
From the  
DEPARTMENT OF LABORATORY MEDICINE

DIVISION OF CLINICAL CHEMISTRY 
Karolinska Institutet, Stockholm, Sweden 

Regulation of the hepatic ACAT2 expression and roles 
of HNF1  and HNF4  in cholesterol metabolism 

Camilla Pramfalk 

Stockholm 2009 



2009

Gårdsvägen 4, 169 70 Solna

Printed by

Published by Karolinska Institutet. Printed by Repro Print AB

© Camilla Pramfalk, 2009
ISBN 978-91-7409-679-8 



Lord grant me the serenity to accept the things I 
cannot change, 
the courage to change the things I can, 
and the wisdom to know the difference 
From The Serenity Prayer by Reinhold Niebuhr

Lord grant me the serenity to accept the things I 
cannot change, 
the courage to change the things I can, 
and the wisdom to know the difference 
From The Serenity Prayer by Reinhold Niebuhr



ABSTRACT
Acyl-Coenzyme A:cholesterol acyltransferases (ACATs) 1 and 2 are integral 
membrane proteins located in rough endoplasmatic reticulum that catalyzes the 
formation of cholesteryl esters (CEs) from cholesterol and long-chain fatty acids. 
ACAT1 is present in most tissues, whereas ACAT2 is confined to enterocytes and 
hepatocytes. Disparities in tissue expressions, together with animal studies, suggests 
that ACAT2-derived CEs are incorporated into hepatic and intestinal apoB-containing 
lipoproteins and secreted into plasma, whereas ACAT1 is involved in esterification of 
cholesterol in other cells (e.g. macrophages) and thereby prevents apoptosis. Hepatic 
nuclear factors (HNFs) 1 and 4 are involved in diverse metabolic pathways (e.g. 
glucose, cholesterol, and fatty acid metabolism) and are highly expressed in liver, 
pancreas, and kidney. The overall aim of this thesis was to gain more insight into the 
molecular mechanisms that participate in the hepatic regulation of ACAT2 and the 
roles of HNF1  and HNF4  in cholesterol metabolism.  
In Paper I we aimed to investigate a possible transcriptional regulation by cholesterol 
of the human ACAT2 gene. In addition, we aimed to appraise the use of two human 
hepatoma cell lines, HuH7 and HepG2, as model systems in studies of ACAT. We 
showed a dose-dependent increase of ACAT2 mRNA expression, an increased 
enzymatic activity of ACAT2, and increased esterified cholesterol mass upon 
cholesterol loading. These results suggested that ACAT2, but not ACAT1, is 
transcriptionally regulated by cholesterol in humans. Additionally, we showed that cell 
differentiation affects the mRNA expression of ACAT1 and ACAT2 in HuH7, but not 
in HepG2 cells. Since HuH7 cells required much lower concentrations of cholesterol to 
obtain similar results as HepG2 cells, and were more sensitive to cholesterol depletion, 
HuH7 cells may represent a better system for sterol-studies of ACAT. 
In Paper II we aimed to characterize mechanisms that control the liver-specific 
expression of the human ACAT2 gene. We identified an important HNF1 binding site, 
located -871 to -866 bp upstream of the transcription start site, which serves as a 
positive regulator of the ACAT2 gene expression and showed that this site is 
functionally active both in vitro and in vivo. The transcription factors HNF1  and 
HNF1 , which binds to this site, play an important part in the regulation of the human 
ACAT2 promoter.   
Paper III:  Maturity onset diabetes of the young (MODY) is a group of syndromes 
characterized by autosomal dominant inheritance, early onset diabetes, and -cell 
dysfunction. Mutations of the genes encoding HNF1  and HNF4  cause MODY3 and 
MODY1, respectively. ACAT2 is thought to be responsible for production of CEs in 
hepatic very low density lipoprotein (VLDL) assembly. We identified HNF1  as an 
important regulator of ACAT2. HNF4  is an upstream regulator of HNF1 . Thus we 
hypothesized that MODY3 and possibly MODY1 subjects may have lower VLDL 
esterified cholesterol. Unexpectedly, we found that MODY1 subjects had lower VLDL 
and low density lipoprotein (LDL) esterified cholesterol levels, whereas MODY3 
subjects had similar lipoprotein composition as controls. Hence, we characterized the 
role of HNF4  in the transcriptional regulation of ACAT2 and identified HNF4  as an 
important regulator of the hepatocyte-specific expression of ACAT2. These studies 
suggested that the lower levels of esterified cholesterol in VLDL- and LDL-particles in 
MODY1 subjects may – at least in part – be due to lower ACAT2 activity in these 
patients.  



Paper IV: Niemann-Pick C1 like 1 (NPC1L1) is highly expressed in human liver and 
intestine. NPC1L1 is a key regulator of intestinal cholesterol absorption but its hepatic 
function is not well defined. Thus, we aimed to gain more insight into the hepatic 
expression of the human NPC1L1 gene. Gene expression analyses were performed in 
liver samples from Chinese patients with or without cholesterol gallstone disease. 
Strong positive correlations between NPC1L1 and sterol regulatory element binding 
protein 2 (SREBP2) and between NPC1L1 and HNF4  were observed. HNF4  is an 
upstream regulator of HNF1 . Thus, we further investigated possible roles of SREBP2, 
HNF4 , and HNF1  in the hepatic regulation of NPC1L1. We identified an important 
HNF1 binding site located -158 to -144 bp upstream of the transcription start site of the 
human NPC1L1 promoter. Also, we showed that SREBP2 and HNF1  are important 
transcription factors for the hepatic NPC1L1 promoter activity that can bind to and 
regulate its expression in humans. Moreover, it is possible that HNF4  may function by 
transactivating NPC1L1 via binding to other transcription factors, including HNF1 .

Collectively, these studies imply that ACAT2 is under metabolic control and that 
HNF1  and HNF4  participates in several important processes in cholesterol 
metabolism. HNF1  may participate in hepatic cholesterol esterification, uptake of free 
cholesterol (FC) in hepatocytes, and in bile acid synthesis. HNF4  may participate in 
esterification of cholesterol in high density lipoprotein (HDL), affect plasma levels of 
esterified cholesterol and triglycerides in VLDL- and LDL-particles, and indirectly 
participate in the regulation of uptake of FC in hepatocytes.  

Keywords: ACAT2, HNF, MODY, NPC1L1, SREBP, cholesterol metabolism 
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1 INTRODUCTION  

1.1 CHOLESTEROL 
Cholesterol (C27H45OH) is a hydrophobic compound that consists of four fused 
hydrocarbon rings. Secretion of cholesterol is essential for maintaining cholesterol
homeostasis. The ring structure of cholesterol cannot be metabolized to CO2 and H2O, 
and cholesterol is therefore secreted in the bile as such or after its conversion to bile acids 
(BAs). Mammalian cells acquire exogenous cholesterol from the diet; in addition, almost 
all cells in the body can synthesize cholesterol de novo. Collectively, the extrahepatic 
tissues synthesize as much cholesterol as the liver does 1.

The liver plays a crucial role in regulating whole-body cholesterol homeostasis. Low 
intestinal cholesterol absorption upregulates hepatic cholesterol synthesis and turnover, 
whereas high intestinal cholesterol flux to the liver suppresses cholesterol synthesis; 
consequently, cholesterol homeostasis may be regulated at levels of cholesterol synthesis, 
cholesterol absorption, or biliary cholesterol excretion.  

Cholesterol is known to have a number of important biological functions: it is an essential 
component of cellular membranes; it serves as a precursor of steroid hormones and BAs; 
and it plays a role in transcriptional gene regulation.  

The majority of cholesterol exists unesterified as an essential component of cellular 
membranes. The quantity of cholesterol in membranes in part determines the degree of 
fluidity (more cholesterol allows phospholipids to be packed more closely, resulting in 
increased membrane rigidity), which exerts an influence on the properties of many kinds 
of proteins, cytoskeletal anchors, and receptors. Overaccumulation of free (unesterified) 
cholesterol can be toxic to cells. To prevent accumulation, cholesterol is converted to 
cholesteryl esters (CEs), in which the sterol moiety is covalently attached to a long-chain 
fatty acid (to the 3-position hydroxyl group), and which mainly are stored as cytosolic 
lipid droplets. The synthesis of CEs is catalyzed by three enzymes: lecithin:cholesterol 
acyltransferase (LCAT) which acts solely in the plasma to esterify cholesterol associated 
to lipoproteins, and acyl-Coenzyme A:cholesterol acyltransferase 1 (ACAT1) and 2 
(ACAT2) 2 which both act intracellularly but with different tissue distributions and 
functions. 

CEs can exist in several physical states, including crystalline, liquid-crystalline (smectic 
and cholesteric), and liquid. CEs in a liquid state hydrolyzes faster than when in a liquid-
crystalline state; saturated esters undergo liquid-crystalline melting between 70-80°C, 
monounsaturated esters melt between 40-50°C, and cholesteryl linoleate (18:2) melts at 
34°C 3. Increased rate of clearance from the cell correlates with an increased cellular 
triglyceride (TG) content and a more fluid CE physical state 4.
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1.2 LIPOPROTEINS 

In the blood stream, the transport of both TG and cholesterol occurs in lipoproteins. 
Lipoproteins are particles with a highly hydrophobic core (TG and CE) and a relatively 
hydrophilic outer surface monolayer [phospholipid (PL) and free cholesterol (FC)]. Each 
lipoprotein particle is associated with one or more specific proteins, the apolipoproteins 
(apo). These proteins have hydrophobic domains, which dip into the core and anchor the 
protein to the particle, and hydrophilic domains that are exposed at the surface.  

Lipoproteins consist of a heterogeneous group of particles with different lipid and protein 
compositions, and different sizes. Lipoproteins can be isolated by diverse techniques 
including electrophoresis (i.e. agarose and polyacrylamide gels), gel filtration [size-
exclusion chromatography (SEC)], ultra centrifugation (i.e. density gradient), 
precipitation, and nuclear magnetic resonance spectroscopy.  

Based on density, lipoproteins are traditionally separated into five main groups: 
chylomicrons, very low density lipoproteins (VLDL), intermediate density lipoproteins 
(IDL), low density lipoproteins (LDL), and high density lipoproteins (HDL). 

TABLE I. Characteristics of the human lipoproteins 
 Density 

(g/mL) 
Diameter 
(nm) 

Major 
apolipoproteins 

Composition (% by weight) 

    TG Cholesterol PL Protein 
Chylomicrons <0.930 80-1200 B48, AI, AII, C, E  85-95 2-5 3-8 1-2 
VLDL 0.930-1.006 30-80 B100, AI, C, E 50 22 19 8 
IDL 1.006-1.019  25-35 B100, C, E 20 38 23 19 
LDL 1.019-1.063 15-25 B100 11 47 22 21 
HDL 1.063-1.210 5-15 AI, AII, C, E 6 15-22 23-30 55 

There are three main pathways responsible for the synthesis, secretion, and transport of 
lipoproteins within the body: the exogenous (dietary) pathway, the endogenous (hepatic) 
pathway, and reverse cholesterol transport (RCT).  

1.2.1 The exogenous pathway  
Depending on diet, humans ingest ~100 g lipids each day which primarily consists of TG, 
cholesterol, PL, and plant sterols. Daily, 1200-1700 mg cholesterol enters the lumen of 
the small intestine, but only ~300-500 mg of the cholesterol is of dietary origin; the rest 
comes mainly from the bile, and a minor part from the turnover of intestinal mucosal 
epithelium 5. In addition to biliary cholesterol secretion, animal studies have suggested a 
direct transintestinal pathway for cholesterol excretion [called transintestinal cholesterol 
efflux (TICE)] 2, 6.
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The digestion of lipids starts in the oral cavity through exposure to salivary lipases, and 
continues in the stomach by salivary and gastric lipases 7. In the duodenum emulsification 
is enhanced by BA and lecithin, and small lipid droplets are formed. Pancreatic lipase 
hydrolyses these particles, converting TG to free fatty acids (FFAs) and monoglycerides. 
These FFAs and monoglycerides – together with BA, cholesterol, lecithin, and fat-soluble 
vitamins – form micelles that are absorbed by enterocytes. Micelle formation is essential 
for absorption of the hydrophobic lipids, and BAs are vital in this process. After 
absorbtion, FC and fatty acids are re-esterified in the enterocytes by ACAT2, and 
packaged with FC, TG, PL, and apoB48 into chylomicrons; the assembly occurs mainly 
in the endoplasmatic reticulum (ER). The chylomicrons enter the circulation, and acquire 
apoC and apoE. ApoCII is an activator of lipoprotein lipase (LPL), which attacks the TG-
rich core in the capillary walls of adipose tissue and muscle. This results in hydrolysis of 
TG, liberating FFA and glycerol. These FFAs are taken up and are either re-esterified or 
oxidized for energy production. Also, some FFA reaches the liver and after uptake 
stimulates the hepatic production of VLDL (spillover effect). The excess surface lipids 
and apolipoproteins are transferred to HDL. ApoB48 and apoE remains on a smaller 
particle, chylomicron remnant, containing CE and small amounts of TG in its core, which 
is rapidly cleared by the liver via the low density lipoprotein receptor (LDLr) and the 
LDLr-related protein (LRP). A delayed removal of chylomicron remnants may promote 
atherosclerosis 8. The half-life of chylomicrons is ~15 min. 

1.2.2 The endogenous pathway 

ApoB is required for the assembly and secretion of chylomicrons and VLDL9. Each 
lipoprotein particle contain only one apoB molecule. Through RNA editing event (in 
humans this process only occurs in the intestine, but in rodents it also occur in the liver) 
that converts Gln2153 to a stop codon, a truncated form (apoB48) containing 48% of the 
protein is produced. Thus in humans, chylomicrons carry apoB48 whereas VLDL and 
LDL carry apoB100. ApoB100, but not apoB48 (lacks the LDLr binding domain), is a 
ligand for the LDLr, whereas chylomicrons depend upon apoE for binding to the LDLr or 
to the LRP. A large portion of newly synthesized apoB protein is subjected to rapid co-
translational degradation. The rate-limiting step for apoB secretion is the exit from the 
rough ER 10. Microsomal triglyceride transfer protein (MTP) is required for apoB 
lipoprotein assembly and secretion 11.

The assembly of VLDL involves stepwise lipidation of apoB100 by MTP in the ER to 
form pre-VLDL, which, by additional lipidation, is converted to a TG-poor VLDL 
particle that exits the ER 12. The TG-poor VLDL particles can be secreted from the cells 
as VLDL2 or they can be further lipidated to form TG-rich VLDL1 particles. The latter 
process is highly dependent on the accumulation of TG in cytosolic lipid droplets and it is 
the availability of neutral lipids that principally controls the rate of VLDL production. 
Interestingly, insulin infusion suppresses VLDL1, with little effect on VLDL2, production 
13. Also, VLDL2 is increased in patients with familial hypercholesterolemia (FH) 14.    
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VLDL particles (containing TG, CE, FC, PL, apoB100, apoC, and apoE) are secreted by 
the liver. In the circulation, VLDL is subjected to lipolysis by LPL. After a meal, there is 
a competition between VLDL and chylomicrons for LPL 15. LPL has higher affinity for 
chylomicrons, resulting in a longer half-life of VLDL (1-2 h). In plasma, the TG in VLDL 
is hydrolyzed into FFA and monoglycerides by LPL and its cofactor apoCII. This results 
in the production of smaller VLDL remnants (IDL). Some of the IDL particles are 
removed through the interaction of apoE with the LDLr, or the TG in IDL can be further 
hydrolyzed by hepatic lipase to produce LDL (half-life ~2-3 d). LDL is normally removed 
by the interaction of apoB100 with the LDLr. If LDL is oxidized, it can enter 
macrophages through scavenger receptors (e.g. CD36 and SR-A) 8, 16.

1.2.3 Reverse cholesterol transport (RCT) 
RCT is a metabolic pathway in which peripheral cholesterol is returned to the liver for 
excretion in the bile and ultimately the feces 17. HDL has a central role in this process. 
ApoAI is the main HDL protein (~70%) and a LCAT cofactor 18. ApoAI is synthesized in 
the liver (~70%) and intestine (~30%) and can be secreted into plasma in its free form 18.
ApoAII is synthesized in the liver but its physiological role is yet not clear 19. RCT starts 
with uptake of FC from peripheral cells by interaction of apoAI with ATP-binding 
cassette transporter A1 (ABCA1). The FC is then esterified by LCAT. As larger amounts 
of CE become incorporated into the particle, HDL becomes larger, forming HDL3 and 
HDL2. The CE in these spherical particles may be taken up by the liver through scavenger 
receptor class B type I (SRBI) or transferred by cholesteryl ester transfer protein (CETP) 
from HDL to apoB-containing lipoproteins.  

HDL, besides having a central role in RCT, is also thought to protect against 
atherosclerosis by maintaining normal macrophage lipid homeostasis, acting like an 
antioxidant, inhibiting platelet aggregation, and having anti-inflammatory properties and 
modulating immune function 17.

1.2.4 The LDLr 

The LDLr plays a critical role in the regulation of plasma LDL levels by mediating ~ two 
thirds of LDL clearance. Loss of LDLr function leads to decreased LDL catabolism and 
elevated LDL levels 20. LDLr levels are affected by diet, hormones, and by mutations in 
the LDLr locus that leads to FH. The LDLr, present on the surface on all cells, binds 
lipoproteins containing apoB or apoE which is then internalized by endocytosis. The CE 
content is hydrolyzed in lysosomes, liberating FC. The LDLr is then recycled back to the 
cell surface.  
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1.3 REGULATION OF CHOLESTEROL METABOLISM 
Transcription factors are trans-acting DNA-binding proteins that bind to a specific cis-
acting DNA sequence; thereby interacts with the transcriptional machinery and enable 
selective gene expression and regulation. Also, binding of different proteins to cognate 
DNA-binding sites enables combinatorial control of gene expression. Moreover, protein-
protein interactions between transcription factors and coactivators or corepressors form a 
multiprotein complex that enables regulated gene expression.  

Intracellular cholesterol homeostasis is regulated by end-product repression of 
transcription of genes that control the de novo synthesis and the receptor-mediated uptake 
of cholesterol from plasma lipoproteins (e.g. LDLr). The rate-limiting reaction of the 
cholesterol biosynthesis pathway is production of mevalonate by 3-hydroxy-3-
methylglutaryl-Coenzyme A (HMG-CoA) reductase 21. The membrane bound 
transcription factors sterol regulatory element binding proteins (SREBPs) plays a central 
role in this regulation. SREBP2 is known to up-regulate genes involved in cholesterol 
biosynthesis and uptake (e.g. HMG-CoA reductase and LDLr). 

1.3.1 The SREBP pathway 
The precursor forms of SREBPs are integral membrane proteins residing in the ER. 
SREBP1a and 1c are produced from a single gene through the use of alternative 
promoters and are more selective for lipogenic genes; SREBP2 is produced from a 
separate gene and is more selective for cholesterogenic genes 22. SREBPs are produced as 
membrane-bound precursors that require cleavage to release their amino-terminal domain 
into the nucleus to activate target genes 23. SREBP precursor and SREBP cleavage-
activating protein (SCAP) form a complex on the rough ER membrane. When sterol is 
depleted, the SREBP-SCAP complex targets to Golgi where site-1 and site-2 proteases 
cleaves SREBP. SCAP goes back to rough ER. Nuclear SREBP enters the nucleus and 
activates transcription of genes by binding to SREs or E-boxes. When sterol is abundant, 
the SREBP-SCAP complex is retained at the rough ER through interaction of SCAP with 
a retention-protein (INSIG1 or INSIG2) and no cleavage occurs. SCAP is regarded as a 
cholesterol sensor and is prerequisite for cleavage of SREBP.  

1.3.2 Cholesterol synthesis inhibition  
Statins are a group of synthetic inhibitors of HMG-CoA reductase, the rate-limiting 
enzyme in cholesterol synthesis, which lowers plasma total and LDL cholesterol. At 
higher degrees of HMG-CoA reductase inhibition, the concentrations of VLDL 
cholesterol and TG are reduced 24, whereas HDL cholesterol may vary depending on the 
statin 25, 26.  Several trials 27 have shown that statins decrease the mortality from coronary 
artery disease and decrease the incidence of myocardial infarction (MI), stroke, and 
peripheral vascular disease. Also, the risk reduction was directly proportional to the 
degree to which LDL cholesterol was lowered. Thus, cholesterol-lowering is now 
recommended for a wide range of subjects at cardiovascular risk but may also be used in 
primary prevention 28. Statins are considered as very effective and safe cholesterol-
lowering drugs, although adverse effects, such as elevation of liver enzymes and 
rhabdomyolysis are recognized. Atorvastatin, fluvastatin, simvastatin, and rosuvastatin 
are all examples of statins available on the market.   
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1.4 ACYL-COENZYME A: CHOLESTEROL ACYLTRANSFERASE (ACAT) 

ACATs are integral membrane proteins located in the rough ER that catalyses the 
formation of CEs from cholesterol and long-chain fatty acids 29. There are two known 
genes encoding the two ACAT enzymes, ACAT1 and ACAT2, known by international 
convention as sterol O-acyltransferase 1 and 2 (SOAT1 and SOAT2), respectively 30.

1.4.1 Tissue distribution  

It is generally agreed that ACAT2 is present in the human intestine. However, there were 
conflicting data regarding whether ACAT2 is expressed in adult human hepatocytes 31, 32.
It has been shown in mice 30, 33, nonhuman primates 34, 35, and hamsters 36 that ACAT1 is 
expressed in most tissues whereas the expression of ACAT2 is confined to enterocytes 
and hepatocytes. Previously, Chang et al. 32 showed that ACAT2 is present in fetal, but 
not adult, human hepatocytes; in the intestine, the ACAT2 expression is more 
concentrated at the apical half of the villi, whereas ACAT1 is uniformly distributed along 
the vilus-crypt axis. However, these studies were performed in organs removed from 
bodies 2-21 h postmortem and significant degradations occurred in several samples. In a 
previous study, using real-time RT PCR, homogenate from human liver and duodenum 
showed that ACAT1 mRNA levels are nine times more abundant than ACAT2 in the 
liver, whereas ACAT2 transcripts are three times more abundant than ACAT1 in the 
duodenum 37. Another study showed that ACAT1 expression is higher in Kupffer cells 
than in hepatocytes 38. Thus, the high levels of ACAT1 in liver homogenate may origin 
from the strong ACAT1 expression in Kupffer cells.  

Sakashita et al. 39 showed that fully differentiated macrophages express both ACAT1 and 
ACAT2 under various pathologic conditions (e.g. in atherosclerotic aorta and during 
cholestasis in the gall bladder). In peripheral blood mononuclear cells, low mRNA levels 
of ACAT1 and ACAT2 were detected 37; however, whether the two ACAT enzymes were 
functionally active or not in these cells was not investigated.  

Immunostaining, using a specific ACAT2 antibody, in liver tissues from 14 subjects, 
freshly isolated and snap-frozen in liquid nitrogen, showed strong signals from all 
hepatocytes 31. Also, in pooled human livers, ACAT2 activity accounted for >50% of total 
ACAT activity in all, except one, of the pools 31. Interestingly, the enzymatic activity 
varied widely among individual samples and between species; for example, the ACAT2 
mRNA expression and activity is ~10-times higher in African green monkeys than in 
humans 31. Thus, it seems more than reasonable to conclude that ACAT2 is confined to 
enterocytes and hepatocytes also in humans.  
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1.4.2 Structure of ACAT 

Computer models predicted that ACAT1 and ACAT2 spans the ER membrane 8 and 7 
times, respectively, whereas, experimental studies suggested that ACAT1 contain five 40

or seven 41 transmembrane domains (TMDs) while ACAT2 contain two 42 or five TMDs 
40. However, the techniques used for these studies may have influenced the outcome of 
the predicted model. Due to difficulties with purification, X-ray crystallography or 
nuclear magnetic resonance spectroscopy has yet not been performed. Also, the active site 
of ACAT1 was proposed to be located on the cytoplasmic side of the ER whereas the 
active site of ACAT2 was proposed to be located on the luminal side of ER 40; contrary, 
another study suggested opposite locations of the active sites 42.

ACAT1 and ACAT2 share strong homology near the carboxyl terminus but not in the 
amino terminus. In mice, ACAT2 is 44% identical to ACAT1 43; in African green 
monkeys, ACAT2 is highly homologous to ACAT1 with a 57% identity over the carboxyl 
terminal 425 amino acids 44. However, the first 101 amino acids of ACAT2 have no 
sequence homology with the first 138 amino acids of ACAT1 44.    

1.4.3 Cellular function  

Overexpression of either ACAT1 or ACAT2 in rat hepatoma cells, McA-RH7777, 
resulted in increased CE synthesis and secretion and total cellular CE mass; these effects 
were associated with decreased intracellular degradation and increased secretion of apoB 
as VLDL. However, overexpression of ACAT2 had a greater impact upon assembly and 
secretion of VLDL from the cells than overexpression of ACAT1 45. Another study 
reported that levels of ACAT2 expression in concert with FC availability determine the 
CE content of apoB-containing lipoproteins 46.     

ACATs preferentially uses 18:1 (oleic acid) and 16:0 (palmitic acid) as fatty acid 
substrates 2, 47. Both ACAT1 and ACAT2 are located in the ER and catalyze intracellular 
cholesterol esterification. However, their different tissue distributions suggest divergent 
roles in lipoprotein metabolism. Hepatocytes and enterocytes are specialized in 
lipoprotein assembly and secretion, and the lipoprotein assembly process occurs within 
the lumen of ER. ACAT2, exclusively expressed in these cells, is believed to be 
responsible for CE production for storage and secretion in the lipid core of VLDL and 
chylomicrons, whereas ACAT1 may function to produce CEs as cytoplasmic lipid 
droplets in macrophages and other cell types. Interestingly, humans with hepatic steatosis 
have increased levels of palmitoleic and oleic acid in the liver 48 suggesting a role of 
ACAT1 and/or ACAT2 in this process.  
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Linoleic acid percentages (in CE, PL, and TG) were lower in patients with an acute MI as 
the first manifestation of coronary heart disease than in controls 49 and atherosclerotic 
patients with low concentrations of linoleic acid in their plasma-CEs run an increased risk 
of sudden death from MI or cerebrovascular incidents 50. Also, patients suffering from 
coronary artery disease had higher proportion of oleic acid in the aortic tissue compared to 
healthy controls 51. In the Uppsala Longitudinal Study of Adult Men (ULSAM), high 
serum proportions of palmitoleic and oleic acid predicted both cardiovascular disease and 
total mortality 52. This study is in agreement with the Atherosclerosis Risk in 
Communities (ARIC) study in which average carotid intima-media thickness was 
positively associated with saturated and monounsaturated fatty acid composition, and 
inversely with polyunsaturated fatty acid composition in CEs 53. Collectively, these 
studies provide strong evidence for the importance of ACAT2-derived CEs in coronary 
heart disease. 

1.4.4 Gene and promoter studies 

The human ACAT1 gene is about 200 kb in length, contains 18 exons (exons Xa, Xb, and 
1-16), and is located in two different chromosomes (1 and 7) with each chromosome 
containing a distinct promoter (P1 and P7) 54. Four human ACAT1 mRNAs (7.0, 4.3, 3.6, 
and 2.8 kb) that shares the same coding sequence have been identified 55. The 4.3 kb 
mRNA contains an additional exon Xa and Xb immediately upstream from the exon 1 
sequence 55. Exons 1-16 are located in chromosome 1 whereas the Xa sequence is located 
in chromosome 7 56. No TATA box or CCAAT box were found in the P1 sequence 55. In 
the P7 sequence no TATA box, but two copies of CCAAT boxes were found 55. The 
normal ACAT1 protein (50 kDa) is translated from the ACAT1 mRNA transcribed only 
from chromosome 1 57. Additionally, a 56 kDa ACAT1 protein is produced from ACAT1 
sequences located on both chromosomes 1 and 7 56. In mice, the ACAT1 gene is also 
located in chromosome 1 but it does not contain the optional exon Xa present in the 
human ACAT1 gene 57. ACAT1 encodes a protein of 550 amino acid in humans 58 and a 
protein of 540 amino acids in mice 59.    

The mouse ACAT2 gene maps to chromosome 15 whereas the human ACAT2 gene has 
been mapped to chromosome 12 43. The human ACAT2 gene spans slightly over 18 kb 
and contains 15 exons 54, 60. No TATA box or CCAAT box adjacent to the transcription 
start sites were found; accordingly, multiple transcription start sites located at the 5´-
flanking region were identified 54 (a common feature of genes with TATA-less promoter). 
Similar to the human ACAT1 promoters 55 no SREs could be found 54. The human 
ACAT2 and insulin-like growth factor binding protein 6 (IGFBP-6)  genes are located in 
a head-to-tail manner and the distance between them is less than 1.3 kb 54. The human 
ACAT2 mRNA encodes a single 46 kDa protein on SDS-PAGE 57. Human, monkey, and 
mouse ACAT2 cDNAs are predicted to encode 522, 526, and 525 amino acid proteins, 
respectively 44.

In cultured differentiating human monocytes, tumor necrosis factor  (TNF ) enhanced 
the expression of the ACAT1 gene, increased the CE accumulation, and promoted lipid-
laden cell formation 61.
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Caudal type homeobox 2 (CDX2) is expressed in a differentiation-dependent manner in 
Caco-2 cells and can efficiently bind to the mouse and the human ACAT2 promoter 
regions 62. In the human ACAT2 promoter four binding sites for CDX2 and one for 
HNF1  were identified. In Caco-2 cells, it was shown that CDX2 and HNF1
synergistically stimulates the intestinal expression of ACAT2 63.

1.4.5 Animal studies 

ApoE is a structural component of all TG-rich lipoproteins. ApoE-/- mice are 
atherosclerosis-susceptible due to impaired clearance of apoB48-containing lipoproteins. 
These mice have higher plasma cholesterol levels (~8-fold on a chow diet and ~14-fold 
on a high-fat diet) compared to controls; at 10 weeks of age they have developed 
atherosclerotic lesions in the aorta and pulmonary arteries 64. LDLr-/- mice have increased 
plasma cholesterol levels (~2-fold on a chow diet and ~12-fold on a high-fat diet) 65. In 
contrast to apoE-/- mice, the LDLr-/- mice slowly develop atherosclerotic lesions on a 
chow diet while a high-fat diet rapidly results in atherosclerotic lesions throughout the 
aorta 65.

ACAT1-/- studies in mice 

ACAT1 deficiency in mice (ACAT1-/-ApoE-/- and ACAT1-/-LDLr-/-) led to extensive 
deposition of unesterified cholesterol in skin and brain and did not prevent the 
development of atherosclerotic lesions, despite lower serum cholesterol levels 66. In a 
study by Fazio et al. 67, LDLr-/- mice reconstituted with ACAT1 deficient macrophages 
developed larger atherosclerotic lesions; the lesions had reduced number of macrophages 
and more FC compared to controls. Yagyu et al. 68 showed that ACAT1 deficiency (on 
ApoE-/- or LDLr-/- backgrounds) resulted in extensive cutaneous xanthomatosis and 
increased FC content in the skin; however, aortic fatty streak lesion size and CE content 
were moderately reduced. Bone marrow transplantation of apoE-/- mice showed that the 
presence or absence of macrophage ACAT1 did not affect the extent of atherosclerosis in 
mice receiving apoE+/+ marrow, but increased lesion size in mice receiving apoE-/- 
marrow 69.    

 ACAT2-/- in mice 

ACAT2 deficiency in mice resulted in complete resistance to diet-induced 
hypercholesterolemia and cholesterol gallstone formation 30. Interestingly, ACAT2 
deficiency in mice fed a chow diet had no effect on plasma total cholesterol, and the mice 
displayed similar lipoprotein morphology and diameters as wild-type, yet the mice did not 
developed gallstones 30. ACAT2 deficiency in apoE-/- mice resulted in ~70% reduction in 
plasma CE and, in contrast to control mice, showed nearly absence of atherosclerotic 
lesions after 30 weeks on a chow diet 70.
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Mice (on a apoB100-only, LDLr-/- background) treated with antisense oligonucleotide 
(ASO) against hepatic ACAT2 had ~50% reduced VLDL and LDL cholesterol without 
any change in HDL cholesterol, and ~70% reduction in hepatic CE mass without any 
reciprocal accumulation of unesterified cholesterol 2. Another study, in which apoB100-
only, LDLr-/-, ACAT2-/- mice fed diets enriched in polyunsaturated, saturated, or 
monounsaturated fats, showed that these mice were protected from atherosclerosis 
regardless of the type of dietary fat that was fed 71. In control mice, diets enriched with 
saturated and monounsaturated fatty acids resulted in larger LDL particles compared to 
polyunsaturated; these effects were lost when ACAT2 were absent 71.

Deletion of both LCAT and ACAT2 in mice leads to complete absence of plasma CE and 
absence of atherosclerotic lesions 72. Deletion of LCAT solely lead to higher plasma 
cholesterol, modified CE composition, and to increased atherosclerotic lesions because 
circulating CEs were solely ACAT2-derived 72. The study also suggests that LCAT and 
ACAT2, but not ACAT1, have the ability to synthesize plasma CEs 72. In contrast, LCAT 
deficiency in different mouse models resulted in reduced aortic atherosclerosis 73. LDLr-/- 
mice deficient in ACAT2, LCAT, or both ACAT2 and LCAT showed that: ACAT2 -/- 
mice had decreased CE and increased TG in plasma levels of VLDL; LCAT-/- mice had 
decreased CE and increased PL in plasma levels of LDL 74; and deficiency of both 
ACAT2 and LCAT had similar effect on VLDL as ACAT2-deficiency alone but depleted 
LDL of core lipids and enriched the particle in surface lipids 74. This suggests that 
ACAT2 is essential for incorporation of CE into the core of VLDL whereas LCAT adds 
CE to LDL.  

ACAT2 deficient mice (ACAT2-/- mice or mice treated with ASO against hepatic 
ACAT2) had increased fecal neutral sterol loss without changes in biliary sterol secretion 
2. Instead the unesterified cholesterol seemed to exit the liver directly into the plasma, and 
shunted to the proximal small intestine for direct excretion 2. This study suggested a non-
biliary pathway for sterol excretion (TICE), which also have been suggested by others 6, 

75.   

Nonhuman primates 

African green monkeys fed monounsaturated and polyunsaturated fats for 5 years had 
lower plasma LDL cholesterol than monkeys fed saturated fat 76. However, the LDL 
particle sizes were larger, enriched with cholesteryl oleate, and coronary artery 
atherosclerosis (measured by intimal area) was more extensive in monkeys fed 
monounsaturated and saturated than polyunsaturated fat 76. When livers from these 
monkeys were isolated and perfused, the CE secretion by the liver (mostly cholesteryl 
oleate) was positively correlated to the extent of coronary artery atherosclerosis 47.   
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1.4.6 Cholesterol regulation of ACAT 

As mentioned, SREBPs regulates several genes involved in cholesterol and fatty acid 
metabolism by binding to SRE or E-box motifs within promoters. Since no SRE or E-box 
motifs have been shown to be present within the ACAT1 55, 77 or ACAT2 54 promoters, 
these genes are generally thought not to be transcriptionally regulated by cholesterol. 
ACAT1 have been shown to display sigmoidal kinetics with cholesterol as its substrate, 
implying that ACAT1 is an allosteric enzyme regulated by cholesterol 78. In one study 79,
performed before the identification of the two ACAT enzymes, ACAT was shown not to 
be transcriptionally regulated by cholesterol in HepG2 cells; however, the primers used in 
the study targeted ACAT1. Experiments performed in various cells showed that neither 
FFA or cholesterol affected ACAT2 transcription, whereas certain FFA modulated 
ACAT1 mRNA levels in a cell-specific manner 80. Cynomolgus monkeys on a high-
cholesterol diet expressed increased hepatic ACAT2 mRNA levels 81. Female rats fed a 
high-fat and sucrose diet for 20 months had higher LDL and VLDL cholesterol and TG 
levels; ACAT2 protein and ACAT activity were higher and the ACAT2 mRNA 
expression showed an insignificant increase compared to controls 82. Patients treated with 
80 mg/d atorvastatin for four weeks, prior to elective cholecystectomy because of 
uncomplicated gallstone disease, had ~50% reduced hepatic ACAT2 activity, protein 
expression, and mRNA expression as well as decreased plasma VLDL and LDL 
cholesterol 83.   

Humans ingest 300-500 mg dietary cholesterol and 250-500 mg plant and shellfish-
derived sterols each day 84. Sitosterol, derived from plant and vegetables, is the most 
abundant dietary non-cholesterol sterol. In the small intestine, 40-50% of cholesterol but 
only 5% of the ingested sitosterol is absorbed 85. Whereas ACAT1 only have a slightly 
greater efficiency for cholesterol than sitosterol esterification, ACAT2 showed a strong 
preference for esterification of cholesterol compared to sitosterol 86.     

1.4.7 Effects of age and gender on ACAT 

Livers of 4-24 months old mice, without exogenous cholesterol feeding were analyzed; 
with aging, there were an increase in cholesterol content and in ACAT activity in liver 
microsomes 87. Also, ACAT2 mRNA expression increased whereas the LDLr expression 
decreased with age 87. The intestinal mRNA expressions of NPC1L1 and ACAT2 were 
higher in gallstone patients (GS) than in gallstone-free patients (GSF); also, the intestinal 
ACAT2 activity was 40-fold higher than the liver activity in GSF 88. In normolipidemic, 
non-obese GS or GSF, plasma HDL cholesterol was higher whereas plasma TG was 
lower in females than in males 89. Also, females had lower hepatic ACAT2 activity 
(~70%) regardless of the presence of gallstone disease, than males. Moreover, significant 
negative correlations between the hepatic ACAT2 activity and plasma levels of HDL 
cholesterol and apoAI were reported 89.     
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1.4.8 ACAT inhibition  

Inhibition of ACAT has for nearly two decades been regarded as an attractive target to 
lower levels of plasma CEs. Hypothetically, an unspecific inhibition of ACAT would 
have the potential to both lower plasma lipids and to reduce foam cell formation. 
However, inhibition of ACAT1 in mice lead to increased atherosclerotic lesion size 
whereas inhibition of ACAT2 was atheroprotective. No inhibitor that selectively inhibits 
ACAT1 or ACAT2 is yet available on the market.  

Pyripyropene A (PPPA) was found from the culture broth of Aspergillus fumigates FO-
1289 90. PPPA is a highly selective in vitro inhibitor of ACAT2 (>2000-fold compared to 
ACAT1)  91. It has been shown in mammalian cells that PPPA can effectively transverse 
the plasma membrane and inhibit ACAT2 92.

Pactimibe (CS-505) is an unspecific ACAT inhibitor. In the CAPTIVATE study 93,
patients heterozygous for FH were randomized into pactimibe or placebo treatment in 
addition to standard lipid-lowering therapy. The study was terminated prematurely after a 
mean follow-up of 15 months. Levels of LDL cholesterol and apoB were modestly 
increased, whereas the annual progression of the relative mean carotid intima-media 
thickness revealed an increase, and major cardiovascular events occurred more frequent in 
pactimibe-treated subjects 93. From this study, the authors draw the wrong conclusion that 
ACAT2-inhibition have no beneficial effect on lipid levels 93 since pactimibe is an 
unspecific inhibitor.  

In another study, patients with coronary disease were randomized into pactimibe or 
placebo treatment and intravascular ultrasonography was performed at baseline and after 
18 months of treatment 94. The percent atheroma volume was similar between the groups, 
whereas the normalized total atheroma volume showed regression in the placebo but not 
in the pactimibe group. Also, the combined incidence of adverse cardiovascular outcomes 
were similar between the two groups 94.

Avasimibe (CI-1011) is another unspecific ACAT inhibitor. In the Avasimibe and 
Progression of Lesions on UltraSound (A-PLUS) study, avasimibe treatment for 24 
months had no effect on the progression of coronary atherosclerosis as assessed by 
intravascular ultrasound; however, dose-related reductions in plasma TG (up to 16%) as 
well as increases in LDL cholesterol (up to 11%) were observed 95.

Thus, the studies above are in agreement with what would be expected from unspecific 
ACAT inhibition, as previously predicted 96. Inhibition of ACAT1 has indeed negative 
effects on the atherosclerotic plaque by its destabilization, resulting from the increased FC 
that leads to cytotoxicity, cell death, and subsequent increased inflammation. These 
negative effects on the atherosclerotic plaque would likely blunt the expected positive 
effect of ACAT2 inhibition on lipoprotein metabolism.  
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1.4.9 LCAT versus ACAT 

LCAT, a glycoprotein that is secreted by the liver into the blood, forms CEs in HDL by 
transferring polyunsaturated fatty acids from phosphatidylcholine to cholesterol 97. The 
most potent activator of LCAT is apoAI. Subjects with LCAT mutations have low plasma 
HDL levels but they usually do not develop coronary heart disease 97. LCAT derived CEs 
are enriched in polyunsaturated (cholesteryl linoleate) fatty acids. In contrast, ACAT-
derived CEs are enriched in saturated (cholesteryl palmitate) and monounsaturated 
(cholesteryl oleate) fatty acids 74, 96. LCAT acts solely in the plasma to esterify cholesterol 
associated to lipoproteins, and ACAT1 and ACAT2 2 acts intracellularly but with 
different tissue distributions and functions. 



14 

 14

1.5 HEPATOCYTE NUCLEAR FACTOR 1 (HNF1) 

HNF1 is a dimeric protein functionally composed of three domains: an amino-terminal 
dimerization domain, a DNA-binding domain, and a carboxyl-terminal domain that is 
essential for transactivation of target promoters. HNF1  and HNF1  share strong 
homologies in both the amino-terminal dimerization domain and the internal DNA-
binding domain (~75 and 93% identity, respectively) but differ in their carboxyl-terminal 
region (~47% identity). These homologies enable the two proteins to form heterodimers 
and bind to the same DNA sequences 98, 99.

1.5.1 Tissue distribution  

HNF1  and HNF1  are expressed in polarized epithelia of different organs, including the 
liver, digestive tract, pancreas, and kidney 99, 100. The expression of HNF1  overlaps with 
that of HNF1  with the exception of lung, where only HNF1  is expressed; conversely, 
HNF1  is very weakly expressed in liver, where HNF1  constitutes more than 95% of the 
total HNF1-protein 99, 100.

A significant difference between HNF1  and HNF1  is the onset of their expressions 
during embryonic development 101, 102. During liver and renal development, HNF1  is 
expressed from the first stages of organogenesis, whereas HNF1  is turned on later, when 
differentiation is more advanced 101, 102.

1.5.2 Gene and promoter studies 

HNF1  is regarded as an important regulator of the transcriptional network in liver 
development and liver-specific gene expression. Promoters that are under the control of 
HNF1 generally have additional binding sites nearby for other transcription factors that 
participate in the overall activation of transcription 98. Regulatory regions may also have 
multiple HNF1 sites, particularly those belonging to genes expressed in the liver 98.
HNF4  is an essential positive regulator of HNF1 103 but not of HNF1 104.

HNF1 negatively regulates its own expression and that of other HNF4-dependent genes 
that lack HNF1 binding sites in their promoter region 105. This repression is exerted by a 
direct interaction of HNF1 with the AF2, the main activation domain of HNF4 105.
Cholesterol 7 -hydroxylase (CYP7A1) is the rate-limiting enzyme in the conversion of 
cholesterol to BAs in the liver and elimination in the bile fluid 106. HNF1  is a positive 
regulator of the human, but not the rat, CYP7A1 promoter 107. HNF1  can also interact 
with GATA4, GATA5, and CDX2 transcription factors 108. In human hepatocytes, 
HNF1  is bound to at least 222 target genes 109. The human HNF1  gene, named 
transcription factor 1 (TCF1), is located on chromosome 12 whereas the human HNF1
gene, named TCF2, is located on chromosome 17; both genes consist of 10 exons 101.
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1.5.3 Animal studies 

HNF1 -/- mice embryos die at day 7 after conception, because of a defect in 
extraembryonic visceral endoderm differentiation 110, 111. Liver-specific inactivation of the 
HNF1  gene resulted in a severe phenotype, including growth retardation, jaundice, and 
epithelial abnormalities 112.

TCF1-/- mice 113 develop hepatomegaly and central lobular hypertrophy at 5-7 weeks of 
age. Newborn animals, however, had no morphological or biochemical evidence of liver 
disease. TCF1-/- mice had type 2 diabetes (T2D), dwarfism, renal Fanconi syndrome, 
hepatic dysfunction and hypercholesterolemia, a defect in BA transport, increased BA and 
liver cholesterol synthesis, and impaired HDL metabolism 113. Almost all of the 
cholesterol in the plasma of TCF1-/- mice was carried by the HDL fraction and an 
“abnormal” fraction with intermediate buoyancy between HDL and LDL peaks 113.
However, HNF1+/- heterozygous mice do not exhibit any insulin secretion defect or 
glucose intolerance 114.
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1.6 HEPATOCYTE NUCLEAR FACTOR 4 (HNF4) 

The HNF4 subfamily belongs to the nuclear receptor superfamily and is composed of 
HNF4 , HNF4 , HNF4 , and many splice variants. In 1998 115, it was reported that fatty 
acyl-CoA thioesters are ligands of HNF4 .

1.6.1 Tissue distribution  

HNF4  is expressed in various organs, including liver, kidney, pancreas, and small 
intestine 116. HNF4  is expressed in the kidney, pancreas, small intestine, but not in the 
liver 117. In frogs, HNF4  is expressed in the liver, kidney, stomach, intestine, lung, ovary, 
and testis 118.

1.6.2 Gene and promoter studies 

The human HNF4  gene, named TCF14, was mapped to chromosome 20 101. HNF4  is 
produced from two promoters (P1 and P2). The expression of HNF4  mainly initiates at 
P1 in adult liver and kidney 119. HNF4  transcription is driven almost exclusively by P2 in 
the endocrine pancreas 119. HNF4  mRNA is dependent on HNF1  specifically in 
differentiated pancreatic cells, but not in the liver 120. This is due to the fact that the 
pancreatic HNF4  gene is almost exclusively driven by P2, which is bound and controlled 
by HNF1 , whereas in the liver and most other tissues HNF4  is predominantly driven by 
P1, which does not require HNF1 120-122.

In human hepatocytes, HNF4  was bound to 1575 genes 109. HNF4 regulates MTP gene 
expression either directly or indirectly through elevated HNF1 levels 123. In one study, 
HNF4  was shown to serve as coactivator for SREBP2 124. Another study 125 showed that 
HNF4  is a crucial modulator of NPC1L1,and that it acts synergistically with SREBP2 on 
the NPC1L1 promoter (however, HNF4  alone did not affect NPC1L1 promoter activity).  

HNF4 DNA-binding activity is modulated post-translationally by phosphorylation. In vivo
phosphorylation of HNF4 depends on the diet; it is decreased by a carbohydrate-rich diet 
and is increased by fasting. Long-chain fatty acids directly modulate the transcriptional 
activity of HNF4  by binding as their acyl-CoA thioesters to the ligand-binding domain 
of HNF4 101.

1.6.3 Animal studies 

Mouse embryos lacking HNF4  die before completing gastrulation due to visceral 
endoderm dysfunction 126. Conditional liver-specific disruption of the HNF4  gene in 
mice resulted in hepatomegaly, hepatocyte hypertrophy, and abnormal glycogen and lipid 
deposition in liver 127. Also, total cholesterol, LDL and HDL cholesterol, and TG levels 
were dramatically reduced 127. Conversely, serum BA concentrations were markedly 
elevated, and CYP7A1 expression was reduced 127. Surprisingly, HNF4  +/- mice do not 
exhibit any insulin secretion defect or glucose intolerance and are perfectly normal 102, 128.   
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1.7 MATURITY ONSET DIABETES OF THE YOUNG (MODY) 

MODY is defined as a monogenic form of T2D, characterized by autosomal dominant 
inheritance, young age at onset (usually before the age of 25 years), and pancreatic -cell 
dysfunction 129. Heterozygous mutations leading to MODY have been identified in six 
genes: HNF4  (MODY1) 130, glucokinase (MODY2), HNF1  (MODY3) 131, insulin 
promoter factor IPF-1 (PDX1) (MODY4), HNF1  (MODY5), and neurogenic 
differentiation factor 1 (NeuroD1)/BETA2 (MODY6). Moreover, additional MODY 
genes are likely to exist (MODY-X). Most MODY patients have heterozygous mutations, 
but not all 132. One of the outstanding questions in the genetics of MODY is why 
heterozygous mutations in genes like HNF1  or HNF4  cause a phenotype essentially 
restricted to -cells, whereas homozygous mutations give rise to phenotypes affecting 
numerous other cell types 133.

1.7.1 Prevalence 

The exact prevalence of MODY is unknown, but has been estimated to ~ 2-5% of all 
cases of T2D 134. The relative prevalence of the different subtypes of MODY has been 
shown to vary greatly in different populations. In general, MODY2 represents 8-63% and 
MODY3 represents 21-64% of all MODY cases; the other four types of MODY are 
extremely rare forms 134. Mutations in HNF4  may account for 2-5% of subjects with 
MODY, although only 26 families worldwide has been described 135. Diagnostic genetic 
services for diabetes frequently only offer HNF1  and glucokinase testing; HNF4  is 
unfortunately rarely tested 136.   

1.7.2 Diagnosis and treatment 

Genetic testing is recommended in any young adult with apparent type 1 diabetes (T1D) 
and a diabetic parent, and who is antibody-negative at diagnosis (e.g. GAD), especially if 
there is preservation of C-peptide levels in both the child and the parent. Genetic testing is 
also recommended in patients with apparent young-onset T2D, lack of obesity, absence of 
acanthosis nigricans or polycystic ovarian syndrome, and elevated or normal HDL 
cholesterol and reduced or normal TG-levels. An important reason for genetic diagnosis is 
that, in many cases, treatment with low-dose oral sulfonylurea is highly effective 137.
Depending on glycemic levels, oral hypoglycemic agents or insulin can be used. 

1.7.3 MODY1 

Due to few cases worldwide, little is known about MODY1 patients. MODY1 patients, 
carrying a 2-bp deletion (K99fsdelAA) in exon 3 of the HNF4  gene,  had significantly 
lower TG and apoCIII than nondiabetic family members without the mutation 138. The 
reduction in TG correlated with the reduction in apoCIII and apoB. The K99fsdelAA 
mutation results in a frameshift and a premature stop codon, which in turn leads to 
truncation of the HNF4  protein to 122 instead of 465 amino acids 138.
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The R154X mutation in exon 4 of the HNF4  gene results in the synthesis of a truncated 
protein of 153 amino acids with an intact DNA-binding domain, but lacking the ligand 
binding and transactivation domain 139. Subjects carrying this mutation do not display 
lower TG or apoCIII levels. In a previous study 140, the R154X mutation decreased the 
transcriptional activity of HNF4  more pronounced in -cells compared with non- -cells. 
The R303H mutation is less well characterized and results in a G A substitution in 
codon 303 of exon 8. Another small study, showed that MODY1 patients had significant 
reductions in serum apoAII, apoCIII, Lp(a), and TG levels compared to controls 141. The 
lowered TG levels may result from increased LPL activity since apoCIII is an inhibitor of 
LPL 141. Pearson et al. 136 reported that MODY1 patients had reduced HDL cholesterol, 
apoAI, and apoAII compared to controls.   

1.7.4 MODY3 

More than 200 different HNF1  mutations have been reported 142. They include missense, 
nonsense, deletion, insertion, and frameshift mutations 143. The clinical expression of 
MODY3 is highly variable from one family to another or even within the same family 142.
HNF1  mutation carriers may be normoglycemic while their siblings may be 
hyperglycemic at a comparable age 142. The severity and the course of insulin secretion 
defect also vary since ~one-third of the patients are treated with insulin after 15 years of 
diabetes duration, whereas others control their diabetes by diet or oral hypoglycemic 
agents 142. Part of the variability of the clinical expression in MODY3 patients may be 
explained by the type and the location of the HNF1  mutations 142.

Microangiopathic and neuropathic complications are as common in MODY3 patients as 
in T1D and T2D patients and these complications were determined by the degree of 
glycemic control 144. In addition, coronary heart disease was more frequent in MODY3 
than in T1D patients but lower than in T2D patients 144. The age at diagnosis is 
determined in part by the location of the mutation 137.

1.7.5 MODY5 

The predominant phenotype of MODY5 (HNF1 ) mutations is developmental renal 
disease 137. Other clinical features that have been described include pancreas dysplasia 
and insufficiency, dyslipidemia, genital abnormalities, and mental retardation 145.
MODY5 patients are more insulin resistant than MODY3 patients 137. Some mutations in 
the HNF1  gene are associated with an increased risk for prostate cancer and may protect 
against T2D 137. MODY5 carriers are not sensitive to oral sulfonylurea and early insulin 
therapy is required 137.
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1.8  NIEMANN-PICK C1 LIKE 1 (NPC1L1) 

Niemann-Pick type C (NPC) is a rare autosomal recessive lipidosis, in which patients 
exhibit progressive neurodegeneration and hepatosplenomegaly, leading to death during 
early childhood 146. It is characterized by the accumulation of LDL-derived unesterified 
cholesterol in the endosomal/lysosomes system 147. Mutations in two genes can cause 
NPC disease: NPC1 and NPC2 146. The NPC1L1 protein shares 42% identity and 51% 
similarity with NPC1 148, and the gene is mapped to chromosome 7 148.

1.8.1 Tissue distribution  

In humans, NPC1L1 is predominantly expressed in the intestine and in the liver 149; in the 
intestine, NPC1L1 is mainly expressed in the jejunum at the brush-border membrane 150.
NPC1L1 in mice 149 is predominantly expressed in small intestine with minimal liver 
expression, suggesting that there are significant differences between the expression of 
human and mouse NPC1L1.  

1.8.2 Ezetimibe 

Ezetimibe has been shown to effectively reduce the plasma phytosterol levels in 
sitosterolemic patients 151 and mice 152. It can also completely reverse xanthomatosis 
when used in combination with low-dose cholestyramine therapy in sitosterolemic 
patients 151.  NPC1L1 mediates intestinal cholesterol absorption from micelles in the 
intestinal lumen and may also promote cholesterol re-uptake from micelles in the 
canalicular bile. It has been hypothesized that the pharmacological efficacy of ezetimibe 
may be partially attributed to blocking of canalicular reuptake in humans and species that 
express NPC1L1 in liver 153. Consequently, ezetimibe might predispose some individuals 
to gallstone formation by increasing cholesterol saturation of bile 153.

1.8.3 Animal studies 

NPC1L1-/- mice on a high cholesterol diet showed no elevation in LDL but a significant 
decrease in total and HDL cholesterol and also in TG levels in relation to controls on a 
high cholesterol diet 149. Livers from these mice were normal but smaller, indicating that 
inactivation of the NPC1L1 protein has a protective effect against diet-induced 
hypercholesterolemia 149.  Mice deficient in NPC1L1 had ~70% reduction in sterol 
absorption, with the residual being insensitive to ezetimibe, suggesting that NPC1L1 is 
critical for the uptake of cholesterol across the plasma membrane of enterocytes 154. Mice 
deficient in NPC1L1 protein, in the apoE-/- mouse model, had decreased dietary and 
biliary cholesterol absorption and increased liver and intestinal cholesterol synthesis 155.
Miniature pigs treated with ezetimibe showed ~80% decreased cholesterol absorption and 
~65% increased plasma lathosterol 156. Transgenic mice expressing human NPC1L1 in 
hepatocytes had a 10- to 20-fold decrease in biliary cholesterol, which was associated 
with 30-60% increase in plasma cholesterol, mainly because of the accumulation of apoE-
rich HDL 157, which returned into normal with ezetimibe treatment 157.
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1.8.4 Cell experiments 

NPC1L1 proteins traffic between the plasma membrane and intracellular compartments 
through the endocytic recycling pathway in cultured hepatoma cells 158. The endocytic 
recycling of NPC1L1 proteins is regulated by cellular cholesterol availability, and acute 
cholesterol depletion relocates NPC1L1 to the cell surface, resulting in increased uptake 
of FC by NPC1L1 158. NPC1L1 mediates the selective unidirectional cellular transport of 
FC, which occurs in a K+-sensitive manner in hepatoma cells 159. Deficiency of NPC1L1 
in Caco-2 cells decreased ACAT activity and mRNA expression 150.   

Human NPC1L1 mRNA expression was decreased by 25-hydroxycholesterol but 
increased in response to cellular cholesterol depletion by mevinolin in Caco-2 cells 160.
Also, the NPC1L1 promoter was transactivated by overexpression of SREBP2. Two 
SREs were found in the promoter, located -35/-26 bp and the other located -657/-648bp 
upstream of the transcription start site. Mutation in the -657/-648 bp site alone attenuated 
the response to sterol but was not sufficient to abolish it. However, mutation in the -35/-
26 bp site alone resulted in reduction in the basal activity of the promoter and completely 
abrogated its regulation by sterols 160.  HNF4 , reported to interact with SREBP2 in 
regulating genes related to cholesterol metabolism, was recently shown to bind to the 
NPC1L1 promoter and transactivate the promoter activity along with SREBP2 in HepG2 
cells 125. HNF4  specific-knock down reduced the mRNA level of NPC1L1 and abolished 
the cholesterol-dependent regulation of NPC1L1. Thus, the transcription of NPC1L1 was 
stimulated by HNF4  together with SREBP2, but not by HNF4  alone 125.

A previous study 161 showed that NPC1L1 mRNA was higher in the intestine of diabetes 
patients than in controls, but animal and human studies have not demonstrated an increase 
in dietary cholesterol absorption in T2D; instead, these patients have an increase in 
intestinal cholesterol synthesis. 
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2 METHODOLOGY 

2.1 CELL CULTURE 
HepG2 cells were grown in Dulbecco´s Modified Eagle Medium (DMEM) supplemented 
with 10 % FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine. 
HuH7 and HEK293 cells were grown in DMEM supplemented with 10 % FBS, 100 
U/mL penicillin, and 100 µg/mL streptomycin. Cells were maintained in 75 cm2 tissue 
culture flasks and passaged when reaching ~90% confluence. In all cell experiments, cells 
were seeded in six-well tissue culture plates so that they reached ~70% confluence after 
24 hours.    

2.2 RNA ISOLATION AND REAL-TIME RT-PCR 

Total RNA was prepared using TRIzol reagent (phenol and guanidine isothiocyanate) 
according to the manufacturer´s protocol (Invitrogen). To control for degradation and 
contamination, samples were separated on an agarose gel. One microgram RNA was 
transcribed into cDNA using Omniscript reverse transcriptase according to the 
manufacturer´s protocol (QIAGEN). The cDNA was diluted 1:10 in DEPC-H2O. Real-
time RT-PCR was performed in triplicate with 2.5 µL cDNA, 6.25 µL SYBRGreen 
Mastermix, forward and reverse primers. Arbitrary units were calculated by linearization 
of the CT values. All values were normalized to GAPDH mRNA concentration.     

2.3 MUTAGENESIS 

Mutageneses were performed using QuikChange® site-directed mutagenesis kit 
according to the manufacturer´s protocol (Stratagene). In brief, the procedure utilizes a 
plasmid with an insert of interest and two primers containing the mutation. The primers 
are extended during temperature cycling by Pfu Turbo DNA polymerase. Incorporation of 
the primers generates a mutated plasmid containing staggered nicks. Dpn I restriction 
enzyme is added to digest the parental DNA template. The nicked vector DNA, 
containing the mutation, is then transformed into XL1-Blue supercompetent cells, which 
repair the nicks in the mutated plasmid.  

For primer design, the mutagenic primers must contain the mutation, flanked by ~10-15 
bases on each side of the mutation, and anneal to the same sequence on opposite strands 
of the plasmid. Primers should be 25-45 bases in length, and TM of the primers should be 

78°C. Also, the primers optimally should have at least 40% GC-content and terminate in 
one or more C/G bases.  
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2.4 TRANSFECTION 

The cell membrane represents a major barrier to the intracellular delivery of 
macromolecules (e.g. plasmids and oligonucleotides). Cationic lipids, such as 
Lipofectamine, Fugene-6, and Lipofectin are commonly used for the introduction of 
polynucleic acids into cells. These liposome formulas are thought to perform at least three 
functions. First, the cationic lipid coats and partially condenses the plasmid. Second, the 
presence of cationic lipid at levels that give rise to an overall positive charge leads to 
enhanced association of the cationic lipid:plasmid complex with negatively charged cell 
surfaces, leading to cellular uptake via endocytosis 162-164 . Third, following uptake, the 
cationic lipid plays a role in destabilizing the endosomal membrane, thus facilitating 
cytoplasmic delivery of the plasmid. This is achieved partly by destabilizing endosomal or 
plasma membranes by inducing non-bilayer lipid structures 165, 166. In general, the 
liposomes used for complex formation contain at least two kinds of lipid molecules. The 
key component is the cationic lipid, which serves as the condensing agents of the 
negatively charged DNA strands, whereas the neutral helper lipid plays a crucial role in 
determining the structure of the lipid phases 167, 168.

2.4.1 Transfection experiments 

Careful optimisation of the transfection conditions is an important step for efficient 
transfection. Cell densities, transfection agent, amount of DNA, and incubation time are 
examples of steps that need to be optimised for each cell type. For each cell line used in 
this thesis, we optimised the transfection conditions using different amounts of a plasmid 
containing enhanced green fluorescent protein along with two different volumes of 
various transfection reagents according to the manufacturer´s protocols. The percent 
transfected cells were visualized using a fluorescent microscope. Transfections were then 
performed as described in Paper II, with the optimised condition that generated ~50% 
(HepG2) to ~90% (HuH7 and HEK293) transfection efficiency.  

2.4.2 -galactosidase activitity 

Cells were transfected with -galactosidase vector to correct for variations in transfection 
efficiency. -galactosidase activities were measure in cell lysates using a -Galactosidase 
Assay kit according to the manufacturer´s protocol (Promega). In brief, equal volumes (50 
µL) of cell lysate and assay buffer were mixed and incubated for ~30 min. The assay 
buffer contains o-nitrophenyl- -D-galactopyranoside. During the incubation, -
galactosidase hydrolyzes the colourless substrate to o-nitrophenol, which is yellow. The 
reactions were terminated by addition of sodium carbonate and the absorbance read at 420 
nm.    
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2.4.3 Luciferase activity 

Luciferase activities were measured in cell lysates from transfected cells using a 
Luciferase Assay System kit according to the manufacturer´s protocol (Promega). Twenty 
microliter cell lysates were applied to a 96-well plate (Costar No.3912).  The luminometer 
was programmed for addition of 100 µL reagent per well at a speed of 200 µL/sec, 
shaking for 3 sec with an amplitude of 2 nm, and an integration time of 10 seconds. Light 
is produced by converting the chemical energy of luciferin oxidation through an electron 
transition, forming the product molecule oxyluciferin. Firefly luciferase catalyzes 
luciferin oxidation using ATP·Mg2+ as cosubstrate.    
   

2.5 ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA) 

The gel shift assay is used to study sequence-specific DNA-binding proteins such as 
transcription factors. The assay is based upon that protein:DNA complexes migrate more 
slowly through a non-denaturating polyacrylamid gel than free DNA fragments or double-
stranded oligonucleotides. The assay is performed by incubation of purified protein or a 
nuclear extract with a 32P end-labelled DNA fragment containing the putative binding site. 
The samples are separated on a non-denaturating polyacrylamid gel and bands are 
detected by autoradiography. The specificity of the DNA-binding protein for the putative 
binding site is established by competition experiments using labelled mutated 
oligonucleotides. For supershift assays, a specific antibody that bind to the putative 
binding site is added and the antibody:protein:DNA complexes migrates more slowly than 
the protein:DNA complexes.  

EMSA and supershift assays were performed as described in Paper II. Double-stranded 
oligonucleotides were designed with the cis-element of interest in the middle flanked by 
~10 bp on each side.  

2.6 CHROMATIN IMMUNOPRECIPITATION ASSAY (CHIP) 

ChIP assay is a powerful tool to determine whether proteins (e.g. transcription factors) are 
associated with a specific genomic region in living cells or tissues, i.e. to characterize 
protein:DNA interactions that occurs in the cell nucleus in vivo. The ChIP assays were 
performed as described in Paper II. In brief, proteins are cross-linked to DNA using 
formaldehyde. To isolate chromatin, cells are lysed and crude extracts are sonicated to 
shear the DNA. The protein:DNA complexes are immunoprecipitated using a specific 
antibody against the protein of interests. After extensive washing, the cross-linking is 
reversed at 66°C for at least 5 hours and the DNA fragments are purified and identified by 
PCR using specific primers designed to target the binding region of interests.         
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2.7 LIPOPROTEIN SEPARATION  
Separation of lipids in serum or plasma by ultra centrifugation involves sequential 
isolation of lipoproteins after adjustment of the density (e.g. using potassium bromide). It 
takes several days to isolate all subclasses and requires significant sample volumes. For 
cell experiments, LDL, HDL, and lipoprotein deficient serum (LPDS) were prepared as 
described in Paper I.   

Gel filtration chromatography is a technique in which an aqueous solution is used to 
transport the sample through the column. In SEC, particles of different size will elute 
through a stationary phase at different rates. The automated system used in Paper III have 
previous been described in detail 169. Ten microliter serum was automatically injected and 
carried over the separation column (Superose®-6 PC 3.2/30 column) by the elution buffer 
(150 mM NaCl, 10 mM Tris-HCl, 0.02% sodium azide, pH 7.4) delivered by a pump at a 
flow-rate of 40 µL/min-1. The eluate was continuously mixed with cholesterol, FC, or TG 
reagents, using a T-tube, delivered by a second pump at a flow-rate of 40 µL/min-1. The 
mixture went through a reaction coil immersed in a water-bath at +37°C. The absorbance 
was measured at 500 nm and data were collected every 20 second. Chromatograms were 
integrated by the D-7000 HPLC System Manager Software. The lipid content in the 
respective lipoprotein fractions was calculated as the product of the area percent and the 
lipid content determined from the injected sample. CE was calculated by subtracting 
values of free from total cholesterol.  
         

2.8 ACAT ASSAY 

The enzymatic activities of ACAT1 and ACAT2 were measured in microsomes from 
HepG2 and HuH7 cells treated with LDL, HDL, FC, and 10% LPDS as described in 
Paper I. ACAT1 and ACAT2 activities were separated by PPPA, a highly specific 
ACAT2 inhibitor 91.

2.9 CHOLESTEROL CONTENT OF CELLS 

Cholesterol contents in HepG2 and HuH7 cells treated with LDL, HDL, and FC were 
measured as described in Paper I.  

2.10 STATISTICAL ANALYSIS 

Statistical analyses were performed as described in the respective papers. 
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3 AIM OF THE STUDY 

The overall aim of this thesis was to gain more insight into the molecular mechanisms that 
participate in the hepatic regulation of ACAT2 and the roles of HNF1  and HNF4  in 
cholesterol metabolism.  

The specific aims were: 

I. To examine a possible transcriptional regulation by cholesterol of the human 
ACAT2 gene. Also, to appraise the use of HepG2 and HuH7 cells as model 
systems in the study of ACAT and evaluate whether cell differentiation could 
influence its expression.  

II. To characterize mechanisms involved in the hepatic transcriptional regulation of 
ACAT2 in humans.  

III. To further investigate the roles of HNF1  and HNF4  in lipoprotein metabolism, 
particularly their association to ACAT2-derived CEs in vivo.

IV. To gain more insight into the hepatic expression of the human NPC1L1 gene, 
particularly the roles of HNF1  and HNF4  in its regulation. 
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4 RESULTS  

4.1 Cholesterol regulates ACAT2 gene expression and enzyme activity in 
human hepatoma cells (Paper I) 

One of the aims in this study was to characterize similarities and differences between the 
two human hepatoma cell lines HuH7 and HepG2, and appraise the use of these cells as 
model systems in studies of ACATs. HepG2 cells are commonly used in studies of 
cholesterol metabolism whereas HuH7 cells are rarely utilized. By following the 
expression of albumin, which is considered to be a marker for the mature hepatocyte 170, 

171, we studied whether differentiation affected the mRNA expressions of ACAT1 and/or 
ACAT2. In HuH7 cells, we showed that increased differentiation decreased the ACAT1 
and increased the ACAT2 mRNA expressions; also, a strong positive correlation between 
albumin and ACAT2 mRNA was present. Contrary, HepG2 cells had stable expressions 
of ACAT1 and ACAT2 that were not affected by differentiation.  

In contrast to several other cholesterol-regulated genes, no SRE or E-box motifs are 
present within the ACAT1 55, 77 or ACAT2 54 promoters. Thus, these genes are not 
thought to be transcriptionally regulated by cholesterol. However, cynomolgus monkeys 
on a high-cholesterol diet had increased hepatic ACAT2 mRNA levels 81. Also, in a study 
which at that time was unpublished data by Parini et al. 83, patients treated with 80 mg/d 
atorvastatin for four weeks had decreased hepatic ACAT2 mRNA levels compared to 
controls. Thus, we hypothesized that cholesterol may exert transcriptional regulation on 
the human ACAT2 gene. We loaded and starved HuH7 and HepG2 cells with cholesterol 
to study its effect on ACAT1 and ACAT2 mRNA expressions, enzymatic activities, and 
on the cellular cholesterol mass. The LDLr mRNA expression was used as control for the 
cholesterol loading/starvation. We showed that the ACAT2 mRNA expression and 
enzymatic activity increased with increasing concentrations of LDL and FC in both 
HepG2 and HuH7; although HuH7 cells required much lower concentrations to obtain 
similar effects. In contrast, the expression of ACAT1 was almost unaltered.  

By working as an acceptor molecule, HDL removes excess cholesterol from cells. 
Incubation of HuH7 cells with HDL cholesterol decreased the ACAT2 mRNA expression 
and enzymatic activity; in contrast, incubation of HepG2 cells with 1 mM HDL increased 
the ACAT2 activity but did not affect the mRNA expression. We do not know the reason 
for this discrepancy, but it may – at least in part – be due to sub-optimal HDL-loading in 
the HepG2 cells. Also, cholesterol-depletion using LPDS decreased the ACAT2 mRNA 
expression in both cell lines, suggesting that low intracellular cholesterol levels lead to 
decreased ACAT2 transcription. Moreover, incubation of the cells with LDL and FC 
increased esterified cholesterol mass whereas incubation with LPDS decreased the 
esterified cholesterol mass.   

In summary, we showed that cell differentiation affects the mRNA expressions of 
ACAT1 and ACAT2 in HuH7, but not in HepG2 cells. We also showed a dose-dependent 
increase of ACAT2 mRNA expression, an increased enzymatic activity of ACAT2, and 
increased esterified cholesterol mass upon cholesterol loading. These results suggested 
that human ACAT2, but not ACAT1, is transcriptionally regulated by cholesterol.  
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4.2 Control of ACAT2 liver expression by HNF1 (Paper II) 

In this study we aimed to characterize mechanisms involved in ACAT2 transcriptional 
regulation in human liver. Nearly 1400 bp of the 5´-flanking sequence upstream to the 
start codon ATG of the human ACAT2 gene (from -1305 to +86) was cloned into a pGL3 
empty vector. This promoter construct was used as template to create four deletion 
constructs, termed p-1196 (-1196 to +86), p-1044 (-1044 to +86), p-782 (-782 to +86), 
and p-269 (-269 to +86), which were used for transfection studies in HuH7 and HepG2 
cells. We showed that the p-1044 construct conferred maximum luciferase activity in both 
cell lines, although HepG2 cells displayed higher basal activity than HuH7 cells. Also, the 
activity declined appreciably when comparing the p-1044 with the p-782 construct, 
suggesting presence of potential positive regulatory elements in this region. Moreover, the 
promoter activity increased >4-fold when comparing the p-1044 with the full-length (p-
1305) promoter construct, suggesting the presence of potential repressor elements in this 
region. We chose to characterize the positive regulatory element in detail, without further 
studies of the potential repressor elements. The liver-specificity of these findings was test 
using the human kidney-derived cell line HEK293, which displayed >20-fold lower 
activity than HepG2 cells and showed a completely different expression pattern.  

We screened this region (-1044 to -782) to search for potential positive regulatory 
elements using Transcription Element Search Software (TESS) 
(http://www.cbil.upenn.edu) and identified two cis-elements, HNF1 and C/EBP, which 
displayed a 100% match. Deletion of the putative binding site for HNF1 decreased the 
activity 5- to 6-fold in both HuH7 and HepG2 cells whereas deletion of the C/EBP 
element had no significant effect. To investigate whether this HNF1 binding site was 
functional, EMSA and supershift assays were performed. Nuclear extracts were prepared 
from HuH7 cells. Incubation with antibodies raised against either HNF1  or HNF1
showed a supershift by HNF1 , but not by HNF1 . This might be attributable to the fact 
that EMSA experiments commonly reveal the most abundant and/or highest affinity 
interacting protein 172, which in this case might be HNF1 . Thus, we also performed ChIP 
assay using human liver and showed that both HNF1  and HNF1  are associated with the 
human ACAT2 promoter in vivo.

Co-transfections, using expression vectors for HNF1  and HNF1  along with the ACAT2 
promoter, showed that both HNF1  and HNF1  could regulate the human ACAT2 
promoter in HuH7 cells; however, HNF1 , but not HNF1 , caused a minor increase in 
HepG2 cells. This might be explained by the previously reported presence of intermediate 
to high endogenous levels of HNF1 in these cells 173, 174. Co-transfections in HEK293 
cells – which do not express HNF1 175, HNF1 175, or ACAT2 54 – showed that both 
HNF1  and HNF1  could increased the ACAT2 promoter activity. To investigate 
whether HNF1  and HNF1  could regulate the ACAT2 promoter through another cis-
element, we transfected the cells with the HNF1-mutated promoter construct along with 
HNF1  and HNF1  expression vectors. A complete loss of HNF1-dependent stimulation 
was seen in both HuH7 and HepG2 cells, indicating that deletion of this HNF cis-element 
prevents activation by HNF1  and HNF1 .
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In summary, we identified an important HNF1 binding site located -871 to -866 bp 
upstream of the transcription start site of the human ACAT2 promoter. This site serves as 
a positive regulator of the ACAT2 gene expression and is functionally active both in vitro
and in vivo. Interestingly, mutation of this HNF1 binding site also decreased the basal 
ACAT2 promoter activity. The transcription factors HNF1  and HNF1 , which binds to 
this site, are important regulators of the human ACAT2 promoter.         

4.3 Control of ACAT2 liver expression by HNF4 : lesson from MODY1 
patients (Paper III) 

ACAT2 is thought to incorporate CEs into hepatic and intestinal apoB-containing 
lipoproteins that are secreted into plasma. We previously identified HNF1  and HNF1  as 
important regulators of the human ACAT2 promoter. Also, HNF4  is an upstream 
regulator of HNF1 130. Thus, we hypothesized that MODY3 (mutations in the HNF1
gene, TCF1) and possibly MODY1 (mutations in the HNF4  gene, TCF14) subjects may 
have lower VLDL esterified cholesterol levels compared to controls. Surprisingly, 
analysis of lipids in lipoprotein fractions from patients with MODY3 did not differ from 
controls. Instead, MODY1 patients had lower VLDL and LDL esterified cholesterol 
levels compared to controls; in addition, MODY1 subjects had dramatically lower VLDL 
TG levels. These findings prompted us to investigate the role of HNF4  on the human 
ACAT2 promoter activity.  

Co-transfections in HuH7 cells, using the human ACAT2 promoter along with an 
expression vector for HNF4 , revealed a strong dose-dependent regulation by HNF4  on 
the ACAT2 promoter. To identify the region that conferred this strong regulatory effect, 
HuH7 cells were co-transfected with the deletion constructs (described in Paper II) of the 
ACAT2 promoter along with the HNF4  expression vector. The strong induction by 
HNF4  was most pronounced in the p-1044 construct, although it pertained to the p-269 
construct. The liver-specificity of these findings was tested in HEK293 cells, and showed 
that HNF4  did not induce the ACAT2 promoter activity as efficiently as in HuH7 cells 
(4-fold in HEK293 versus >50-fold in HuH7cells).  

We screened the sequence using TESS to search for putative HNF4 binding sites as 
potential positive regulators in the human ACAT2 promoter region. Two HNF4 cis-
elements were found, located -247 bp and -311 bp upstream of the ATG start codon. We 
performed mutagenesis on these HNF4 elements, with or without mutation of the 
previously identified -866 bp HNF1 binding site (Paper II). Co-transfections of these 
mutated constructs along with the HNF4  expression vector showed that deletion of the -
247 bp HNF4 binding site only modestly decreased the induction by HNF4 . Deletion of 
the -311 bp HNF4-binding site decreased the induction ~30%; the decrease was of greater 
magnitude when the -866 bp HNF1 binding site also was mutated (~50%), suggesting an 
interaction between HNF1  and HNF4 . In contrast to HNF1, deletion did not completely 
abolish the stimulatory effects of HNF4 ; hence, we were not able to identify one single 
element responsible for the regulation of the ACAT2 promoter by HNF4 .   
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ChIP assays were performed using human liver to assess whether HNF1  and HNF4
interacts with each other when binding to the ACAT2 promoter. Incubation with 
antibodies against either HNF1  or HNF4  revealed that both HNF1  and HNF4  can 
bind to the -866 bp HNF1, to the -247 bp HNF4, and to the -311 bp HNF4 binding site in 
vivo. To further investigate the possible protein-protein interaction between HNF1  and 
HNF4 , nuclear extracts from human liver were immunoprecipitated with antibodies 
against either HNF1  or HNF4  and immunoblotted using primary antibodies against 
HNF1  and HNF4 . These experiments showed that HNF1  can bind to HNF4  and vice 
versa in the human liver.  

The MODY1 subjects in our study carried three different mutations in the HNF4  gene; 
the K99fsdelAA, the R154X, and the R303H mutation. To test the functional 
consequences of these mutations on the human ACAT2 promoter, we introduced the 
mutations into the HNF4  expression vector and used in co-transfections along with the 
human ACAT2 promoter in HuH7 cells. The K99fsdelAA mutation reduced the basal 
activity and completely abolished the transactivation potential of HNF4  overexpression 
on the ACAT2 promoter activity. Both the R154X mutation and the R303H mutation 
reduced the transactivation potential of HNF4  overexpression on the ACAT2 promoter, 
although the R303H mutation reduced it to a lesser extent.     

In summary, we identified HNF4  as an important regulator of the hepatocyte-specific 
expression of the human ACAT2 promoter. The results suggests that the lower levels of 
esterified cholesterol in VLDL-and LDL-particles in MODY1 subjects may – at least in 
part – be due to lower ACAT2 activity in these patients.  

4.4 HNF1  and SREBP2 are important regulators of NPC1L1 in human 
liver (Paper IV) 

The exact function of NPC1L1 in the human liver is currently not well defined. Thus, the 
aim of this study was to gain more insight into mechanisms that participates in the 
transcriptional regulation of hepatic NPC1L1. Gene expression analyses were performed 
in liver samples from Chinese patients with or without cholesterol gallstone disease. No 
significant differences were observed in NPC1L1, SREBP2, and HNF1  mRNA 
expressions between the two groups of patients; though, gallstone patients had 43% 
higher HNF4  mRNA expression. Strong positive correlations between NPC1L1 and 
SREBP2 and between NPC1L1 and HNF4  were observed. However, no significant 
correlation was observed between NPC1L1 and HNF1 . These results prompted us to 
investigate whether SREBP2, HNF4 , and HNF1  may participate in the hepatic 
regulation of NPC1L1 in humans. 
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Co-transfections in HuH7 cells, using a human NPC1L1 promoter construct (-1570 to 
+137 bp) and an expression vector for SREBP2, showed a strong dose-dependent 
regulation by SREBP2 on the promoter activity. Also, SREBP2 overexpression increased 
NPC1L1 mRNA. To study the effect on the endogenous NPC1L1 gene expression under 
more physiological conditions, HuH7 cells were depleted or loaded with cholesterol. 
Loading of the cells with LDL cholesterol decreased NPC1L1 and SREBP2 mRNA 
expressions, whereas cholesterol depletion resulted in an insignificant trend toward 
increased NPC1L1 mRNA. Two SREs, SRE1 (-91/-81 bp) and SRE2 (-748/-738 bp), 
were previously identified in the human NPC1L1 promoter 160. We performed ChIP assay 
using human liver with a specific antibody against SREBP2 and showed that SREBP2 can 
bind to these two SREs in the NPC1L1 promoter in vivo.

Unexpectedly, co-transfections in HuH7 cells using the human NPC1L1 promoter along 
with an HNF4  expression vector decreased the promoter activity whereas HNF4
overexpression had no effect on NPC1L1 mRNA. A previous study 125 reported that the 
transcription of NPC1L1 was stimulated by HNF4  together with SREBP2, but not by 
HNF4  alone. To test a possible synergism in the activation of the NPC1L1 promoter, we 
performed co-transfections in HuH7 cells with both SREBP2 and HNF4  expression 
vectors. However, no further activation of the promoter activity occurred.  

HNF4  is an upstream regulator of HNF1 , and both contains binding sites for each other 
in their promoter regions 109, 176. Hence, we also wanted to investigate whether HNF1
participate in the regulation of NPC1L1 despite the lack of correlation. Co-transfections in 
HuH7 cells using the human NPC1L1 promoter along with an HNF1  expression vector 
revealed a dose-dependent regulation by HNF1  on the promoter activity; also, HNF1
overexpression increased NPC1L1 mRNA. Mutation of one (-158/-144) of the six 
putative HNF1 binding sites in the human NPC1L1 promoter almost completely 
abolished the regulatory effect of HNF1  on the promoter activity. In human liver, ChIP 
assay was performed. Primers were designed to span over the six putative HNF1 binding 
sites, due to the proximity between these sites. These experiments showed that HNF1  is 
able to bind to the NPC1L1 promoter in vivo. EMSA and supershift assays were 
performed to be able to distinguish which of the six putative HNF1 binding sites is 
responsible for the transactivation by HNF1 . These experiments revealed a direct 
binding of HNF1  to the -158/-144 bp HNF1 binding site, but not to the other five HNF1 
sites.             

In summary, we identified an important HNF1 binding site located -158 to -144 bp 
upstream of the transcription start site of the human NPC1L1 promoter. Also, we showed 
that SREBP2 and HNF1  are important transcription factors for the hepatic NPC1L1 
promoter activity that can bind to and regulate its expression in humans.   
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 
In this thesis we aimed to gain more insight into the molecular mechanisms that 
participate in the hepatic regulation of ACAT2 and the roles of HNF1  and HNF4  in 
cholesterol metabolism. We found that ACAT2, but not ACAT1, mRNA expression and 
enzymatic activity increased upon cholesterol loading in human hepatoma cell lines, 
suggesting that human ACAT2 is transcriptionally regulated by cholesterol. HNF1 and 
HNF4 are involved in diverse metabolic pathways (e.g. glucose, cholesterol, and fatty 
acid metabolism) and we identified HNF1 , HNF1 , and HNF4  as important 
transcription factors in the regulation of the human hepatic ACAT2 promoter. 
Importantly, these findings suggest that ACAT2 may be subjected to metabolic control. 
We also identified HNF1  as an important regulator of the NPC1L1 promoter, whereas 
the role of HNF4  was inconclusive. Collectively, these studies also imply new and 
important roles for HNF1  and HNF4  in cholesterol metabolism. HNF1  may 
participate in hepatic cholesterol esterification and uptake of FC in hepatocytes; also, 
HNF4  may participate in esterification of cholesterol in HDL, affect plasma levels of 
esterified cholesterol and TG in VLDL- and LDL-particles, and indirectly participate in 
the regulation of uptake of FC in hepatocytes.  

We identified HNF1  and HNF1  as important regulators of the human ACAT2 
promoter, which led us to postulate that MODY3, MODY5, and possibly MODY1 
subjects may have alterations in CE content of apoB-containing lipoproteins. However, 
MODY5 subjects were unavailable and, contrary to our initial prediction, the MODY3 
subjects in our study had similar lipoprotein composition as controls. Homologous 
inactivation of the TCF1 gene in mice only weakly affected the transcription of most 
hepatic genes initially thought to be under strict HNF1  control 177. HNF1  is weakly 
expressed in human liver, where HNF1  constitutes more than 95% of the total HNF1-
protein 99, 100. Levels of HNF1  protein were increased in livers of HNF1-/- mice. Thus, it 
was suggested that HNF1  may compensate for the loss of HNF1  function in the liver 
177. Moreover, HNF4  is produced from two promoters (P1 and P2): P1 is more active in 
extrapancreatic tissues (e.g. liver and kidney), whereas P2 is more active in pancreas 119.
P2, but not P1, is bound and controlled by HNF1 120-122. Consequently, HNF1  controls 
the transcription of HNF4  in pancreas whereas the roles are opposite in the liver 103, 120.
Thus, it is possible that mutations in HNF4  may have bigger impact in the liver than 
mutations in HNF1  as suggested from the results of our study. 

Moreover, various mutations may have variable effects on the ability of HNF4  to 
transactivate target genes 128, 178, 179. MODY1 subjects have been shown to have lower 
TG, HDL cholesterol, apoCIII, apoB, apoAI, apoAII, and Lp(a) plasma levels 136, 138, 141.
Collectively, these studies suggest that the type and the location of the HNF4  mutation 
affect cholesterol and TG levels in various ways. More than 200 different HNF1
mutations have been found 142. Of the five MODY3 subjects in our study, one carried the 
Pro291fins3 mutation (insertion in exon 4), two the L1071 mutation (substitution of 
leucine with isoleucine in exon 1), and two the insTGGGGGT (insertion in the 
5´untranslated region) mutation. Hence, it is possible that MODY3 subjects with other 
mutations in the TCF1 gene may have alterations in lipoprotein composition. 
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Due to the findings in MODY1 subjects, we characterized the role of HNF4  in the 
transcriptional regulation of ACAT2. We showed a dose-dependent regulation of HNF4
on the human ACAT2 promoter activity and two putative cis-elements were identified. 
However, we were not able to identify one single transacting element in the ACAT2 
promoter region that was responsible for the induction by HNF4 . This has also been 
reported when the putative HNF4 binding site was mutated in the fatty acid binding 
protein-1 (FABP1) promoter 176, and suggested an interaction between HNF4  and 
HNF1 . HNF1  and HNF4  can bind directly to one another and a cooperative 
interaction can occur for target genes with binding sites for both HNF1  and HNF4 ,
resulting in greater activation; also, HNF1  can bind to the DNA and HNF4  bind to 
HNF1 , or vice versa, thereby affecting regulation 174, 180. If the target gene contains an 
HNF1, but no HNF4, binding site, HNF4  bind to HNF1  and co-activate the gene 181. If 
the gene contains an HNF4, but no HNF1, binding site, HNF1  can inhibit the activation 
of HNF4 182. Thus, despite deletion of both HNF4 binding sites, HNF4  may still be 
able to activate the ACAT2 promoter through direct or indirect binding to HNF1. In 
addition to the important -866 HNF1 binding site, two putative HNF1 binding sites 
(located at -220 and -276 bp) are located in the human ACAT2 promoter. Although these 
were not shown to be important for the hepatocyte-specific expression of ACAT2 in 
Paper II, they may still take part in the metabolic regulation especially when the -866 
HNF1 binding site was deleted. ChIP experiments confirmed that both HNF1  and 
HNF4  can bind to the -866 HNF1 binding site and to the two HNF4 binding sites in the 
human ACAT2 promoter. Also, we showed a protein-protein interaction between HNF1
and HNF4  in human liver, supporting the concept of a cooperative interaction between 
these two transcription factors in the regulation of the human ACAT2 promoter. 
Furthermore, HNF4  is an upstream regulator of HNF1 , but not of HNF1 , and we 
showed that HNF1 , but not HNF1 , can bind to the two HNF4 binding site in the human 
ACAT2 promoter region. Thus a clear difference between HNF1  and HNF1  exists in 
the regulation of the human ACAT2 promoter.  

The MODY1 subjects in our study had reduced VLDL and LDL esterified cholesterol and 
dramatically lower VLDL TG compared to controls. Previous studies 141, 143 reported that 
MODY1 subjects have lower plasma levels of TG and apoCIII, an inhibitor of LPL 141,
which may contribute to the lower VLDL TG levels in our MODY1 subjects. Moreover, 
conditional liver-specific disruption of HNF4  in mice 127 resulted in lower serum TG 
levels and decreased expression of apoB and MTP, two important genes involved in 
hepatic VLDL secretion. Odom et al. 109 reported that both HNF1  and HNF4  regulates 
the human MTP gene; also that HNF4  regulates apoB and apoCIII. Thus, HNF4  may 
influence VLDL secretion from the liver by affecting the expression of several important 
proteins taking part in VLDL assembly. Furthermore, the MODY1 subjects in our study 
had higher HDL FC compared to controls. LCAT forms CEs in HDL by transferring 
polyunsaturated fatty acids from phosphatidylcholine to cholesterol 97. By esterifying 
HDL FC, LCAT is thought to promote RCT by maintaining a FC gradient between HDL 
and peripheral tissues 183. LCAT is not considered as a target of HNF4 .  However, the 
higher levels of FC in HDL in the MODY1 patients, together with similar levels of CEs in 
HDL, suggests that the activity of LCAT may be lower in the MODY1 patients and that 
LCAT expression may be under HNF4  control. 
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In additional MODY1 and MODY3 subjects (Table II), we also investigated serum 
biochemical markers for cholesterol and BA synthesis (unpublished data). Lathosterol and 
lanosterol, regarded as markers for hepatic and whole-body cholesterol synthesis 184,
showed no significant differences between either MODY1 or MODY3 subjects compared 
to controls. Thus, in contrast to T2D patients which have been shown to have higher 
cholesterol synthesis 185 , mutations in HNF4  or HNF1  did not result in altered 
cholesterol synthesis. Serum levels of 7 -hydroxy-4-cholesten-3-one (C4), a BA 
precursor that strongly reflects BA synthesis 186, showed that MODY3 subjects had 
almost 40% higher C4 levels (p<0.01) whereas MODY1 subjects had a similar trend that 
did not reach statistical significance. A previous study reported that impaired farnesoid X 
receptor 1 (FXR1) expression in TCF1-/- mice resulted in decreased levels of small 
heterodimer partner 1 (SHP1), leading to increased CYP7A1 activity and increased BA 
synthesis 113. Also, previous studies 187, 188  reported that FXR is decreased in animal 
models of diabetes and that FXR null mice exhibit impaired glucose tolerance and insulin 
sensitivity. Thus, the higher BA synthesis in the MODY3 subjects may be due, at least in 
part, to decreased FXR activity. These experiments imply an additional important role for 
HNF1  in BA synthesis.  

TABLE II. Clinical characteristics of control, MODY1 and MODY3 subjects.  

* p<0.01 MODY3 versus control 

CCoonnttrroollss MMOODDYY11 MMOODDYY33
Subjects (Male/Female) 15 (7/8) 12 (4/8) 19 (8/11) 

Age (years) 37.4 ± 0.4 38.4 ± 4.3 38.4 ± 3.3 

BMI (kg/m2) 23.4 ± 0.9 25.0 ± 1.0 23.4 ± 1.1 

Cholesterol (mmol/L) 5.19 ± 0.2 5.08 ± 0.3 5.49 ± 0.3 

Triglycerides (mmol/L) 0.95 ± 0.1 1.09 ± 0.2 1.12 ± 0.1 

Glucose (mmol/L) 5.35 ± 0.1 8.20 ± 1.0 8.86 ± 1.6 

Lathosterol/Cholesterol 
( mol/mmol) 

0.585 ± 0.06 0.515 ± 0.08 0.519 ± 0.04 

Lanosterol/Cholesterol 
(nmol/mmol) 

42.91 ± 2.27 38.82 ± 3.67 49.92 ± 4.86 

C4/Cholesterol (nmol/mmol) 7.30 ± 0.36 8.88 ± 1.11 9.98 ± 0.54 * 
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NPC1L1 is expressed in several tissues with high expression levels in the intestine of both 
mice and humans 149. NPC1L1 is also highly expressed in the human, but not in the 
mouse, liver 149. NPC1L1 have been shown to transport FC in hepatoma cells 158, 159, and 
we identified HNF1  as an important regulator of its expression. Hence, HNF1
participates in the regulation of both uptake of FC and cholesterol esterification in human 
hepatocytes. Although we did not detect any regulation by HNF4  on the NPC1L1 
promoter activity or mRNA expression, the strong correlation between NPC1L1 and 
HNF4  suggests that HNF4  may have an indirect role by binding to other transcription 
factors, including HNF1 .

Whereas human hepatocytes in vivo only express ACAT2 31, we found that HepG2 and 
HuH7 cells expresses both ACAT1 and ACAT2. In addition, we recently tested the 
human hepatoma cell line Hep3B and found that these cells also express both ACAT1 and 
ACAT2 (unpublished data). The mechanism leading to the silencing of ACAT1 
expression in hepatocytes in vivo is not known. One may speculate that the simultaneous 
expressions of ACAT1 and ACAT2 may be associated to the pathophysiological 
condition of these cells, since they are hepatocellular carcinoma cell lines. In concert, 
HuH7, HepG2, and Hep3B cells expresses -fetoprotein (AFP) 189, 190 which is highly 
expressed in the fetal liver but decline rapidly after birth 191; elevated AFP is commonly 
seen in human hepatocellular carcinomas and used as a diagnostic marker for detection 
and to monitor cancer therapy 191.

The studies in this thesis implied new and important roles for HNF1  and HNF4  in 
cholesterol metabolism and suggested that ACAT2 may be subjected to metabolic control. 
Future research that would further elucidate the present findings may include: 

Studies of other human hepatocyte-derived cell lines, in order to find a cell model 
that resembles the human hepatocyte in vivo and accordingly only express 
ACAT2, and not ACAT1. 

Investigation of the presence of potential repressor element(s) in the region -1305 
to -1044 bp upstream of the transcription start site in the human ACAT2 promoter, 
since the promoter activity increased when comparing the p-1044 with the p-1305 
promoter construct. 

Investigate whether ACAT2 is transcriptionally regulated by cholesterol in 
humans, as suggested in our study and, indirectly, in the study in which subjects 
treated with high or low doses of statins showed a dose-dependent decrease in 
hepatic ACAT2 mRNA levels 83. Changes in mRNA abundance do not 
necessarily imply that rate of gene transcription is altered. To be able to conclude 
whether ACAT2 is transcriptionally regulated by cholesterol or not, cells can be 
loaded or depleted (e.g. using cyclodextrin or mevinolin) of cholesterol in the 
presence or absence of a transcription inhibitor (e.g. actinomycin D) and an 
inhibitor of protein synthesis (e.g. cycloheximide). Furthermore, investigation of 
the molecular mechanism leading to the upregulation of ACAT2 by cholesterol. 
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Investigate the effects of HNF1  gene mutations on cholesterol and TG 
metabolism. For example, the experiments performed in Paper III may be repeated 
in MODY5 subjects.  

Investigate whether MODY3 subjects with other mutations have alterations in 
apoB-containing lipoproteins. For example, the experiments performed in Paper 
III may be repeated in MODY3 patients with other mutations in the TCF1 gene; 
these mutations may then be introduced into an HNF1  expression vector and 
used along with the human ACAT2 promoter in co-transfection studies.  

Investigate whether LCAT may be under control of HNF4 .

Further investigate the role of HNF1  and HNF4  in BA synthesis.  

Investigate whether NPC1L1 -/- mice have decreased expression of HNF1  and/or 
HNF4 : and whether TCF1-/- mice or conditional liver-specific disruption of the 
HNF4  gene in mice results in lower NPC1L1 expression in the intestine.   
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6 CONCLUDING REMARKS 
In this thesis we aimed to gain more insight into the molecular mechanisms that 
participate in the hepatic regulation of ACAT2 and the roles of HNF1  and HNF4  in 
cholesterol metabolism. We found that ACAT2 mRNA expression and enzymatic activity 
increased upon cholesterol loading in human hepatoma cell lines, suggesting that human 
ACAT2 is transcriptionally regulated by cholesterol. In addition, we identified HNF1 ,
HNF1 , and HNF4  as important transcription factors in the regulation of the hepatic 
ACAT2 promoter, and that HNF4  can bind and regulate its expression directly or 
indirectly via HNF1 . We also identified HNF1  as an important regulator of the 
NPC1L1 promoter although the role of HNF4  was inconclusive.  

Collectively, these studies imply that ACAT2 is under metabolic control and that HNF1
and HNF4  participate in several important processes in cholesterol metabolism. HNF1
may participate in hepatic cholesterol esterification, uptake of FC in hepatocytes, and in 
BA synthesis. HNF4  may participate in esterification of cholesterol in HDL, affect 
plasma levels of esterified cholesterol and TG in VLDL- and LDL-particles, and 
indirectly participate in the regulation of uptake of FC in hepatocytes.  
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7 SVENSK SAMMANFATTNING 
Kolesterol är ett fett som har en mängd viktiga funktioner i kroppen t ex som beståndsdel 
i cellmembran och som utgångsmaterial vid bildandet av hormoner och gallsyror. Det 
mesta av det kolesterol som vi behöver kommer från kroppens egna produktion av 
kolesterol, men det finns även i födan. Eftersom kolesterol inte kan lösas i blodet, som är 
vattenbaserat, transporteras det i lipoproteiner. Dessa kan,baserat på densitet, indelas i 
kylomikroner, VLDL, IDL, LDL och HDL. Eftersom höga nivåer av fritt kolesterol är 
giftigt för cellerna omvandlas det till kolesterolestrar som sedan kan lagras som 
fettdroppar inuti cellerna. ACAT1 och ACAT2 är två enzym som katalyserar reaktionen i 
vilken kolesterol och långa fettsyrakedjor omvandlas till kolesterolestrar. ACAT1 finns i 
de flesta celler, medan ACAT2 endast finns i tarmceller (enterocyter) och leverceller 
(hepatocyter). Idag tror man att kolesterolestrar som bildats av ACAT2 packas in i 
kylomikroner och VLDL, medan ACAT1 bildar kolesterolestrar i en mängd andra celler 
(t ex makrofager) och därmed förhindrar celldöd. Olika djurstudier har visat att genom att 
minska eller ta bort ACAT2, men inte ACAT1, kan uppkomst av åderförkalkning 
(ateroskleros) minskas eller förhindras.  

HNF1 och HNF4 är så kallade transkriptionsfaktorer vilket innebär att de behövs för att 
en gen ska kopieras till RNA, dvs för att transkriptionen ska starta. HNF1 och HNF4 finns 
i flera olika organ t ex lever, bukspottskörteln (pancreas) och njurarna. De deltar bla. i 
glukos-, kolesterol- och fettsyrametabolism. 

Huvudsyftet med denna avhandling var att undersöka vad som reglerar uttrycket av 
ACAT2 i levern. Då vi fann att HNF1  och HNF4  är viktiga för regleringen av ACAT2 
ämnade vi även undersöka deras inverkan på det kolesterol som packas in i lipoproteiner 
(t ex VLDL) samt om de deltar i regleringen av NPC1L1 i levern.   

Artikel I: ACAT1 och ACAT2 anses inte vara transkriptionellt reglerade av kolesterol. 
Genom att svälta och ladda två humana levercell-linjer (HuH7 och HepG2) med 
kolesterol, kunde vi visa att kolesterol reglerar genuttrycket och den enzymatiska 
aktiviteten av ACAT2, men inte av ACAT1. Detta tyder på kolesterol transkriptionellt 
reglerar ACAT2, men inte ACAT1. Vi utvärderade även HepG2 och HuH7 cellers 
lämplighet som modellsystem för studier av ACAT1 och ACAT2. HuH7 celler var 
känsligare för svält och behövde lägre kolesterolkoncentrationer för att erhålla samma 
resultat som HepG2 celler, vilket tyder på att HuH7 celler är en bättre modell för 
kolesterolstudier av ACAT.  

Artikel II: I denna del av projektet ämnade vi karaktärisera mekanismer som kontrollerar 
det lever-specifika uttrycket av ACAT2. Vi identifierade ett viktigt HNF1-element som 
fungerar som en positiv regulator för genuttrycket av ACAT2 och visade att detta element 
är funktionellt både in vitro och in vivo. Mutation av detta HNF1-element minskade även 
det basala uttrycket av ACAT2. HNF1  och HNF1 , som båda binder till detta element, 
har därmed viktiga roller i regleringen av ACAT2.  
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Artikel III: MODY är en grupp syndrom som karaktäriseras av autosomal dominant 
ärftlighet, tidig uppkomst av diabetes (oftast före 25 års ålder) samt av dysfunktionella -
celler (insulinproducerande celler i pancreas). MODY orsakas av mutationer i enstaka 
gener; mutation i genen för HNF1  orsakar MODY3 och mutation i genen för HNF4
orsakar MODY1. ACAT2 anses ansvara för bildandet av de kolesterolestrar som packas 
in i VLDL. Då vi tidigare fann att HNF1  är viktig för regleringen av ACAT2, och då 
tidigare studier har visat att HNF4  är viktig för regleringen av HNF1 , ämnade vi 
undersöka om patienter med MODY3 och möjligen MODY1 hade lägre kolesterolestrar i 
VLDL. Vi kunde visa att patienter med MODY1, men inte MODY3, hade lägre nivåer av 
kolesterolestrar  i VLDL och LDL. Vi karaktäriserade HNF4 ´s roll i regleringen av 
ACAT2 och visade att HNF4  är viktig för regleringen av ACAT2-uttrycket i levern. 
Detta tyder på att de lägre nivåerna av kolesterolestrar i VLDL och LDL hos patienter 
med MODY1, åtminstone till viss del, beror på lägre ACAT2-aktivitet i dessa patienter.   

Artikel IV: NPC1L1 finns framförallt i lever och tarm hos människor. NPC1L1 är viktig 
för regleringen av kolesterol-upptaget i tarmen, men dess roll och reglering i levern hos 
människa är för närvarande oklar. Genom korrelation mellan genuttrycken för NPC1L1, 
HNF4 , HNF1  och SREBP2 i lever från kinesiska patienter med och utan 
gallstenssjukdom kunde vi visa starka positiva korrelationer mellan NPC1L1 och HNF4
samt mellan NPC1L1 och SREBP2. Då HNF4  är en regulator av HNF1  ämnade vi 
vidare undersöka om SREBP2, HNF4  och HNF1  deltar i regleringen av NPC1L1 i 
levern. Vi identifierade ett viktigt HNF1-element och visade att SREBP2 och HNF1  är 
viktiga transkriptionsfaktorer som kan binda till och reglera uttrycket av NPC1L1 i levern 
hos människan. HNF4  verkar mer fungera som en indirekt regulator och påverka genom 
att binda till andra transkriptionsfaktorer som t ex HNF1 .

Dessa studier tyder på att ACAT2 är metabolt reglerad och att HNF1  och HNF4  deltar i 
flera viktiga processer i kolesterolmetabolismen.  
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