell systems have the advantage that exposupetifis compounds can be more
closely regulated with regards to concentratiorgs@uration, than imn vivo models. Primary
human hepatocytes are considered to be tharesto model for studying the liver. There
are, however, some disadvantages which limit tiieiges, such as their limited lifespan,
scarce availability and genotypic variability beemedonors (139). Obtaining tissues from
animal or human experiments is also associatedamithmber of ethical issues. Immortalized
hepatic cell lines may therefore be a good altéreaHepatic cell lines can be cultured in
almost unlimited supply, with minimal variation aeten cells, thus avoiding inter-individual
variation. Since cells lines are relatively homages) the need for statistical analysis of
variance is limited (140). However, cell culturesggeneral do differ from cells growing in
their natural nichén vivo in some important ways. The culture medium doesdoeat extent
lack systemic components involved in the homeastatyulationn vivo, i.e. components of
the nervous and endocrine system. Cellular metsinainay hence be more constant and not
truly representative of metabolismvivo. The cells are also cultured under low oxygen
tension, which implies that energy metabolism tseged largely by glycolysis. The TCA
cycle is still functional but plays a lesser rald@). For these reasons, caution must be taken

in generalizing conclusion from vitro data to biological processasvivo.
To ensure cell proliferation, the cell medium isntoonly supplied with serum. Serum
contains growth factors, which promote cell prokfgon, and adhesion factors and

antitrypsin activity, which promote cell attachme®éerum is also a source of minerals, lipids
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and hormones. The most commonly used sera ararwlfoetal bovine serum (141). Proteins
are a major component of serum, but the functiomamy of these proteins vitro remains
unclear. In addition, serum contains amino acitig;ase, keto acids, as well as other
nutrients and intermediary metabolites. As serdaregical products, it is to be expected
that their composition varies from batch to bafihis variation may result from differing
methods of preparation and sterilization, storageldions, as well as variations in the
animals stocks from which the serum was derivedaBse of this batch-to-batch variation,
standardization of the experiments between diffetieres and different labs can be
challenging. Despite this, most relevant and robidbgical effects will still be detectable

and reproducible, also in cell cultures

Another concern is that the as the cells grow tives, they will exhibit genotypic and
phenotypic variation. This may happen when ceksexposed to different environments, and
because fast-growing and less representativeroeljsbe selected for when the cells are
passaged. By avoiding indefinite passaging andlistributing cell cultures uncritically
between labs, this issue is minimized (142). Indineent project, we decided not to exceed
30 passages in total.

4.1.2 Reporter gene assays

Reporter gene technology is widely used to studyctilular events associated with signal
transduction and gene expression. Reporter genesfingt used to studgis-acting genetic
elements such as enhancers and promoters in tlreampsregion of genes, but more recently
they are also used in, e.g. the characterizatioaa#ptors and their ligands, signalling
pathways, and toxicological effect. Several regayenes are available, including
chloramphenicol acetyltransferagegalactosidase, alkaline phosphatase and different
luciferases. The choice of reporter depends oréehdine used, the nature of the experiment,

and the adaptability of the assay to the apprapdatection method.

In the current project, we used five different eéigs of the mous€hrebpb promoter cloned
upstream of a gene encoding the firefly lucifer@siantages of the firefly luciferase include
high specific activity, no endogenous activity, androad dynamic range (143). Light
produced by luciferase is measured quantitativaetg, correlate with promoter activity.

Variability in transfection efficacy and cell vidiby may obfuscate the results from a
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luciferase reporter gene assay. This can be avaigéucluding a co-reporter such Renilla
luciferase as an internal control in a dual lueifer assay. The results can then be normalized

to the expression &enilla luciferase, and consequently minimizing the problem

4.1.3 Ligand treatment

The LXR ligand-binding pocket is able to accommedagands with widely varying
structures, including both natural, steroidal liganand non-steroidal synthetic ligands such
as GW3965 and Tularik. Different ligands may aitex 3D structure of the receptor in
different ways, which may result in different effecWhile a natural ligand may mimic a
physiological response more correctly, they arerofess potent. Thus, it can be more
challenging to detect their effect.

In the current project, HuH-7 cells were treatethvdW3965, which is a potent synthetic
non-steroidal LXR agonist. GW3965 was added inreceatration of 10 pM, a concentration
which is not realistic in a physiological settitdpwever, it can be argued that since LoXR
ChREBR and their heterodimers are overexpressed, thiserration is necessary to
maintain the stoichiometry to be able to detectagynist effect. Since we wanted to
determine what happens when LXK activated, we chose to use a synthetic agonast
artificial system. However, it could be useful hwestigate whether treatment with a natural
agonist would lead to the same effectgGbinebpb activation, as it would strengthen our

hypothesis that LXR is involved also in a physiatad) context.

Finally, as LXR heterodimerize with RXR, it can &gued that an RXR ligand should be
included in this type of experiments. In one stutig, addition of RXR agonist led to a 1.8-
fold increase in expression of the LXR target geh&®EBR:, while addition of LXR agonist
increased expression 2-fold, and the addition ¢t bead to a 3-fold increase in expression
(28). This suggests that activation of RXR also malgp be important for LXR activation.
Still, RXR agonists are often omitted in nuclearagtor research to reduce the number of

variables to take into account.
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4.1.4 RNA quality control

Before proceeding with downstream analyses, ingartant to assess RNA quantity and
quality, as this can influence the accuracy ofglee expression data (120). The starting
RNA should be free of proteins, genomic DNA, enziimimhibitors of the RT and other
contaminants. In the current project, genomic DN#swemoved by treating the samples with
DNase before proceeding with cDNA synthesis. Qualitd quantity of starting RNA were
assessed by measuring absorbance at 230 nm, 266ch#80 nm using the Nanodrop® ND-
100 spectrophotometer. These wavelengths reprbaekground absorbance and possible
contaminants (230 nm), nucleic acids (260 nm), @oteins (280 nm) present in the sample.
An absorbance of 260/280 nm ratio of more thanslggnerally considered an indicator of
good RNA quality (120).

RNA is sensitive to degradation by sample handlind storage due to its chemical instability
and susceptibility to RNases in the environmenthis project, RNA was isolated from
PBMCs collected in a previous study. Blood cellgehbeen shown to have high RNA
integrity compared to some other tissues (120). él@r, these cells had been in storage for
about ten years, and we therefore wanted to aB3¢asntegrity using the Agilent 2100
Bioanalyzer. An RNA integrity number (RIN) highérain 5 is considered acceptable for
downstream analysis (120). The RNA displayed vaygioncentrations and integrity. Mean
RIN was 7.91+0.71, with none of the samples showadges below 6. RNA integrity was

not assessed in samples from cell lines. Our labréias previously assessed the integrity of
RNA isolated from Huh7 and COS-1 cell cultures,sistently showing RIN values > 9.7
(unpublished observations). RNA integrity analygeghese samples were therefore not

considered to be necessary.

4.1.5 gPCR

A gPCR provides a snapshot of the amount of aquéati gene transcript at a given time. The
amount of mMRNA can be determined by absolute ativ& quantification. In order to
determine the absolute amount of a gene transergigndard curve of samples of known
quality is prepared. To determine the relative amh@df gene transcript, the expression in the
sample is compared to that of a control sampléhigproject, we used the relative

quantification method because we wanted to invatdithe differences between glucose
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concentrations and ligand treatment, and therefavas not required to determine the

absolute expression of any gene.

In a gPCR, errors will be introduced due to mindiedences in starting amount of RNA,
quality of RNA or differences in efficiency of cDNgynthesis and PCR amplification.

To minimize these errors and correct for variatietween samples, an internal reference
RNA is simultaneously amplified with the targetaagst which other RNA values can be
normalized. These genes, called housekeeping gemasld theoretically be expressed at a
constant level in different tissues, at all stagfedevelopment and their expression should
remain relatively constant even in differing expegntal conditions. However, no ideal
housekeeping gene exists, and it is therefore itapbto select the one that is the most
relevant to the cells of interest and the expertalesetup. It is also recommended to select a
reference gene that’'s not expressed at very higlemyrhigh levels, i.e. betweenr G0-15
(144). In the current project, TATA-box binding pem (TBP; G~23) was used as an
internal control, as it has appropriate @lues and is relatively stable in differing ntiomal
conditions (145).

In general, there are two technologies availabl@foplicon detection: double-stranded
DNA-intercalating dyes and fluorescent probeshis project, we used SYBR® Green DNA-
intercalating dye. Unbound SYBR Green exhibits Jgtlg fluorescence. During primer
extension and polymerization, the dye binds to daDfdsulting in an increase in detected
fluorescence. The intensity of the signal depemdthe quantity of dsSDNA present in the
reaction. This technique is relatively cheap andlmaused with any pair of primers for any
target. However, the method is susceptible to wiBpdluorescent signals causes by primer-
dimers and amplification of non-specific productd4g). Therefore, the gPCR should be
followed by melt-curve analysis. The amplicon wiikplay a characteristic peak at the
melting temperature () that distinguishes it from amplification artefastuch as primer-
dimers, which melt at lower temperatures at brogéeaks. This was done for all primer pairs
used in this thesis.

Since a PCR reaction is sensitive to small amoaintentaminating molecules, it is essential
to follow good laboratory practices to avoid randoomtamination or contamination of
reagents. Also, no RNA/no RT samples should beided in the gPCR to control for primer-
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dimers and contaminating DNA/genomic DNA. In thereat project, work with RNA and
gPCR was performed on designated workstations d@hdeguipment reserved specifically
for these purposes. Samples with abnormal meltesunwere excluded from further analysis,
as they were considered not to be reliable.

To study our hypotheses, we chose to investigatetbression diXRA, CHREBPA,
CHREBPB and a selection of previously characterized taggeesPKLR1 seems to be
uniquely regulated by ChREBP and unaffected by LXSRSREBP-1c (28, 1473REBF1 is

a well-characterized LXR target gene (29), wikilSN which is a target gene of both (148).

4.1.6 Protein-protein interactions

There are several methods for studying proteingmmanteractions. One of the most
commonly used methods is co-immunoprecipitationlP¢of proteins. In a ColP, protein
complexes are typically captured from, e.g. algshte using a specific antibody. The
antibody is immobilized using protein A or G attadito sepharose or magnetic beads. After
washing the beads, the antibody and the asso@abéeins are eluted. The bound proteins

can then be identified by mass spectrometry onogunoblotting.

The ColP can be carried out using lysates fromliceds or tissues expressing endogenous
proteins, or from cells that have been transfeatigd plasmids encoding a tagged protein. By
studying endogenous protein interactions, anyiedlfeffects of tags or overexpression
conditions are avoided. This may therefore be meliable but also requires highly specific
antibodies to the proteins of interest. By transfgccells with plasmids encoding a tagged
protein, it is possible to use an antibody agaimstag, such as anti-FLAG. In this way, it is
possible to study proteins for which an antibodgsinot exist. Moreover, by using tags the

possibility that the antibody reacts with othertpnos is limited.

In the current project, COS-1 cells were transféetéh plasmids encoding V5-tagged
LXRa, and FLAG-tagged ChREBFand ChREBP-LID. COS-1 cells were chosen because
they show higher transfection efficiency than hepat cell lines such as HepG2 and HuH-7.
We chose to transfect the cells because &XRows low expression and ChREBB not
detectable in COS-1. Furthermore, we chose toagget proteins, because no reliable
antibody has yet been generated towards the N+atraf ChREBP. For the study of
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interactions with LID, using a tag strategy is tmdy possibility. A ColP usually generates
significant background, and it is important to und# parallel negative controls (149). Ideally,
ChREBR should have been included as a negative contmkeder, this is complicated by
the fact that ChREBRIs unstable because of a short half-life, antiesdfore difficult to

detect, even in an overexpressed state (150).

A positive ColP of proteins does not necessarilamthat they interact directly, as they can
be part of larger complexes. In the current projeetidentified a possible interaction of LID
with LXRa. However, the presence of mediating proteins cab@ouled out and warrants
further investigations. Confirmation of a suspeale@dct interaction can be done by a pull-
down assay with, e.g. bacterially expressed prstémthis way, it is possible to produce a
large quantity of proteins, larger than what isgtlole in endogenous conditions. These
protein preparations can be purified, and by th@dthat other interacting proteins affect the
result. A positive pull-down thus suggests thatghaeins interact directly. By proceeding
with a peptide array screening, it is possible &prthe precise binding sites of the protein. In
peptide arrays, 20-30-mer peptides derived fromadribe proteins of interest are spotted
onto a solid support and then incubated with thiénpa protein. The protein-bound peptides

can den be detected by immunoblotting.

Finally, based on a positive ColP, we cannot belabsly sure that the interaction takes place
in the cell and is not just as a consequence bfyse$. One prerequisite for defining protein-
protein interactiongn vivo is that they co-localize in the cell, or at lesisdw overlapping
distribution within the cell. The intracellular lalzation of two or more proteins should

therefore be assessed by confocal microscopy.

4.1.7 Statistical analysis

In scientific research, the statistical significahevel, also known as thelevel, is frequently
set to 0.05, which means that there is a 5 % chiévatehe observed difference is due to
sampling or experimental error. When running migtitatistical procedures, such as
Students t-test or Pearson’s correlation, the fmtibaof detecting a significant finding just
by chance, i.e. type | error, increases. This lieddhe problem of multiplicity (151). The
Bonferroni correction is frequently applied to astjprobability p) values when making
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multiple statistical tests so that thdevel over all the tests is kept at 0.05. Theextion is
simple:

Adjusteda = a/k, wherek is the number of tests.

However, this correction is extremely conservatimed comes at the expense of increasing the
probability of a type Il error, i.e. not detectiag effect even though it exists. Thus, as the
number of statistical tests increases, the likelthof not detecting a real effect increases,
leading to loss of statistical power. For this mgghe routine correction for multiple tests is,
although common, also much debated. It is impot@ebnsider the risk of type | and type Il
errors before deciding to adjystalues. One consideration is whether the study is
hypothesis-driven or hypothesis-generating. Inx@iagatory context, it can be argued that it
is better not to miss a possible effect that wdaddvorthy of further study, that is, to avoid a
type Il error, and therefore not use Bonferronrection. Conversely, if the objective is to be
confident that the effect is real, a more consé@reanethod would be more appropriate. In an
exploratory context, it can also be argued thargath number of false positives is tolerable
since these will be discarded when the study iboaed. The Bonferroni correction also
becomes increasingly conservative when the outcamesorrelated with each other, such as
in apost hoc test following a significant F test (ANOVA). In slu circumstances, Bonferroni

or related corrections may not be appropriate (151)

The current project includes a cohort of pre-dimbahd diabetic patients, where we wanted
to investigate whetheZhREBP, LXRA and target gene expressions related to blood
biomarkers in peripheral blood mononuclear celisc&this cohort is primarily exploratory,
we chose not to adjuptvalues, and instead accept a higher probabilitype | errors. To
limit the number of tests, we chose to include dhbyvariables relevant to our hypotheses.
Also, the direction and the magnitude of the effeas considered, as significant findings in

the same direction strengthen our confidence indbelts.
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4.2 Discussion of the results

4.2.1 Activation of the ChREBP B promoter by ChREBP a and LXR «a

ChREBP has been established as a central transnaptegulator of glucose metabolism. In
2012, Herman and colleagues identified a short&EBP isoform, termed ChREBPwhich
they found was highly active in WAT and transcrilfexin an alternative promoter upstream
of exon la. Furthermore, they showed that glucostalolism induces the transcriptional
activity of ChREBR and the binding of ChREBRo a ChoRE in exonlb, consequently
promoting transcription aChrebpb (41). This shorter isoform has been shown to Herént
with respect to transcriptional activity, inductjand degradation pattern (41, 50), and since
most studies so far have been conducted on thé&efdth ChREBR, our interest has been in

unravelling how ChREB®regulates th€hrebpb promoter.

Recent data has shown that the expressi@hodbpb andL-pk was almost abolished in LXR
double knock-out mice compared to wild type (132preover, LXRx has been shown to
regulate the expression Ghrebpb andL-pk in the livers of mice fed a high-glucose diet
(153). This has led to the hypothesis that loXRgulates th€hrebpb promoter; either
directly, or indirectly by regulating the expressiaof ChREBHR.

We hypothesized that ChREBRNnd LXRx would work synergistically to activate the
Chrebpb promoter. In the current project, we show thahdotRa and ChREBR induce
Chrebpb expression from the wild-type reporter. For Logis induction is ligand-
dependent. However, LXRand ChREBR did not show an additive or synergistic effect on
the promoter. Interestingly, when adding the agomie saw slightly reduced activity in cells
transfected with both LX&and ChREBR, compared to cells transfected with ChRaBP
alone. This is in line with previous observatigN®rgaard, unpublished data). A possible
explanation could be that ligand-bound L&KBomehow inhibits glucose from inducing the
conformational change required for ChREB&Ctivity.

Next, we were interested in investigating the afleifferent parts of th€hrebpb promoter.
Hermanet al. identified a highly conserved region containinGt®oRE 17 kb upstream of the
mouseChrebp transcriptional start site, as well as a sepdtatex 255 base pairs (bp)
upstream of the putative ChoRE (41). They showatldkletion of either the ChoRE or the

77



upstream E-box attenuated both glucose-inducedasal induction o€hrebpb promoter
activity, while this effect was completely abolisheith the deletion of both (41). Our lab
received the wild-type, ChoRE and E-box deletednmters as gifts from the Herman lab.
Upon verifying the sequence of these promotersjisevered that the E-box-deleted
promoter was also lacking additional segments, wpid the results from Herman into
question. Therefore, a new reporter was clonedpastaof this project, and its integrity was

verified by sequencing.

We found that deletion of the E-box led to a lokaativity of theChrebpb promoter, similar
to that we observed for the double deletion, wiiééetion of ChoRE did not have any
appreciable effect o@hrebpb promoter. This suggests that the upstream E-baxpext of a
functional site that conveys ChREBP activity. TEB¥0X is proximal to an E-box like
sequence, spaced by 5 base p&GGECTGnnnnrICACGTG). Thus, this site can be termed
ChoRE-like. Interestingly, this finding is in livgith chromatin immunoprecipitation (ChiIP)
sequencing data analyzed by our group, which shibatsChREBP aligns with the ChoRE-
like sequence and not the ChoRE, as shoviidare 28 (unpublished data).
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Figure 28: ChlP-sequencing data of LXR and ChREBP in mice liver.

A: ChlIP-sequencing data of the mouse Chrebp (Mlixipl) gene showing alignment of ChREBP (teal) and
LXR (pink) on the ChoRE-like sequence (red box) in the Chrebpb promoter 255 base pairs upstream
of the canonical ChoRE. B: 100x zoom of the high peak in figure 29A. The ChoRE-like sequence (red

box) and the canonical ChoRE (blue box) are indicated. ChoRE: Carbohydrate response element.

While ChREBFR: has at least two functional LXRES in its promd®8), no functional LXRE
has been established in {@krebpb promoter. However, data from our group has shdwh t
LXRa inducedChrebpb andL-pk expression and that this induction was dependeiat 0
functional DBD (Ngrgaard, unpublished data). Thosld indicate that LXR binds to the
Chrebpb promoter through its DBD through a hitherto unkmawXRE. We were therefore
interested in investigating the possibility thatRedirectly regulates th€hrebpb promoter
activity through a putative LXRE. THéhrebp gene was searched for DR4 type response
element using the JASPAR TF binding motif datal{age://jaspar.genereg.neOne

putative site was identified 434 base pairs upstirebtheChrebpb promoter. As a part of the
current project, &hrebpb-driven luciferase reporter was cloned in whicls thR4 element
was deleted. If this element were a functional LXRE would expect that deletion would
reduce LXRy's ability to regulate the promoter. However, weeilved that the effect of
LXRa was retained, suggesting that this is not a foneli LXRE. Nevertheless, only a small
fraction of LXR/RXR binding sites contains a weéfthed DR4/LXRE (154). It is therefore
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still possible that LXR directly activates th€hrebpb promoter via another binding site not
identified in our bioinformatics search. Anotherspibility is that LXRx acts primarily
through an indirect mechanism, e.g. by inducingresgion of another transcription factor
which in turn promote€HREBPB expression. This transcription factor could indbed
ChREBRy, however, when we deleted the E-box of the ChREBIRding site, LXR: was

still able to induc«CHREBPB expression in response to ligand treatment, stiggethat this
effect is not mediated by ChREBP

4.2.2 Glucose treatment in hepatoma cells

The ChREBP isoforms have shown different dynamegaurding expression in response to
glucose. Upon discovering the ChREBBoform, Herman and collaborators proposed a feed-
forward model in which glucose induces ChRERFRnscriptional activity, resulting in
increased”HREBPB expression, whil€HREBPA expression is not affected by glucose
concentrations (41). In support of this model, &sidh mice have shown th@hrebpa, but

not Chrebpb, is expressed in the liver in mice during fastamgl that onlyChrebpb is

responsive to high-carbohydrate refeeding (44, 186yeover, high glucose treatment in
human primary hepatocytes increased expressi@iH&®EBPB and the target gené&<C,

FASN andTXNIP (44).

In the current project, expression@HREBPB, but notCHREBPA, was increased by high
glucose treatment compared to low glucose. Howelkiere was no substantial change in
expression of ChREBP target genes. A possible aaptan for this may be that hepatocytes
are able to make use of a wide variety of substriaietheir metabolism, including amino
acids. In physiological conditions, hepatocytes/arse glucose as their substrate to a
minimal degree. Since the serum added to the euthadium may contain a considerate
amount of amino acids and other gluconeogenic gatlst it would have been beneficial to
replicate the experiment in cells that have bedjested to serum starvation. In addition,
HepG2 cells express low levels of glucokinase, Wimay account for the poor glucose
response (156). For this reason, another celldim@imary hepatocytes could provide more

insight about glucose-regulated genes.

We did not observe any substantial differencdsX{RA. This was expected as we did not add

LXR agonist in this setup. The role of LXR as aagise sensor is debated. Migtcal.
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reported that glucose can bind and activate LXK \1Wwhich was questioned because the
ligand-binding pocket of LXR accommodates hydropboand not hydrophilic, compounds
(158). In support of this, Denechaetdhl. found that induction ofhrebp, L-pk andAcc by
glucose or high-carbohydrate diet was similar irR.double knock-out mice compared with
wild-type, suggesting an LXR-independent mechar(®®. However, Ngrgaard
demonstrated a significant difference between LXRlde knock-out mice and LX{Rknock-
out mice onChrebpb andL-pk expression, suggesting that these genes are dapenm

LXRa (unpublished data). Because of these conflictasglts, more investigations should be

done, in particular on the role of the differentRXsoforms in glucose metabolism.

4.2.3 Gene expression in peripheral blood mononuclear ce lIs

Expression of both ChREBP isoforms is associateéd wiproved insulin sensitivity in

human adipose tissue (41, 96, 97), while decreaspikssion in adipose tissue and increased
expression in liver predicts insulin resistance, @7). However, few studies have

investigated the expression of ChREBP and its taygees in the liver. The largest study to
date included 165 patients, in whiCRiREBPB mRNA in the liver correlated with insulin
resistance. Kursawet al. found similar results with a significant increasé¢HOMA-IR with
increasing levels of both ChREBP isoforms in theriin eight adolescents with pre-diabetes
or early T2DM (96). Due to limited tissue availatyil these studies did not include protein
analysis. Conversely, another study found €tdREBP mRNA expression in the liver was

inversely correlated with insulin resistance inigratis with NASH (86).

To our knowledge, no one has so far investigatecepression of ChREBP in peripheral
blood mononuclear cells. Collection of liver tist@m healthy volunteers is ethically
problematic because of the risks involved withghecedure. There is therefore interest in
discovering tissues or cells that can sevm vivo liver models. PBMCs share more than 80
% of the transcriptome with the liver and have bgleown to reflect hepatic regulation of
cholesterol metabolism on the level of gene exjpag459) They are also responsive to
physiological stimuli such as fasting and feedib@g, 160). In this project, we were therefore
interested in determining whether PBMCs could sesva surrogate tissue to study the role

of ChREBP in liver metabolism.
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Disappointingly, we discovered that both ChREBRdsns were negligibly expressed in
these cells. Moreover, a correlation analysis riegean inverse relationship between serum
glucose and the expression of the LXR and ChREBfetgeneSREBF1 andFASN. This is

in contrast tan vitro andin vivo studies in hepatocytes, which have shown thabgleic
induces hepatic ChREBP and target gene expres#iori$5). Moreover, we found an
inverse relationship between total serum cholektard expression dFASN. This may be

due to chance, especially since most of the subfed cholesterol levels within the normal
range. Lastly, there was no correlation between BER and expression of any of the genes

of interest.

The major disadvantage of using these cells istieat have been in storage for
approximately ten years, which may have led to Ri¢gradation and consequently obscured
downstream analyses. However, RNA integrity wasss=d and found to be within
acceptable levels. Also, expression.®RA, SREBF1 andFASN were all in the normal range,
which rules out general mMRNA degradation. Anotimaitation is that the blood was sampled
in the fasting state. This may explain the undetdetlevels oCHREBPB, which is the

isoform that responds to glucose by increased egpme. However, we would have expected
to detect the glucose non-responsive, more stafpisessedCHREBPA, also in fasting
conditions. However, the possibility that the fagtmight have changed the expression of

both ChREBP isoforms cannot be excluded.

The term PBMC covers different cells with varyingperties, including monocytes,

dendritic cells, CD4 and CD8 T cells, B cells and ¢¢lls. Therefore, the possibility that
gene expression varies according to the propodiaell types that makes up the PBMC
preparation cannot be ruled out. For example, xipeession 0ABCA1 andABCG1 has been
shown to be lower in PBMCs than primary monocyfésl §. Recent studies have also
indicated that activated T cells downregulate tX&Lpathway while upregulating the
SREBP-1 pathway (162), which introduces inflamnratis a confounding factor. Similarly,
glucose is the primary fuel source of lymphocyted & vital for their proliferation, but

resting lymphocytes have low energy needs (163.eXpression of genes related to glucose

and lipid metabolism may therefore be affectedrtffammation.
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Ultimately, PBMCs are immune cells whose main figrcts to respond to pathogens through
differentiation, proliferation and antigen prodecti Even though they share a large
proportion of active genes with the liver, the region of their genes may be considerably
different to that of hepatocytes. Our analysesakakthat lipogenic genes are regulated in the
opposite direction of what we would expect in tived. Our inability to detect both ChREBP
isoforms in PBMCs suggests that this might notrioevgortant pathway in these cells. For
these reasons, results on metabolic mechanismsRBMCs should be interpreted with great
caution, as they do not necessarily mimic metaboirsother tissues.

4.2 .4 Interaction between LXR o and ChREBP a

An interesting observation in the current projedhiat LXRu ligand treatment reduces
ChREBR-mediatedChrebpb expression. One way this repression may come abdiutough
an interaction between these transcription fac#desivation of LXRa may lead to binding of
LXRa to the LID, thus inhibiting the glucose-mediatemhtscriptional activity of ChREBP

Previous data have shown that both lox&hd LXR3 interact with ChREBE, but not with
ChREBR (Ngrgaard, unpublished data). The fact that ChREBEks the N-terminal low
glucose inhibitory domain (LID) suggests that LoKRteracts with ChREBd#&through this
domain. In the current project, an expression pidsioding only for the LID was cloned and
transfected into COS-1 cells. A co-immunoprecijptatissay was performed, showing that,

in support of our hypothesis, LXRs pulled down by LID and vice versa.

The interaction between LXRand ChREBE may be affected by post-translational
modifications, which can change protein conformatad thus its affinity for other proteins.
A particularly interesting post-translational machition in this aspect is O-GIcNAcylation,
which is a dynamic and reversible modificationJushced by glucose flux through the
hexosamine biosynthetic pathway. It can thereferelaracterized as a glucose-sensing
pathway. Moreover, increased O-GIlcNAcylation hasrbassociated with glucose toxicity
and insulin resistance, as well as hepatic stegt(@, 164), linking aberrant glucose
signalling to pathologies commonly associated wliksity. O-GIcNAcylation is catalysed by
O-linked B-N-acetylglucosamine transferase (OGT), which trasdfee nucleotide sugar
UDP-GIcNACc to a serine or threonine residue orrgeaprotein, while the modification is
removed by O-GIcNAcase (OGA). Both LXR and ChREB® subjected to O-
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GIcNAcylation in response to glucose, leading taipregulation of their activity and target
genes activation (62, 76, 152). Interestingly, loEXR led to reduced O-GIlcNAcylation of
ChREBRx (152). It could therefore be possible that LXR m&zs O-GIcNAcylation of
ChREBP by co-recruiting OGT, as LXR has been shtmnnteract strongly with OGT.

Recently, ChREBP has also been found to physigakyact with the nuclear receptors
hepatocyte nuclear factor 4 alpha (HN&}-4165) and farnesoid X receptor (FXR) (166).
HNF-4a is abundant in foetal and adult liver and intesstimd regulates expression of a large
number of genes involved in glucose, fatty acialesterol, and drug metabolism in the liver.
HNF-40 was found to interact with ChREBPpromote ChREBP transcription in response to
glucose and to synergistically promote ChREEBRpression (165). FXR acts as an
intracellular sensor for bile acids and controls biid, lipid and glucose homeostasis, much
in the opposite direction to that of LXR. While LX{Romotes storage of lipids, FXR
decreases TAG levels and modulates glucose metab@li67). In high glucose
concentrations, FXR and ChREBP co-occupylttiK promoter. FXR activation by the
ligand GW4064 decreases ChREBP binding, reducebngrof co-activators CBP and p300
to the FXR:ChREBP complex, and instead inducesuisent of the SMRT co-repressor to
theL-pk promoter (166).

FXR binds to ChREBP both via its AF-1 and LBD (168judies by Ngrgaard suggested that
LXRa interacts with ChREBdthrough its hinge/LBD (unpublished data), which is
interesting because FXR and LXR show significamhblmgy within their LBD. This opens
for the possibility that LXR interacts with ChREB®in a similar way, but with opposite
results on metabolic regulation. While we have ssggd that LXR interacts only with
ChREBRy, it is not clear which ChREBP isoforms interacthwiXR.

Our findings suggest that LXRmediates its effects on tikHHREBPB promoter through the
regulation of ChREB#& activity and that this regulation involves the LIDChe fact that LXR
seems to require a functional DBD indicates thaRkXs bound to DNA. This regulation
also seems to depend on ligand activation. MoreakierChlP-seq data show co-occupancy
of ChREBR and LXRx on the ChREB& ChoRE-like binding site. Moreover, we have not
been able to identify an LXRE in the ChREBpromoter. All this considered, we therefore
propose a model in which LXRmediates is gene regulatory effects by binding hitherto
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unidentified binding site on the DNA, interactinghwvChREBR: through DNA looping, as

shown inFigure 29.
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Figure 29: Proposed model of the interaction betwee  n LXRa and ChREBP a

A: Upon glucose activation, ChREBPa binds to a ChoRE-like regulatory element to enhance
transcription from the ChREBPB promoter. B: A proposed model in which LXRa binds to an LXRE
distally of the CHREBPB promoter. Upon ligand activation, LXRa interacts directly or indirectly with the
LID of ChREBPa, leading to repression of the transcriptional activity of ChREBPa.
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Furthermore, this switch activates the transcrippbCHREBPB under high glucose
conditions, while it partly represses this actiwativhen the concentration of cholesterol and
cholesterol metabolites is high. This model permasccupancy but does not necessitate an
LXR binding site in theCHREBPB promoter. However, it does not explain how LXR able

to activate CHREBPB expression independently afretional ChoRE/ChoRE-like. One
possibility is that th&€HREBPB promoter contains an unknown LXR binding site,throis
that induce expression of or mediate the recruitroéanknown proteins. Thus, this is an

issue which needs to be investigated further.

4.2.5 Physiological implications of LXR  a and ChREBP crosstalk

In physiological conditions, ChREBP and LXRvork in concert to regulate hepatic
glycolysis and lipogenesis in response to feediingse two transcription factors play
complementary roles, where ChREBP expression andtads induced by glucose
metabolites, while LXR is activated by cholesterol metabolites. Moreol&iRa increases
expression of ChREBR which in turn regulates the expression of theteh@nd more
potent ChREBP isoform. Adding to this, our data show that thevéty of the ChREBIB
promoter is reduced by LXR ligands, suggesting tbxda activation by oxysterols may

have suppressive effects on ChREBRnscriptional activity.

Such a negative regulation could make sense both & mechanistic point of view and in a
physiological context, e.g. when considering a digh in both cholesterol and simple sugars.
A high intake of sugar may result in a surplus lotgse, which increases the transcriptional
activity of ChREBI, leading to increased ChREBRBCctivity and hepatic lipogenesis.
Cholesterol and bile acid metabolism give risexgsterols, which may lead to LXR
activation and a concomitant reduction in the lguig activity of ChREBB. In the liver, this
could be beneficial, as a too high lipogenic ratetabutes to hepatic steatosis. Since NAFLD
Is associated with increased ChREBP mRNA expreg8@) it is also possible that such a
repressive mechanism could be subject to metagéirzgulation. Interestingly, it has been
recently suggested that ChREBP also plays a rdiepatic cholesterol biosynthesis (168).
Taken together, this indicates that LXR and ChREB&grate the sugar and cholesterol

sensing pathways in quite sophisticated ways, warthurther investigations.
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Figure 30: Physiological role of a putative sugara  nd cholesterol-responsive transcriptional

switch

While fructose and glucose activate ChREBPa to induce expression of ChREBP, cholesterol
metabolites activate LXRa, which increase the expression of ChREBPa but also inhibits its
transcriptional activity of ChREBPa. This inhibition results in decreased lipogenesis.
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5 Conclusions

Throughin vitro cell studies, we identified that an E-box localizgstream of the canonical
ChoRE is a key regulatory sequence in the ChREBBmoter. This E-box and an E-box-like
site are separated by 5 base pairs and constipgesible ChREBP binding site, which we
termed ChoRE-like. We characterized PBMCs as adteigpaate model for studying ChREBP
in vivo, which may have implications for its validity asiveer model also in other metabolic
studies. We have also provided more data in fagbthie hypothesis that ChREBteracts
with LXRa via its low glucose inhibitory domain. Finally, yaeopose a model in which
LXRa binds to a yet unidentified site on the ChREBPegemd represses ChREBP
transcriptional activity through an interaction vthe LID.

5.1 Further perspectives

ChREBP, LXRs and other transcription factors aw®lved in the direct and indirect
transcriptional response to nutrient, which faaibt fine-tuning of the cellular responses.
Most promoters of important metabolic genes contauitiple binding sites for different
transcription factors (169). This may seem reduhdart ensures a complex, integrative and
tight regulation of important enzymes of metabplthways. Furthermore, transcription
factors may interact with each other, resultingeed-forward or feed-back mechanisms.
Future investigations of the carbohydrate and dtefel-responsive transcriptional switch in
the liver should focus on the interplay between EBR, nuclear receptors, as well as the
effect of post-translational modifications.
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Appendix |I: Materials, equipment and software

Reagents and kits Manufacturer Cat. no
2-mercaptoethanol Sigma-Aldrich 7522
ALLN Calbiochem 208719-5
Ampicillin sodium salt Sigma-Aldrich A0166
B-glycerophosphate Sigma-Aldrich G9422
Bglll New England Biolabs, Inc. | R0144S
Bovine serum albumin Sigma-Aldrich A8806
cOmplete™ protease inhibitor cocktail Roche Applied Science

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2650
Dithiothreitol (DTT) Bio-Rad 161-0611
DNA Ladder, 1 Kb Plus Invitrogen™ 10787018
Dpnl New England Biolabs, Inc. | RO176S
Dual-Luciferase® Reporter Assay System kit Promega E1960
Dulbecco’s modified Eagle’s medium with L-GIn Lonza 12-604F
Dulbecco’s modified Eagle’s medium, no glucose Thermo Fisher Scientific 11966025
Dynabeads™ Protein A Thermo Fisher Scientific 10001D
Fetal bovine serum Sigma-Aldrich F7524
Glucose solution, 100 g/L Sigma-Aldrich G8644
Glycerol Sigma-Aldrich G7793
GW3965 hydrochloride Sigma-Aldrich G629
Hepes buffer solution, 1 M Sigma-Aldrich 59205C
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems™ 4368814
Hindlll Promega R6041
IGEPAL® CA-630 Sigma-Aldrich 18896
KAPA SYBR FAST Universal Kapa Biosystems KK4601
L-Glutamine solution, 200 mM Sigma-Aldrich G7513
Lipofectamine® 2000 Reagent Invitrogen™ 11668019
MetaPhor™ Agarose Lonza 50181
Methanol Merck 1060091000
NEBuffer 3.1 (10x) New England Biolabs, Inc. | B7203S
Nucleobond ® Xtra Maxi Plus kit Macherey-Nagel 740416
NucleoSpin® Gel and PCR Clean-up kit Macherey-Nagel 740609
NucleoSpin® Plasmid kit Macherey-Nagel 740588
Penicillin-Streptomycin Sigma-Aldrich P4458
PMSF Thermo Fisher Scientific 36978
Precision Plus Protein™ All Blue Standards Bio-Rad 161-0373
Precision Plus Protein™ Dual Color Standards Bio-Rad 161-0374
Purified BSA (100x) New England Biolabs B9001S
Restore™ PLUS Western Blot Stripping Buffer Thermo Fisher Scientific 46430
RNA 6000 Nano Kit Agilent Technologies 5067-1511
RNeasy® Mini Kit Qiagen 74104
Skim milk powder Sigma-Aldrich 70166
Sodium azide Sigma-Aldrich S8032
Sodium fluoride (NAF) Fluka 71519
Sodium orthovanadate (Na2vO4) Sigma-Aldrich 56508
Sodium pyruvate Sigma-Aldrich P5280
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SuperSignal™ West Dura Extended Duration Thermo Fisher Scientific 34076
Substrate
SuperSignal™ West Pico PLUS Chemiluminescent Thermo Fisher Scientific 34080
Substrate
SYBR™ safe DNA Gel Stain Invitrogen™ S33102
T4 DNA ligase New England Biolabs M0202S
T4 DNA ligase buffer New England Biolabs B0202S
Thiamet G Sigma-Aldrich SML0244
Tryphan Blue Stain 0.4 % Invitrogen™ T10282
Trypsin-EDTA Solution Sigma-Aldrich T3924
Tween®20 Sigma-Aldrich P1379
Equipment Manufacturer Cat. no
Biosphere Filter tips Sarstedt

- 10uL 70.1131.210

- 100 puL 70.760.212

- 300 puL 70.765.210

- 1000 pL 70.762.211
Cell culture flasks Corning Inc., Falcon™

- 25cm? 353108

- 75cm? 353136
Cell culture plates Corning Inc., Falcon™

- 6wells 353046

- 12 wells 353043

- 24 wells 353047
Cell scraper, 16 cm Sarstedt 83.1832
Countess™ Cell Counting Chamber Slides Invitrogen™ C10228
Criterion™ Tris-HCI Precast Gel Bio-Rad

- 10 %, 12+2 well 3450009

- 4-20 %, 18 well 3450033
Immobilion-P transfer membrane Sigma-Aldrich IPVHO0010
Microcentrifuge tube Axygen™ Scientific

- 15mL 311-08-051

- 20mL
Nunc™ F96 MicroWell™ White Polystyrene Plate Thermo Fischer Scientific | 136101
Polypropylene conical centrifuge tubes Corning Inc., Falcon™

- 15mL 352095

- 50mL 352070
gPCR 96-well plate non-skirted, low profile, frosted Eurogentec RT-PL96-

OP
gPCR optical adheasive seals Eurogentec RT-OPSL-
100

Serological pipettes Sarstedt

- 5mL 86.1253.001

- 10mL 86.1254.001

- 25mL 86.1685.001
Sterican® cannulas 21G (0.8x40 mm) B. Braun Medical 612-0142
Syringe, 2 mL Terumo SS-03S
Thick filter paper, Precut, 7.5%x10 cm Bio-Rad 1703932
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Instruments

Manufacturer

2100 Bioanalyzer

Agilent Technologies

Avanti J-26XP centrifuge

Beckman Coulter

CFX96 Touch™ Real-Time PCR Detection Systems

Bio-Rad Laboratories

ChemiDoc™ XRS+ System

Bio-Rad

Countess™ Automated Cell Counter

Invitrogen™

Criterion™ Cell system

Bio-Rad Laboratories

Forma™ Steri-Cycle™ CO2 Incubator

Thermo Fischer Scientific

Heraeus Multifuge 3+ Centrifuge

Thermo Fischer Scientific

Heraeus Pico21 Centrifuge

Thermo Fischer Scientific

LD-76 rotator

Labinco BV

NanoDrop®ND-1000 spectrophotometer

NanoDrop Technologies

New Brunswick™ 126 incubator

Eppendorf®

Olympus CKX41 inverted microscope

Olympus®

PowerPac™ Basic Power Supply

Bio-Rad Laboratories

Spectrafuge™ Mini

Labnet International Inc.

Stuart SRTID roller mixer

Cole-Parmer

Stuart SSL4 see-saw rocker

Cole-Parmer

Sub-Cell® GT Horizontal Electrophoresis System

Bio-Rad Laboratories

Synergy 2 Multi-Mode Reader

Bio-Tek® Instruments

Thermomixer® comfort

Eppendorf®

Veriti™ 96 Well Thermal Cycler

Applied Biosystems™

Vortex-Genie 2

Scientific Industries, Inc.

Software

Manufacturer

Adobe Illustrator CS6

Adobe Systems Inc.

Adobe Photoshop CS6

Adobe Systems Inc.

Bio-Rad CFX Manager 3.1

Bio-Rad Laboratories

CLC Sequence Viewer

Qiagen

EndNote X8.1 (Build 11010)

EndNote

Prism 7

GraphPad Software Inc.

IBM® SPSS® Statistics v.25

IBM Corporation

Image Lab ™ Software 6.0

Bio-Rad Laboratories

Microsoft Office Plus 2010

Microsoft Corporation

NanoDrop 1000 Operating Software (ND-1000) v.3.8.1

NanoDrop Technologies

Serial Cloner 2.6.1

Serial Basics
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Appendix II: Antibodies

Primary antibodies Manufacturer Cat. No
ChREBP Novus Biologicals NB400-135
FLAG-tag Sigma-Aldrich F7425

LXRa LBD R&D systems PP-PP20412-00
V5-tag, mouse Thermo Fisher Scientific 37-7500
Secondary antibodies

HRP-conjugated Goat anti-mouse IgG Jackson ImmunoResearch 115-035-174

Laboratories
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Appendix Ill: Buffers and reagents recipes

TE buffer

0.79 g Trizma® Hcl (MW=157.60 g/mol)
0.186 g EDTA 2H20 (MW=372,24 g/mol)
450 ml dH20

Adjust pH to 8.0 with NaOH

dH20 to 500 mi

SDS-PAGE running buffer (10x)
250 MM Tris 30 g

1.92 M Glycine 144 g

1% SDS 109

dHOto 1L

Lysis buffer (ColP)

200 mM NacCl

20 mM Hepes pH 7.4

1% NP40

2x Protease inhibitor (PIC) and 1x ALLN.
Phosphatase/GIcNAcase inhibitors etc. if
needed

10x Towhbin buffer (Transfer buffer)
30 g 250 mM Tris

144 g 1920 mM glycine

dHOto 1L

Wash buffer (ColP)

200 mM NacCl

20 mM Hepes pH 7.4
0.1% NP40

1x Protease inhibitor (PIC)

1x transfer buffer

200 ml 10x Towbin buffer
1600 ml dH20

200 ml methanol

1x Laemmli sample buffer (Bio-Rad)
62. 5 mM Tris-HCI

10 % glycerol

2 % SDS

0.01 % Bromphenol Blue

dH20

100 mM DTT

Blocking solution
3 % BSA or 3% milk powder, 3 g
TBS-T to 100 ml

10x TBS

200 mM Tris base (Mw=121.14) 24 g

1370 mM NaCl 80.15 g

dHOto 1L

Adjust pH to 7.5 with approximately 38 ml 1M
HCI, then add up to 11 with dH20

TBS-T

10x TBS 100 ml

0.1 % Tween-20 1 ml
dHOto 1L

50x TAE buffer

2429 Tris base

750ml ddH20, mix until completely dissolved
100mI 0.5M EDTA

57.1ml anhydrous acetic acid

Adjust pH 8.2 - 8.4, then add up to 1 L with
ddH20
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Appendix IV: DNA plasmids

Empty vectors Description Ref.
pCDNA3.1(+) Mammalian expression vector with CMV promoter.
Bought from Life Technologies, cat.no V79020.
pCMV4 empty Mammalian expression vector with CMV promoter. (41)
Reporters
pGL3b-mChREBPbeta-Exon-1B Wild-type mChrebpbeta-driven luciferase reporter. (41)
pGL3b-mChREBPbeta-Exon-1B Mutated from pGL3b-mChREBPbeta-Exon-1B,
DR4-del where the DR4 is deleted. Cloned in this project.
pGL3b-mChREBPbeta-Exon-1B-E- | Mutated from pGL3b-mChREBPbeta-Exon-1B,
box-del where the E-box is deleted. Cloned in this project.
pGL3b-mChREBPbeta-Exon-1B- Mutated from pGL3b-mChREBPbeta-Exon-1B, (412)
ChoREdel where the ChoRE is deleted.
pGL3b-mChREBPbeta-Exon-1B- Mutated from pGL3b-mChREBPbeta-Exon-1B, (41)
ChoRE-E-box-del where the ChoRE and the E-box is deleted.
pRL-CMV Mammalian Renilla luciferase co-reporter control
plasmid with constitutive CMV promoter
Expression plasmids
pcDNA3-FLAG-hLXRa FLAG-tagged hLXRalpha expression vector. (76)
pcDNA3-FLAG-hRXRa FLAG-tagged hRXRalpha expression vector. (170)
pCMV4-FLAG-mChREBP-LID Cloned in this project.
pCMV4-FLAG-mCHREBPalpha Cloned from GenBank: AF245475.1 with one base (41)
swap (lower letter)
pCMV4-HA-mMLXy HA-tagged mMLXgamma expression vector.
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Appendix V: Primer sequences

gPCR primers

Human target gene i
U Primer sequence (5° > 3’) ATTEER Ref.

(GenBank acc. no.) (bp)
CHREBPA F | TTGTTCAGGCGGATCTTGTC

100 (41)
(MLXIPL v1) R | AGTGCTTGAGCCTGGCCTAC
CHREBPB F | AGCGGATTCCAGGTGAGG

119 (41)
(MLXIPL v2) R | TTGTTCAGGCGGATCTTGTC
FASN F | GCAAATTCGACCTTTCTCAGAAC

71
(NM_004104.4) R | AGTAGGACCCCGTGGAATGTC
LXRA F | TGCATGCCTACGTCTCCATC

111
(NM_005693.3) R | ACACTTGCTCTGAGTGGACG
PKLR1 F | CCCAATATTGTCCGGGTCGT

89
(NM_000298.5) R | TCTGGGCCGATTTTCTGGAC
SREBF1 ¢ F | GGAGCCATGGATTGCACTTT

124
(NM_001005291.2) R | GTCAAATAGGCCAGGGAAGTCA
TBP F | TTGTACCGCAGCTGCAAAAT

96

(NM_003194.4)

R | TATATTCGGCGTTTCGGGCA
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Sequencing primers

Plasmid target

Primer sequence (5° 2 3)

Ref.

pGL3 basic vector

CTAGCAAAATAGGCTGTCCC

CTTTATGTTTTTGGCGTCTTCCA

CGTTGACGCAAATGGGCGG

pCMV5
CCTCCACCCATAATATTATAG
AATTCAGATCTATGGACTACAAGG

FLAG-LID
ATTCAAGCTTACATCACCACCTCGATGCGC
GTCTGCTCTACCCTGAGTCCTCCCTAAGCTTCTC
TTCTCTTC

mCHR-DR4del

GAAGAGAAGAGAAGCTTAGGGAGGACTCAGGGT
AGAGCAGAC

mCHR-Eboxdel

GTGCCTCCTTCTCTCCTTAGGATGGCAGCCGCTC
CTCAGGC

GCCTGAGGAGCGGCTGCCATCCTAAGGAGAGAA
GGAGGCAC
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Appendix VI: Sequence chromatogram, pGL3b-mChREBPbeta-Exon-1B-DR4-del

880 900 920 940
| | | |

pGL3b-mChREBPbeta-Exon-1B.str TAGTACTAACATACGCTCTCCATCAAAACAAAACGAAACAAAACAAACTAGCAAAATAGGCTGTCCCCAGTGCAAGTGCAGGTGCCA

Consensus

Coverage
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Trace data
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| | |

pGL3b-mChREBPbeta-Exon-1B.str GAACATTTCTCTATCGATAGGTACCGGGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAACCATGTCTTGAAACACACACACACA

Consensus ACATTTCTCTATCGATAGGTACCGGGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAACCATGTCTTGAAACACACACACACA
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pGL3b-mChREBPbeta-Exon-1B.str CACACACACACACACACACACACACACACACACATCTTTGAGAAGGGGAGGATGCTCCAGGAGGGATATGGCTAGGGAGATGTGGCG

Consensus CACACACACACACACACACACACACACACACACATCTTTGAGAAGGGGAGGATGCTCCAGGAGGGATATGGCTAGGGAGATGTGGCG

Coverage
o

36AH26 CACACACACACACACACACACACACACACACACATCTTTGAGAAGGGGAGGATGCTCCAGGAGGGATATGGCTAGGGAGATGTGGCG

Trace data
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o
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36AH26 CTTCTACTCTCTCGGTCCCAAATCTGGGGCTCCTCCCTTCTCGCACCCGGTCTACAGTTTGGGACCTAGACATCAAGCCCCCGGGGA

Trace data ‘ ‘

1400 1420 1440 1460 1
| | | |

pGL3b-mChREBPbeta-Exon-1B.str GAGGGGGGT TAAAGGTGAGCGGGGCACGAGCGGGGCGGCAGAAGGTGATTGGCAGGCTCCTGAGCCCACGGCGCGCGCCACCGCCGC

Consensus GAGGGGGGTTAAAGGTGAGCGGGGCACGAGCGGGGCGGCAGAAGGTGATTGGCAGGCTCCTGAGCCCACGGCGCGCGCCACCGCCGC

Coverage
o

36AH26 GAGGGGGGTTAAAGGTGAGCGGGGCACGAGCGGGGCGGCAGAAGGTGATTGGCAGGCTCCTGAGCCCACGGCGCGCGCCACCGCCGC

ol it

480 1500 1520 1540 1560
| | | |

pGL3b-mChREBPbeta-Exon-1B.str TCCACAGGCCACCAGCCTGAGGAGCGGCTGCCATCCACGTGCTAAGGAGAGAAGGAGGCACCGGACCAAGGGGCAAAGGACACCTCG

Consensus TCCACAGGCCACCAGCCTGAGGAGCGGCTGCCATCCACGTGCTAAGGAGAGAAGGAGGCACCGGACCAAGGGGCAAAGGACACCTCG

Coverage
o

36AH26 TCCACAGGCCACCAGCCTGAGGAGCGGCTGCCATCCACGTGCTAAGGAGAGAAGGAGGCACCGGACCAAGGGGCAAAGGACACCTCG

Trace data

1580 1600 1620 1640
| | | |

pGL3b-mChREBPbeta-Exon-1B.str GAGCGGGAGGGCGGGGGAACCTGCAGCGCCCAGCAGTCCACACCCCAGTCTAAAAGCCGGGCTTCGTGCGGGCGCAGCGCACGGAGC

Consensus GAGCGGGAGGGCGGGGGAACCTGCAGCGCCCAGCAGTCCACACCCCAGTCTAAAAGCCGGGCTTCGTGCGGGCGCAGCGCACGGAGC

Coverage
0

36AH26 GAGCGGGAGGGCGGGGGAACCTGCAGCGCCCAGCAGTCCACACCCCAGTCTAAAAGCCGGGCTTCGTGCGGGCGCAGCGCACGGAGC

Trace data

1660 1680 1700 1720 174
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CCTCTGCCGCCTGCGCGGGGAAGGCGCGGGGTGAGGCCGCAGCGGCCTGAGCATCTGCAGCCTCGCGGAGACCCGAGGTCCCAGGAT

Consensus CCTCTGCCGCCTGCGCGGGGAAGGCGCGGGGTGAGGCCGCAGCGGCCTGAGCATCTGCAGCCTCGCGGAGACCCGAGGTCCCAGGAT

Coverage
o

36AH26 CCTCTGCCGCCTGCGCGGGGAAGGCGCGGGGTGAGGCCGCAGCGGCCTGAGCATCTGCAGCCTCGCGGAGACCCGAGGTCCCAGGAT

U oo e AV R




0 1760 1780 1800 1820
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CCGAGCCCAGCCCGACGCCATCTGCAGATCGCGTGGAGCTCAGGTGAGCAGGAAAGATCTTCAGTTATCAGAGGGACATAGATGCCT

Consensus CCGAGCCCAGCCCGACGCCATCTGCAGATCGCGTGGAGCTCAGGTGAGCAGGAAAGATCTTCAGTTATCAGAGGGACATAGATGCCT

Coverage
0

36AH26 CCGAGCCCAGCCCGACGCCATCTGCAGATCGCGTGGAGCTCAGGTGAGCAGGAAAGATCTTCAGTTATCAGAGGGACATAGATGCCT

Trace data

1840 1860 1880 1900
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CGCAGAGGGCTAGCCCGGGCTCGAGATCTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTGGTAAAGCCACCATGGAAGACGCC

Consensus CGCAGAGGGCTAGCCCGGGCTCGAGATCTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTGGTAAAGCCACCATGGAAGACGCC

Coverage
o

36AH26 CGCAGAGGGCTAGCCCGGGCTCGAGATCTGCGATCTAAGTAAGCTTGGCATTCCGGTACTGTTGGTAAAGCCACCATGGAAGACGCC

Trace data

1920 1940 1960 1980 2
| | | |

pGL3b-mChREBPbeta-Exon-1B.str AAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCGCTGGAAGA -TGGAACCGCTGG-AGAGCAACTGCATAAGGCTATGAAGAGAT
|Conflict
Conflict Conflict Conflict

Consensus AAAAACATAAAGAAAGGCCCGGCGCCTTTCTATCCGCTGGAAAAATGGAACCGCTGGGAGAGCAACTGC

Coverage
o

36AH26 AAAAACATAAAGAAAGGCCCGGCGCCTT TCTATCCGCTGGAAAAATGGAACCGCTGGGAGAGCAACTGCI

Trace data

000 2020 2040 2060 2080
| |

pGL3b-mChREBPbeta-Exon-1B.str ACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATCGAGGTGGACATCACTTACGCTGAGTACTTCGAAATGTCCGTTC

Consensus

Coverage
o

36AH26 i

Trace data

2100 2120 2140 2160
| | | |

pGL3b-mChREBPbeta-Exon-1B.str GGTTGGCAGAAGCTATGAAACGATATGGGCTGAATACAAATCACAGAATCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTATGC

Consensus
T

Coverage
o

36AH26 i i

Trace data



Appendix VII: Sequence chromatogram, pGL3b-mChREBPbeta-Exon-1B-Ebox-del
8?0 9?0 9%0 94:0
pGL3b-mChREBPbeta-Exon-1B.str TAGTACTAACATACGCTCTCCATCAAAACAAAACGAAACAAAACAAACTAGCAAAATAGGCTGTCCCCAGTGCAAGTGCAGGTGCCA

Consensus
T

Coverage
o

36AH28

Trace data

960 980 1000 1020 1040
| | |

pGL3b-mChREBPbeta-Exon-1B.str GAACATTTCTCTATCGATAGGTACCGGGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAACCATGTCTTGAAACACACACACACA

Consensus ATTTCTCTATCGATAGGTACCGGGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAACCATGTCTTGAAACACACACACACA
Coverage
o

36AH28 ATTTCTCTATCGATAGGTACCGGGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAACCATGTCTTGAAACACACACACACA

fraceae WWWWWMMMWWV

1060 1080 1100 1120
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CACACACACACACACACACACACACACACACACATCTTTGAGAAGGGGAGGATGCTCCAGGAGGGATATGGCTAGGGAGATGTGGCG

Consensus CACACACACACACACACACACACACACACACACATCTTTGAGAAGGGGAGGATGCTCCAGGAGGGATATGGCTAGGGAGATGTGGCG

Coverage
o

36AH28 CACACACACACACACACACACACACACACACACATCTTTGAGAAGGGGAGGATGCTCCAGGAGGGATATGGCTAGGGAGATGTGGCG

Trace data

1140 1160 1180 1200
| | | |

pGL3b-mChREBPbeta-Exon-1B.str TTTGGGGAAGAGAAGAGAAGCTTAGGGAACAAGGCCTCCTCAGGGGAGGACTCAGGGTAGAGCAGACTCCCTGGGAGATAGATGGAG

Consensus TTTGGGGAAGAGAAGAGAAGCTTAGGGAACAAGGCCTCCTCAGGGGAGGACTCAGGGTAGAGCAGACTCCCTGGGAGATAGATGGAG

Coverage
0

36AH28 TTTGGGGAAGAGAAGAGAAGCTTAGGGAACAAGGCCTCCTCAGGGGAGGACTCAGGGTAGAGCAGACTCCCTGGGAGATAGATGGAG

e e

1220 1240 1260 1280 1300
| | | | |

pGL3b-mChREBPbeta-Exon-1B.str ACCAGTGAGTTCATGGAAGCTGCAGACAAGGGAGGCCCACAACCCCGAGTGAGTTTCAAATAGGGGCTGGGGCTGGGGCTGAGACTC

Consensus ACCAGTGAGTTCATGGAAGCTGCAGACAAGGGAGGCCCACAACCCCGAGTGAGTTTCAAATAGGGGCTGGGGCTGGGGCTGAGACTC

Coverage
o

36AH28 ACCAGTGAGTTCATGGAAGCTGCAGACAAGGGAGGCCCACAACCCCGAGTGAGTTTCAAATAGGGGCTGGGGCTGGGGCTGAGACTC

Trace data ‘




1320 1340 1360 1380
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CTTCTACTCTCTCGGTCCCAAATCTGGGGCTCCTCCCTTCTCGCACCCGGTCTACAGTTTGGGACCTAGACATCAAGCCCCCGGGGA

Consensus CTTCTACTCTCTCGGTCCCAAATCTGGGGCTCCTCCCTTCTCGCACCCGGTCTACAGTTTGGGACCTAGACATCAAGCCCCCGGGGA

Coverage
0

36AH28 CTTCTACTCTCTCGGTCCCAAATCTGGGGCTCCTCCCTTCTCGCACCCGGTCTACAGTTTGGGACCTAGACATCAAGCCCCCGGGGA

Trace data ‘ ‘ ‘ A

1400 1420 1440 1460 1
| | | |

pGL3b-mChREBPbeta-Exon-1B.str GAGGGGGGT TAAAGGTGAGCGGGGCACGAGCGGGGCGGCAGAAGGTGATTGGCAGGCTCCTGAGCCCACGGCGCGCGCCACCGCCGC

Consensus GAGGGGGGTTAAAGGTGAGCGGGGCACGAGCGGGGCGGCAGAAGGTGATTGGCAGGCTCCTGAGCCCACGGCGCGCGCCACCGCCGC

Coverage
o

36AH28 GAGGGGGGTTAAAGGTGAGCGGGGCACGAGCGGGGCGGCAGAAGGTGATTGGCAGGCTCCTGAGCCCACGGCGCGCGCCACCGCCGC

Trace data l
() A\

480 1500 1520 1540 1560
| | | |

pGL3b-mChREBPbeta-Exon-1B.str TCCACAGGCCACCAGCCTGAGGAGCGGCTGCCATCCACGTGCTAAGGAGAGAAGGAGGCACCGGACCAAGGGGCAAAGGACACCTCG

Conflict
Consensus TCCACAGGCCACCAGCCTGAGGAGCGGCTGCCATCC - == - = = TAAGGAGAGAAGGAGGCACCGGACCAAGGGGCAAAGGACACCTCG
Coverage
36AH28 TCCACAGGCCACCAGCCTGAGGAGCGGCTGCCATCC == |= === TAAGGAGAGAAGGAGGCACCGGACCAAGGGGCAAAGGACACCTCG

1580 1600 1620 1640
| | | |

pGL3b-mChREBPbeta-Exon-1B.str GAGCGGGAGGGCGGGGGAACCTGCAGCGCCCAGCAGTCCACACCCCAGTCTAAAAGCCGGGCTTCGTGCGGGCGCAGCGCACGGAGC

Consensus GAGCGGGAGGGCGGGGGAACCTGCAGCGCCCAGCAGTCCACACCCCAGTCTAAAAGCCGGGCTTCGTGCGGGCGCAGCGCACGGAGC

Coverage
0

36AH28 GAGCGGGAGGGCGGGGGAACCTGCAGCGCCCAGCAGTCCACACCCCAGTCTAAAAGCCGGGCTTCGTGCGGGCGCAGCGCACGGAGC

Trace data

1660 1680 1700 1720 174
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CCTCTGCCGCCTGCGCGGGGAAGGCGCGGGGTGAGGCCGCAGCGGCCTGAGCATCTGCAGCCTCGCGGAGACCCGAGGTCCCAGGAT

Consensus CCTCTGCCGCCTGCGCGGGGAAGGCGCGGGGTGAGGCCGCAGCGGCCTGAGCATCTGCAGCCTCGCGGAGACCCGAGGTCCCAGGAT

Coverage
o

36AH28 CCTCTGCCGCCTGCGCGGGGAAGGCGCGGGGTGAGGCCGCAGCGGCCTGAGCATCTGCAGCCTCGCGGAGACCCGAGGTCCCAGGAT

Trace data




0 1760 1780 1800 1820
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CCGAGCCCAGCCCGACGCCATCTGCAGATCGCGTGGAGCTCAGGTGAGCAGGAAAGATCTTCAGTTATCAGAGGGACATAGATGCCT

Consensus CCGAGCCCAGCCCGACGCCATCTGCAGATCGCGTGGAGCTCAGGTGAGCAGGAAAGATCTTCAGTTATCAGAGGGACATAGATGCCT

Coverage
0

36AH28 CCGAGCCCAGCCCGACGCCATCTGCAGATCGCGTGGAGCTCAGGTGAGCAGGAAAGATCTTCAGTTATCAGAGGGACATAGATGCCT

Trace data

1840 1860 1880 1900
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CGCAGAGGGCTAGCCCGGG-CTCGAGATCTGCGATCTAAGTAAGCTTGG-CATTCCGGTACTGTTGG - TAAAGCCACCATGGAA-GA
Conflict Conflict Conflict Conf

Consensus CGCAGAGGGCTAGCCCGGGGCTCGAGATCTGCGATCTAAGTAAGCTTGGTCATTCCGGTACTGTTGGGTAAAGCCACCATGGAAAGA

Coverage
o

36AH28 CGCAGAGGGCTAGCCCGGGGCTCGAGATCTGCGATCTAAGTAAGCTTGGTCATTCCGGTACTGTTGGGTAAAGCCACCATGGAAAGA

Trace data

1920 1940 1960 1980
| | | |

pGL3b-mChREBPbeta-Exon-1B.str CGCC - AAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCGCTGGAAGATGGAACCGCTGGAGAGCAACTGCATAAGGCTATGAAGA
lict Conflict

Consensus CGCCCAAAAACATAAA

Coverage
o

36AH28 CGCCCAAAAACATAAAI G GG

2000 2020 2040 2060 2080
| | | | |

pGL3b-mChREBPbeta-Exon-1B.str GATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATCGAGGTGGACATCACTTACGCTGAGTACTTCGAAATGTCCG

Consensus
T

Coverage
o

36AH28 . AAAGAAATACE T iTT T AAACAATIE TATI IGGGAA

Trace data

2100 2120 2140 2160
| | | |

pGL3b-mChREBPbeta-Exon-1B.str TTCGGTTGGCAGAAGCTATGAAACGATATGGGCTGAATACAAATCACAGAATCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTA

Consensus
T

Coverage
o

36AH28

Trace data



Appendix VIII: Sequence chromatogram, pCMV4-FLAG-mChREBP-LID

360 380 400 420 440

pCMV4-FLAG-mChREBP-LID.stT TACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCC

Conflict Conflict
Consensus ATAACTTCCGGTAAATGGCCCGCCTGGCTGACCGACCAACGACCC
Coverage
o
36AHOTT ATAACTTCCGGTAAATGGCCCGCCTGGCTGACCGACCAACGACCC
Trace data

460 480 500 520
| | | |

pCMV4-FLAG-mChREBP-LID.stt CCC -GCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGG
|Conflict
Conflict

ConsensuCCCCNGNCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGG

Coverage
o

36AHOTCCCNGNCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGG

Trace data

540 560 580 600 620

pCMV4-FLAG-mChREBP-LID.str GTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGC

Consensus GTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGC

Coverage
o

36AH07 GTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGC

Trace data

640 660 680 700

pCMV4-FLAG-mChREBP-LID.str ATTATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTT

Consensus ATTATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTT

Coverage
o

36AH07 ATTATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTT

Trace data

720 740 760 780 ¢
| | | |

pCMV4-FLAG-mChREBP-LID.str TGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTG

Consensus TGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTG

Coverage
o

36AH07 TGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTG

v VI ST A AR IR UL




300 820 840 860 880
| | | | |

pCMV4-FLAG-mChREBP-LID.str GCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCT

Consensus GCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCT

Coverage
o

36AH07 GCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCT

Trace data

900 920 940 960

pCMV4-FLAG-mChREBP-LID.str ATATAAGCAGAGCTCGTTTAGTGAACCGTCAGAATTGTTTTTATTTTTAATTTTCTTTCAAATACTTCCATCGAATTCAGATCTATGGA

Consensus ATATAAGCAGAGCTCGTTTAGTGAACCGTCAGAATTGTTTTTATTTTTAATTTTCTTTCAAATACTTCCATCGAATTCAGATCTATGGA

Coverage
o

36AH07 ATATAAGCAGAGCTCGTTTAGTGAACCGTCAGAATTGTTTTTATTTTTAATTTTCTTTCAAATACTTCCATCGAATTCAGATCTATGGA

e AL TR W PO T

980 1000 1020 1040 1060
| | | |

pCMV4-FLAG-mChREBP-LID.str CTACAAGGACGACGATGACAAGCTGGCGGATCTATCCGTGAACTTGCAGGTCCCCCGGGTCGTCCCTAGCCCGGACTCGGACTCGGATA

Consensus CTACAAGGACGACGATGACAAGCTGGCGGATCTATCCGTGAACTTGCAGGTCCCCCGGGTCGTCCCTAGCCCGGACTCGGACTCGGATA

Coverage
o

36AH07 CTACAAGGACGACGATGACAAGCTGGCGGATCTATCCGTGAACTTGCAGGTCCCCCGGGTCGTCCCTAGCCCGGACTCGGACTCGGATA

Trace data

1080 1100 1120 1140
| | | |

pCMV4-FLAG-mChREBP-LID.str CGGACTTGGAGGATCCGAGTCCCCGGCGCAGCGCGGGTGGCCTGCATCGATCACAGGTCATCCACAGCGGACACTTCATGGTGTCTTCG

Consensus CGGACTTGGAGGATCCGAGTCCCCGGCGCAGCGCGGGTGGCCTGCATCGATCACAGGTCATCCACAGCGGACACTTCATGGTGTCTTCG

Coverage
o

36AH07 CGGACTTGGAGGATCCGAGTCCCCGGCGCAGCGCGGGTGGCCTGCATCGATCACAGGTCATCCACAGCGGACACTTCATGGTGTCTTCG

Trace data

1160 1180 1200 1220 1240
| | | | |

pCMV4-FLAG-mChREBP-LID.str CCGCACAGCGACTCGCTGACCCGGCGACGCGACCAGGAGGGGCCCGTGGGGCTCGCCGACTTCGGGCCGCGCAGCATCGATCCGACACT

Consensus CCGCACAGCGACTCGCTGACCCGGCGACGCGACCAGGAGGGGCCCGTGGGGCTCGCCGACTTCGGGCCGCGCAGCATCGATCCGACACT

Coverage
o

36AH07 CCGCACAGCGACTCGCTGACCCGGCGACGCGACCAGGAGGGGCCCGTGGGGCTCGCCGACTTCGGGCCGCGCAGCATCGATCCGACACT

Trace data




1260 1280 1300 1320
| | | |

pCMV4-FLAG-mChREBP-LID.str CACCCACCTCTTCGAGTGCTTGAGCCTGGCTTACAGTGGCAAGCTGGTCTCTCCCAAGTGGAAGAACTTCAAAGGCCTCAAGTTGCTAT

Consensus CACCCACCTCTTCGAGTGCTTGAGCCTGGCTTACAGTGGCAAGCTGGTCTCTCCCAAGTGGAAGAACTTCAAAGGCCTCAAGTTGCTAT

Coverage
o

36AH07 CACCCACCTCTTCGAGTGCTTGAGCCTGGCTTACAGTGGCAAGCTGGTCTCTCCCAAGTGGAAGAACTTCAAAGGCCTCAAGTTGCTAT

Trace data

1340 1360 1380 1400 1420
| | | | |

pCMV4-FLAG-mChREBP-LID.str GCCGGGACAAGATCCGGCTGAACAACGCCATCTGGAGAGCCTGGTACATTCAGTATGTGCAACGGAGGAAGAGCCCAGTGTGTGGTTTC

Consensus GCCGGGACAAGATCCGGCTGAACAACGCCATCTGGAGAGCCTGGTACATTCAGTATGTGCAACGGAGGAAGAGCCCAGTGTGTGGTTTC

Coverage
o

36AH07 GCCGGGACAAGATCCGGCTGAACAACGCCATCTGGAGAGCCTGGTACATTCAGTATGTGCAACGGAGGAAGAGCCCAGTGTGTGGTTTC

Trace data

1440 1460 1480 1500
| | | |

pCMV4-FLAG-mChREBP-LID.str GTGACCCCTCTGCAGGGGTCTGAAGCAGATGAGCACCGGAAACCTGAGGCTGTCATCCTGGAGGGTAATTACTGGAAGCGGCGCATCGA

Consensus GTGACCCCTCTGCAGGGGTCTGAAGCAGATGAGCACCGGAAACCTGAGGCTGTCATCCTGGAGGGTAATTACTGGAAGCGGCGCATCGA

Coverage
o

36AH07 GTGACCCCTCTGCAGGGGTCTGAAGCAGATGAGCACCGGAAACCTGAGGCTGTCATCCTGGAGGGTAATTACTGGAAGCGGCGCATCGA

Trace data

/W [\ A NV

1520 1540 1560 1580 16C
| | | |

pCMV4-FLAG-mChREBP-LID.str GGTGGTGATGTAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCGGGTGGCATCCCTGTGACCCCTCCCCAGTGCCTCTCCTGGC

Consensus GGTGGTGATGTAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCGGGTGGCATCCCTGTGACCCCTCCCCAGTGCCTCTCCTGGC

Coverage
o

36AH07 GGTGGTGATGTAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCGGGTGGCATCCCTGTGACCCCTCCCCAGTGCCTCTCCTGGC

0 1620 1640 1660 1680
| | | |

pCMV4-FLAG-mChREBP-LID.str CCTGGAAGTTGCCACTCCAGTGCCCACCAGCCTTGTCCTAATAAAATTAAGTTGCATCATTTTGTCTGACTAGGTGTCCTTCTATAATA

Consensus CCTGGAAGTTGCCACTCCAGTGCCCACCAGCCTTGTCCTAATAAAATTAAGTTGCATCA

Coverage
o

36AH07 CCTGGAAGTTGCCACTCCAGTGCCCACCAGCCTTGTCCTAATAAAATTAAGTTGCATCA i

Trace data






