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   Introduction   

1. Introduction 

1.1. Lipoprotein metabolism 

Lipids are a heterogeneous group of biomolecules. One property which unites 

them is having no or low water solubility. As one of the major components of human 

body, lipids play various roles in homeostasis. Fatty acids in triglycerides are energy 

sources, while phospholipids, glycolipids and cholesterol are membrane components. 

Moreover, steroids and eicosanoids are also signaling molecules and lipophilic vitamins 

are co-factors and co-enzymes for different reactions. 

Mankind consumes tons of lipids annually. In the western world poor eating 

habits are becoming a significant epidemiological problem. Increased consumption of 

dietary fat when combined with heritable disorders of lipid metabolism results in most 

cardiovascular diseases and is, therefore, a leading factor in human mortality. 

 

Lipoproteins 

Lipids are too hydrophobic to be transported on their own in the circulation. Free 

fatty acids (FFA) are transported bound to albumin. Other molecules (triglycerides, 

cholesterol, phospholipids), if taken with a food or synthesised de novo, are 

incorporated into lipoprotein particles for transportation in the blood.  

Diverse lipoprotein particles could be physically separated by their density or 

electrophoretic mobility and classified according to their different genesis and 

composition (tab. 1). The biggest triglyceride-rich lipoprotein particles are 

chylomicrons (CM). These are secreted by the intestinal cells into the lymphatic system 

and serve to transport dietary fat to the liver and other tissues. Lipids, taken up or 

synthesized by the liver are redistributed to other organs by very low density 

lipoproteins (VLDL) and low density lipoproteins (LDL). LDL is a result of the 

progressive intravascular catabolism of VLDL and contains relatively more cholesterol 

and fewer triglycerides. CM and VLDL are also called triglyceride rich lipoproteins 

(TRL). Finally, the excess of cholesterol, which needs to be collected from peripheral 

tissues and directed to the liver for bile excretion, is carried by high density lipoproteins 

(HDL). 

 1



   Introduction   

Triglycerides and cholesterol esters are found in the core of the lipoprotein 

particles, surrounded by an amphipatic monolayer of phospholipids (PL) and 

unesterified cholesterol. The surface of the particles is also formed by structurally 

related apolipoproteins (apo). Apolipoproteins can also be ligand for lipoprotein 

receptors and therefore determine the destiny of the respective lipoprotein (tab. 2). Due 

to the particular distribution of lipoprotein receptors in different tissues, each organ 

varies in its ability to bind and internalise lipoprotein particles. For instance apoB100, 

which exclusively binds LDL receptor (LDLR) and apoE, which is a ligand for LDLR 

and LDLR-related protein (LRP) as well as all other LRP family members. In 

circulation, lipoproteins are modified by enzymes and transfer proteins. Lipoprotein 

lipase catalyses the hydrolysis of fatty acids from triglyceride; lecithin:cholesterol acylt 

transferase (LCAT) forms cholesterol esters in HDL by transferring a fatty acid (usually 

linoleic acid) from phosphatidylcholin to cholesterol; the cholesteryl esters from 

previous reaction are transferred to other lipoproteins by cholesteryl ester transfer 

protein (CETP). Some apolipoproteins are specific cofactors for these enzymes, e.g. 

LCAT is activated by apoAI, apoCII is an essential co-factor for LPL. 

 
Table 1 Lipoprotein particles (Schlenck 1999) 

Dry weight, ~% Lipoproteins Apoproteins Diameter, 
nm 

Density, g/mL
prot,      TG,    CH,      PL 

Chylomicrons B48, AI, AII, AIV 80-1200 <0.95 1-2 83 8 7 
VLDL B100, C, E 30-80 0.95-1.006 10 50 22 18 
IDL B100, E 25-35 1.006-1.019 18 31 29 22 
LDL B100 18-25 1.019-1.063 22 9 45 21 
HDL AI, AII 5-12 1.063-1.25 35 8 30 29 

 
Table 2 Apolipoproteins (Mahley 1984, Sakurabayashi 2001) 

Apolipoproteins MW,  
kDa 

Source Human serum values, 
mg/L, 

Function 

AI 
AII 
AIV 

29 
17 
43 

Liver, 
intestine 

 

1.42±0.2 
0.3±0.05 

LCAT activation, HDL and CM structure
HDL structure 

LCAT activation, HDL structure 
B48 

B100 
241 
513 

Intestine*
Liver 

0.87±0.18** Chylomicrons structure  
LDL structure, LDL internalisation 

CI 
CII 
CIII 

6,6 
8,9 
8,8 

Liver  
0.029±0.013 
0.075±0.020 

 
LPL Cofactor 

E 34 Liver 0.036±0.009 Internalisation of chylomicrons, HDL 
*In humans apoB48 comes from chylomicron remnants only. In rodents apoB48 is also produced in the 
liver through editing of apoB100 mRNA. 
**Both variants of apoB taken together. 
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Lipid metabolic pathways are described in the sections to follow. It is perhaps 

important not to take these points separated from each other as lipoprotein particles of 

all kind are closely related and exchange not only lipids but also apolipoproteins. 

 

Exogenous metabolic pathway 

In the small intestine, dietary fat is emulgated by bile salts and hydrolysed by 

pancreatic lipases. FFA, cholesterol, monoglycerides and glycerol are taken up by 

enterocytes. Lipids are re-esterified in cytoplasm and directed to the Golgi apparatus 

(Senior 1964). Intestinal cells synthesize apolipoproteins (primarily apoB48, apoAI and 

apoAIV) and assemble exogenous lipids into chylomicrons. As soon as CM enter the 

blood stream endothelial LPL becomes responsible for the intravascular hydrolysis of 

CM, producing FFA and chylomicron remnants (CR). For LPL catalytic activity apoCII 

is required as a cofactor. Abundantly expressed in muscle and adipose tissue, LPL plays 

a role in the supply of FFA to these tissues. Felts et al. were the first to postulate that 

after hydrolysis LPL remains attached to the remnant lipoprotein (Felts 1975, 

Goldberg 1986). CR have been shown to be rapidly taken up into the liver 

(Sherrill 1980). Uptake is mediated by the LDLR and LRP with apoE, LPL, and hepatic 

lipase as ligand proteins (Willnow 1994, Beisiegel 1989, Beisiegel 1991, 

Beisiegel 1994). The effect of LPL is mediated by its C-terminal domain and also 

involves interaction with cell surface heparan sulphat proteoglycans (HSPG) 

(Beisiegel 1997, Merkel 2002). 

Furthermore, as demonstrated by Hussain et al., CR are not solely catabolised in 

the liver, but can also be taken up into the bone marrow and the heart (Hussain 1989). It 

has been shown in vitro that CR uptake can be mediated by VLDL receptor and that 

LPL is an important ligand for this receptor (Niemeier 1996). The VLDL receptor might 

therefore represent the counterpart to LRP in peripheral tissues, facilitating the uptake 

of CR in addition to the uptake of VLDL and IDL. 

The intracellular destinies of lipid/apoB and receptor/apoE fractions of the 

remnants are different. ApoB and lipids enter the lysosome, where these components 

are degraded by cathepsin and lysosomal acid lipase (Goldstein 1985). Surface 

components of TRL particles like apoE can be re-secreted via a recycling pathway 

(Heeren 1999). The apoE recycling is accompanied by cholesterol efflux to HDL. Re-
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secreted apoE is found in association with HDL. Remarkably, HDL does not only act as 

an extracellular acceptor for recycled apoE, but also stimulates the recycling itself. As 

was shown by Dr. Beisiegel’s group, apoE recycling implicates the intracellular 

trafficking of apoAI (derived from internalised HDL) to pre-existing and TRL-derived 

apoE/cholesterol-containing endosomes in the cytoplasm periphery (Heeren 2003). 

Thus, the exogenous pathway is connected to HDL metabolism by an intravascular and 

intracellular pathway. 

 

Endogenous metabolic pathway 

The liver plays a key role in the delivery of lipids to peripheral tissues. 

Triglycerides and cholesterol esters are directed to the Golgi apparatus of hepatocytes 

similar as for chylomicrons secretion (Gibbons 2004). A major structural component of 

VLDL particles produced by the liver is apoB100, one of the largest monomeric 

proteins with an extremely complicated secondary structure. Unlike the synthesis of the 

majority of hepatic secretory proteins, that of apoB100 is nearly constitutive. Its 

secretion is regulated mainly by co- and post-transcriptional degradation. This protein 

has large hydrophobic beta-sheet regions; therefore lipid association must occur 

simultaneously with transcription and translocation to prevent self-aggregation and 

cellular toxicity. The microsomal triglyceride transfer protein (MTP) catalyses this step 

of lipidation (Gordon 2000). When lipids are limited, the first step, translocation of 

synthesizing polypeptide, is impeded resulting in exposure of apoB to ubiquitin-

proteasome degradation pathway – ER associated degradation (Fisher 2002). If nascent 

particles (pre-VLDL) are produced they might be secreted directly as large LDL 

(relatively TG-rich pool of LDL). However, the second step of pre-VLDL lipidation 

happens when lipid droplets come from Golgi, forming bona fide VLDL 

(Olofsson 2000). Hepatocytes secrete these particles into the circulation. Furthermore, 

apoB100 already incorporated into particles could be arrested in post-ER presecretory 

proteolysis (PERPP), resulting in a decrease of the secretion of most apoB lipoproteins 

(Fisher 2001). Fatty acids play a remarkable role in the fate of apoB100 by modulating 

its degradation in PERPP path. Saturated fatty acids are capable of inhibiting apoB 

proteolysis in the smaller particles (pre-Golgi), leading to an increase of secretion of the 
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large LDL. In contrast, n-3 polyunsaturated fatty acids stimulate PERPP of VLDL, 

decreasing their release (Pan 2004, Krauss 2004). 

VLDL already contains apoE after secretion, while apoCII is transferred to the 

particle from HDL pool in circulation. Similar to chylomicrons, apoCII activated LPL 

rapidly hydrolyses VLDL’s triglycerides. When fatty acids are progressively removed 

to the peripheral tissues, VLDL decreases in size, consequently becoming cholesterol-

enriched IDL and further LDL. VLDL and its apoE-containing remnants are taken up 

by hepatocytes and peripheral tissues via a receptor specific mechanism. This employs 

binding to HSGP, while internalisation is mediated by the LDLR, LRP and VLDL 

receptor (Niemeir 1996). HDL may exchange cholesteryl esters for triglycerides of 

VLDL with the help of CETP and become enriched with phospholipids via PL transfer 

protein (PLTP) activity. ApoCII and apoE leave IDL back to HDL. Hepatic lipase is 

involved in IDL conversion to LDL (Rubinstein 1985). Remarkably, LDL finally 

contains only one molecule of apoB100 protein per particle. About 70% of LDL is 

internalised by the liver, the rest is taken up by extrahepatic tissues via interaction with 

ubiquitary expressed LDL receptor.  

Fatty acids are implicated in LDL metabolism by altering LDL receptor activity; 

the saturated lipids suppress receptor activity while the polyunsaturated fatty acids 

increase receptor-dependent LDL transport (Woollett 1992). Additionally, macrophages 

can bind modified (oxidized) LDL independently from the LDL receptor path, by 

expressing scavenger receptor (Illingworth 1993). In plenty of pathological 

circumstances LDL is becoming a major source of cholesterol for plasma 

hypercholesterinemia and in doing so it contributes greatly to the risk of arteriosclerosis 

development. Thus, LDL has deserved much attention during last few decades. 

 

Reverse cholesterol transport 

Peripheral (non-hepatic) cells obtain their cholesterol from a combination of 

local synthesis and the uptake of sterols from LDL and VLDL. The so-called “reverse 

cholesterol transport” (RCT) is the opposite movement of cholesterol from peripheral 

cells through the plasma compartment to the liver. This cholesterol is partly recycled by 

the liver in newly synthesized plasma lipoproteins like VLDL and partly appears in the 

bile as free cholesterol and bile acids. (Fielding 1995).  
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The RCT is mediated by HDL. Apolipoprotein AI is the major structural 

component of HDL (two to four apoAI molecules per particle) (Marcel 2003). It is 

expressed mostly by hepatocytes and enterocytes. Additionally apoAII, -AIV, -CII and  

-E are found on the particles. Apolipoproteins of HDL are exchangeable in contrast to 

apoB (Mahley 1984).  

ATP-binding cassette transporter A1 (ABCA1, see below) translocates 

phospholipids and free cholesterol from cells to apoAI. This results in small discoidal 

particles, named prebeta-HDL (nascent HDL) (Chroni 2003, Denis 2004). Discoidal 

prebeta-HDL takes up cholesterol from peripheral cells, and changes to spherical 

particles, named HDL3 and later HDL2, as it becomes enriched in esterified cholesterol 

synthesized by LCAT (Glomset 1968). Two lipid transfer proteins contribute to further 

remodelling of HDL. PLTP supplies HDL with lecithin while CETP redistributes 

cholesteryl ester to TRL and LDL (Tollefson 1988, Tall 1993). HDL triglycerides are 

catabolised by the extracellular hepatic triglyceride lipase (Fielding 1991). 

Scavenger receptor class B type 1 (SR-BI) is an authentic HDL receptor and 

mediates the selective uptake of HDL-derived cholesterol ester by the liver and triggers 

it to the bile degradation pathway (Acton 1996, Silver 2001). SR-BI is strongly 

expressed in liver parenchyma cells but also in adrenal glands and ovaries and 

moderately in macrophages, endothelial cells and vascular smooth muscle cells 

(Rhainds 2004). There is evidence suggesting that SR-BI is an endocytotic receptor in 

some circumstances, clearing HDL2 particles from circulation (Rhainds 2004). 

Although apoE containing HDL could be cleared by the liver via HSPG binding and 

LDL receptor and LRP uptake, it does not appear to represent a major pathway for the 

catabolism of the particles with simultaneous degradation of both apoAI and lipids. 

HDL is instead retroendocytosed by the liver and stimulates the redistribution of lipids 

and apoE recycling (Schmitz 1985, Heeren 2003). 
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1.2. The role of ABCA1 transporter in HDL metabolism 

The transport of specific molecules across lipid membranes is an essential 

function of all living organisms and a large number of specific transporters have 

evolved to carry out this function. The largest transporter gene family is the ATP-

binding cassette (ABC) transporter superfamily. These proteins translocate a wide 

variety of substrates including sugars, amino acids, metal ions, peptides, and proteins, 

and a large number of hydrophobic compounds and metabolites across extra- and 

intracellular membranes. ABC genes are essential for many processes in the cell, and 

mutations in these genes cause or contribute to several human genetic disorders, 

including cystic fibrosis, neurological disease, retinal degeneration, cholesterol and bile 

transport defects, anaemia and drug resistance. Characterisation of eukaryotic genomes 

has allowed the complete identification of all the ABC genes in Saccharomyces 

cerevisiae, Drosophila melanogaster and Caenorhabditis elegans genomes. 

Many ABC genes play a role in the maintenance of the lipid bilayer and in the 

transport of fatty acids and sterols within the body (tab. 3, Dean 2001).  

 

Family of transmembrane transporters 

The ABC proteins bind ATP and use the energy to drive the transport of various 

molecules across the plasma membrane as well as intracellular membranes of the 

endoplasmic reticulum, peroxisome, and mitochondria (Dean 1995). ABC transporters 

contain a pair of ATP-binding domains, also known as nucleotide binding folds (NBF), 

and two sets of transmembrane (TM) domains, typically containing six membrane-

spanning alpha-helices. The NBF contain three conserved domains: Walker A and B 

domains, found in all ATP-binding proteins and a signature (S) motif, located just 

upstream of the Walker B site (Hyde 1990). The S domain is specific to ABC 

transporters and distinguishes them from other ATP-binding proteins. The prototype 

ABC protein contains two NBF and two TM domains, with the NBF located in the 

cytoplasm. The molecules pump substrates in a single direction, typically out of the 

cytoplasm. For hydrophobic compounds, this movement is often from the inner leaf of 

the bilayer to the outer layer or to an acceptor molecule. ABC genes are organised as 

either full transporters containing two TM and two NBF or as half transporters 

containing one of each domain (Hyde 1990). 
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Table 3. List of some human ABC genes, chromosomal location, and function (Dean 2001) 

Symbol  Location  Expression    Function 

ABCA1  9q31.1  Ubiquitous    Cholesterol efflux onto HDL 

ABCA2  9q34   Brain     Drug resistance 

ABCA4  1p22.1–p21  Rod photoreceptors   N-retinylidiene-PE efflux 

ABCB1  7p21   Adrenal, kidney, brain  Multidrug resistance 

ABCB2  6p21   All cells    Peptide transport 

ABCB3  6p21   All cells    Peptide transport 

ABCB4  7q21.1  Liver     PC transport 

ABCB6  2q36   Mitochondria    Iron transport 

ABCB7  Xq12–q13  Mitochondria    Fe/S cluster transport 

ABCB11  2q24   Liver     Bile salt transport 

ABCC1  16p13.1  Lung, testes, PBMC   Drug resistance 

ABCC2  10q24   Liver     Organic anion efflux 

ABCC3  17q21.3  Lung, intestine, liver   Drug resistance 

ABCC4  13q32   Prostate    Nucleoside transport 

ABCC5  3q27   Ubiquitous    Nucleoside transport 

ABCC8  11p15.1  Pancreas    Sulfonylurea receptor 

ABCD1  Xq28   Peroxisomes    VLCFA transport regulation 

ABCG2  4q22   Placenta, intestine   Toxin efflux, drug resistance 

ABCG5  2p21   Liver, intestine   Sterol transport 

ABCG8  2p21   Liver, intestine   Sterol transport 

PBMC, peripheral blood mononuclear cells; VLCFA, very long chain fatty acids. 

 

 

The half transporters assemble as either homodimers or heterodimers to create a 

functional transporter. The ABC genes are widely dispersed in the genome (tab. 3) and 

show a high degree of amino acid sequence identity among eukaryotes. Phylogenetic 

analysis has allowed the gene superfamily to be divided into seven subfamilies and six 

of these subfamilies are found in both mammalian and the S. cerevisiae genome. 
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ABCA1 – major transporter for cholesterol and phospholipids 

Structure and function of ABCA1 transporter. The cDNA of ABCA1 (NCBI 

Acc. Nr. AJ252277) contains an open reading frame encoding a 2261 amino acid 

polypeptide with a calculated molecular mass of 254 kDa. The human ABCA1 gene has 

been mapped to chromosome 9q31 and is composed of 50 exons spanning 

approximately 150 kb (Santamarina-Fojo 2000). ABCA1 is a full transporter. As a 

founding member of ABCA subfamily it consists of 14 hydrophobic domains (HD) and 

two ATP binding cassettes. Two TM domains are built up by HD1, 37 and HD 9-14 

respectively. HD2 is exposed to the outer space of the cell; HD8 is a regulatory domain 

and located directly under the plasma membrane (fig. 1). 
 

 

 
HD2 

 

 

 

 

 

 

 

 

 
Figure 1. Model of the topological organisation of the human ABCA1 (Schmitz 2001) 

ATP-binding cassette (ABC) consists of Walker A and B motifs and family specific signature (S) region; 
The location of consensus sequences for N-linked glycosylation is shown in the putative loop; The highly 
hydrophobic segment HD8 intersecting the regulatory domain dips into the inner leaflet of the membrane. 
 

Transporter molecules are expressed ubiquitously by peripheral tissues and by 

the liver. Confocal fluorescent microscopy helped to localise ABCA1 transporter not 

only on the cell surface but also on the intracellular vesicles that include a novel subset 

of early endosomes, as well as late endosomes and lysosomes (Neufeld 2001). ABCA1 

is expressed by hepatocytes solely on the basolateral surface and associated vesicles 

(Neufeld 2002). 
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Apolipoprotein AI, the structural component of HDL, is an essential lipid 

acceptor for ABCA1 dependent phospholipids and cholesterol co-transport. The first 

step in HDL formation involves a specific interaction of lipid-poor apoAI and ABCA1. 

There is evidence that apoAI binds to ABCA1 directly; however, it has also been 

suggested that apoAI may bind to a lipid domain created by ABCA1 activity 

(Wang 2000, Chambenoit 2001). Regardless of the interaction, the end result is a 

nascent HDL particle containing apoAI, phospholipids, and cholesterol. It remains 

unclear whether apoAI obtains phospholipids and cholesterol together or in a two-step 

process involving apoAI receiving phospholipids before obtaining cholesterol 

(Oram 2002, Wang 2001). 

Two possibilities exist for the source of cholesterol utilised by ABCA1: plasma 

membrane or intracellular. Evidence exists that ABCA1 may also use plasma membrane 

cholesterol from isolated lipid rafts or caveolae (Drobnik 2002, Arakawa 2000). 

Alternatively, ABCA1 can mediate cellular lipidation of apoAI via endocytic pathway. 

ABCA1 resides on the plasma membrane as well as in endocytic vesicles and can 

shuttle between late endocytic compartments and the cell surface (Neufeld 2001). 

Takahashi provided evidence that cellular cholesterol efflux involves endocytosis and 

resecretion of apoAI (Takahashi 1999). Smith et al. have shown that apoAI co-localises 

with ABCA1-containing endosomes (Smith 2002). More recently, a study looking 

specifically at ABCA1-mediated cholesterol efflux showed that an endosomal-

lysosomal pool is a preferred source (Neufeld 2004).  

Additionally, SR-BI may consistently limit the extent of cholesterol, but not PL, 

efflux by ABCA1 in macrophages by capturing esterified cholesterol (synthesized by 

LCAT) (Chen 2000). Thus, a fraction of FC efflux by ABCA1 is recaptured by SR-BI 

selective lipid uptake and returns to the plasma membrane as CE. Alternatively, SR-BI 

and ABCA1 may co-operate in cholesterol efflux, since SR-BI performs not only CE 

flux but also contra-directional efflux of free cholesterol. Different substrates may be 

then utilised, ABCA1 acting on poorly lipidated apoAI and SR-BI in caveolae/rafts 

acting on small discoidal HDL particles or HDL3, especially when the cholesterol status 

of cells is high (Tall 2002). 

 

 10



   Introduction   

Regulation of ABCA1 activity. Cholesterol is a potent inducer of ABCA1 

expression. Among the primary mediators in this regulation are the liver X receptors 

(LXRs)αβ and retinoid X receptor (RXR)α. LXR and RXR are activated by oxysterols 

and retinoids respectively, form heterodimer and bind to response element within the 

ABCA1 gene promoter (Costet 2000).  

ApoAI activates ABCA1 phosphorylation through the cAMP/protein kinase A 

(PKA)-dependent pathway; apoAI-mediated cAMP production required high expression 

of functional ABCA1; and Tangier disease mutants (see below) have defective apoAI-

mediated cAMP signalling. These three points suggest that apoAI may activate cAMP 

signalling through G protein-coupled ABCA1 transporter (Haidar 2004). If PKA 

stabilises ABCA1 and does not influence apoAI binding, Janus kinase 2, in contrast, has 

a severe influence on apolipoprotein interaction with ABCA1 (Tang 2004). Protein 

kinase C alpha (PKC) phosphorylates and stabilizes ABCA1. PKC is activated by 

apoAI via phospholipase C generation of diacylglycerol. This may be initiated by the 

removal of cellular sphingomyelin (Yamauchi 2003). Also apoAI prevents ABCA1 

calpain-mediated degradation (Arakawa 2002). 

It has been reported that polyunsaturated fatty acids can modulate ABCA1 

expression by the LXR pathway, acting as antagonists to oxysterol binding (Ou 2001). 

Additionally, unsaturated fatty acids (USFAs) markedly inhibit ABCA1-mediated 

cholesterol and phospholipid efflux from macrophages in vitro, when ABCA1 was 

induced by a cAMP analog, since USFAs reduce macrophage ABCA1 content by 

enhancing its degradation rate (Wang 2002). Native LDL itself elevates ABCA1 in both 

protein and mRNA levels through the LXR/RXR (Liao 2002). 

Finally, regulation of the ABCA1 activity may be done via influencing 

sphingomyelinase. The majority of sphingomyelin exist in the plasma membrane, but 

roughly 25% of cellular sphingomyelin is contained in the lysosomes, endosomes and 

Golgi combined. By modulating sphingomyelin content, cholesterol could either be 

made available to or sequestered from ABCA1. Furthermore, the ceramide released 

from an interaction with sphingomyelin is potent in increasing cell surface level of 

ABCA1 protein (Witting 2003). 

 11



   Introduction   

Tangier disease 

It was widely believed that HDL protects against arteriosclerosis by clearing 

excess cholesterol from cells of the artery wall, particularly macrophages. However, the 

mechanisms by which HDL accomplishes this function were hotly debated for two 

decades until the end of 90’s breakthroughs in understanding the physiology of reverse 

cholesterol transport were made. Using a graphical linkage exclusion strategy, Rust et 

al. assigned the Tangier disease (TD) genetic locus to a 7 cM region of chromosome 

9q31 (Rust 1998). Subsequently, several groups independently identified the TD gene to 

be an ABCA1 transporter (Brook-Wilson 1999, Bodzioch 1999, Rust 1999).  

Tangier disease is an autosomal recessive metabolic disorder. The most striking 

feature in Tangier patients is the almost complete absence of plasma HDL 

(hypoalphacholesterolemia), low serum cholesterol levels and a markedly reduced 

efflux of both cholesterol and phospholipids from cells (Francis 1995). Cholesteryl ester 

accumulation in tissue macrophages of classical Tangier patients leads to splenomegaly, 

enlarged tonsils and lymph nodes. Peripheral neuropathy has also been reported in some 

TD individuals (Assmann 1985). The low HDL level seen in TD is mainly due to an 

enhanced catabolism of HDL precursors (Bojanovski 1987). Human TD fibroblasts 

were the first experimental model to study ABCA1 function in HDL metabolism, as 

well as Wisconsin Hypoalpha Mutant chicken – naturally occurring animal model and 

the later designed mouse ABCA1 knockdown (Oram 2002, Schmitz 2001). 

 

Animal models for studying ABCA1 in HDL metabolism 

Mice with a targeted inactivation of ABCA1 display morphologic abnormalities 

and perturbations in their lipoprotein metabolism concordant with TD: decreased body 

weight, splenomegaly, enlarged tonsils and fat-soluble vitamin deficiency (Orso 2000). 

Normal placenta expresses high level of ABCA1 (Langmann 1999). Therefore, in 

abca1-/- females a severe malformation of this organ results in a strongly reduced 

ability to bear young has been observed. However, a peripheral sensory neuropathy 

present in TD patients could not be detected in ABCA1 knockout mice, indicating some 

influence of other human gene loci (Christiansen-Weber 2000).  

Structural and functional abnormalities in caveolar processing and the trans-

Golgi secretory pathway indicate that the process of lipid export involved vesicular 
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budding between the Golgi and the plasma membrane are severely disturbed in 

fibroblasts lacking functional ABCA1 (Orso 2000). Like in human patients with TD, 

fibroblasts from abca1-/- mice display an almost complete absence of apoAI-dependent 

efflux of CH and PL, suggesting that the co-transport of both lipid classes is facilitated 

by ABCA1 (Christiansen-Weber 2000). Furthermore, it was anticipated that 

overexpression of ABCA1 might result in an increased efflux. In support of this, stable 

expression of murine wild type ABCA1 in HEK293 cells significantly enhanced apoAI 

specific docking and cholesterol and phospholipids efflux (Wang 2000). 

Next ABCA1 overexpressing models were constructed. Transgenic mice had 

equal hepatic and macrophage expression of human ABCA1; enhanced macrophage 

cholesterol efflux to apoAI; increased plasma CH, CE, FC, PL, HDL cholesterol; and 

increased levels of apoAI and apoB. ABCA1 overexpression results in a delay of apoAI 

catabolism in both liver and kidney, leading to increased plasma apoAI levels 

(Vaisman 2001). 

Few studies have shown that adenoviral-mediated liver specific overexpression 

of ABCA1 in mice leads to a phenotype similar to ABCA1 transgenic. Interestingly, 

overexpression of transporter by only the liver contributes to the apoAI dependent 

cholesterol efflux the same as all tissues do in ABCA1 transgenic model 

(Wellington 2003, Basso 2003). However, it was remarkable that ABCA1 pathway in 

peripheral macrophages in mice made only a minor contribution to HDL formation. It 

was nearly impossible to restore normal HDL phenotype in abca1-/- recipient mice by 

donating them ABCA1 expressing macrophages via bone marrow transplantation from 

wild type animals (Haghpassand 2001). These examples both imply that liver ABCA1 is 

responsible for generating most of the plasma HDL and that the major cause of the HDL 

deficiency in TD patients and ABCA1 knockout mice is an impaired liver ABCA1 

pathway. 
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1.3. Post-transcriptional gene silencing – RNA interference 

A heritable change in gene expression that cannot be explained by changes in 

gene sequence (mutations, rearrangements etc.) is an epigenetic regulation mechanism. 

It can result in the repression (silencing) or activation of gene expression. Until the end 

of the 1980s, only modifications of DNA (methylation) or proteins that lead to 

transcriptional repression or activation, or to the formation of prions, were classified as 

epigenetic (Lewin 1998). During the 1990s, however, a number of gene-silencing 

phenomena that occurred at the post-transcriptional level were discovered in plants, 

introducing the concept of post-transcriptional gene silencing (PTGS) or RNA 

silencing. PTGS results in the specific degradation of a population of homologous 

RNAs. It was first observed after introduction of an extra copy of an endogenous gene 

(or of the corresponding cDNA under the control of an exogenous promoter) into plants. 

Because RNAs encoded by both transgenes and homologous endogenous genes were 

degraded, the phenomenon was originally called co-suppression (Napoli 1990). Post-

transcriptional gene silencing in plants is an epigenetic regulatory mechanism. 

PTGS greatly reduces mRNA accumulation in plant cytoplasm but does not 

affect transcription (van Blockland 1994). Detailed analysis of RNA content in plants 

exhibiting PTGS has revealed the presence of discrete RNA degradation intermediates. 

For example, in glucanase (trans)-genes, both longer and smaller RNAs were found. 

The longer RNAs result from aberrant processing, whereas the smaller RNAs 

correspond to subfragments of the mRNA, which suggests that degradation starts with 

an endonucleolytic cleavage followed by exonuclease digestion (van Eldik 1998).  

In higher plants, a natural role of RNA silencing appears to be a defence 

mechanism against viruses, since PTGS is activated by viral RNAs, which replicate via 

double-stranded intermediates (Covey 1997, Waterhouse 1998). However, it is also 

possible that ssRNA is converted to dsRNA by an RNA-dependent RNA polymerase 

(RdRP) (Lindbo 1993). In support of this hypothesis, the activity of a putative RdRP 

encoding locus is required for RNA silencing in Arabidopsis (Mourrain 2000). A 

similar phenomenon in the fungus Neurospora crassa was named quelling 

(Romano 1992). 
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Phenomenon and mechanism of RNA interference in animals. 

In 1998 Fire et al. reported on potent and specific genetic interference by 

double-stranded RNA in C. elegans (Fire 1998). This phenomenon was called RNA 

interference (RNAi) and is naturally involved in the timing of larvae development. 

RNAi can spread within the individual and can be transmitted to offspring, moreover 

only a few molecules of dsRNA are sufficient to trigger RNAi. These suggest the 

presence of catalytic and amplification components in the interference process. RNAi 

occurs at the post-transcriptional level since dsRNA fragments corresponding to 

promoter and intron sequences do not activate the classical RNAi pathway. RNAi is a 

highly specific process: the injection of dsRNA homologous to particular gene 

eliminates or decreases the corresponding mRNA only.  

Further experiments with C. elegans showed that the RNAi can be initialised by:  

micro-injection of dsRNA into the cytoplasm of the intestinal cells, feeding the worms 

on engineered E. coli producing dsRNA against the target gene and even simply 

soaking the worms in dsRNA solution (Fire 1998, Timmons 1998, Tabara 1999). 

Biochemical studies in fruit fly embryo lysates helped to postulate the 

mechanism by which RNAi works (Tuschl 1999). 

1) RNAi is initiated by an ATP-dependent, processive cleavage of dsRNA into 21 to 

23 nt small interfering RNAs (siRNAs) by the enzyme Dicer, a member of the 

RNase III family of dsRNA-specific endonucleases (Hammond 2000, 

Bernstein 2001).  

2) These native siRNA duplexes containing 5´-phosphate and 3´-hydroxyl termini 

are then incorporated into a protein complex called RNA-induced silencing 

complex (RISC) (Hammond 2000).  

3) ATP-dependent unwinding of the siRNA duplex generates an active complex, 

RISC* (the asterisk indicates the active conformation of the complex) 

(Nykanen 2001).  

4) Guided by the antisense strand of siRNA, RISC* recognises and cleaves the 

corresponding mRNA (Elbashir 2001b) (fig. 2). 
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Elbashir et al. have demonstrated that RNAi can be induced in numerous 

mammalian cell lines by introducing synthetic 21 nt siRNAs (Elbashir 2001a). By virtue 

of their small size, these siRNAs avoid provoking a cellular interferon response in 

mammalian cells on a foreign dsRNA (Stark 1998). Functional studies with synthetic 

siRNA in Drosophila cell lysates have demonstrated that each siRNA duplex cleaves its 

target RNA at a single site. The 5´-end of the guide siRNA sets the rule for defining the 

position of target RNA cleavage. Mutation studies have shown that a single mutation 

within the centre of a siRNA duplex discriminates between mismatched targets 

(Elbashir 2001c). A more stringent requirement has been shown to be for the antisense 

strand of the trigger dsRNA as compared to the sense strand (Chiu 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Schematic overview of possible RNA interference pathway in animals 
Double strand (ds) RNA is processed by the ATP dependent RNase DICER to small interfering (si) RNA, 
RNA inducible silencing complex (RISC) is formed with siRNA After ATP dependent siRNA unwinding 
RISC attacks the target mRNA using the anti-sense siRNA as a guide, leading to the degradation of the 
mRNA (Dykxhoorn 2003). 
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Some particularly fascinating aspects of RNAi are its extraordinary efficiency 

and time-dependent effect. It has been estimated that in Drosophila embryos, ~35 

molecules of dsRNA can silence a target mRNA thought to be present at >1000 copies 

per cell (Kennerdell 1998). RNAi reaches its maximum activity only 42 hours after 

transfection of synthetic siRNA. That may reflect a time lag between target mRNA 

degradation and the half-life of the existing protein expressed from the target gene as 

well as a need for the siRNAs to be processed or assembled into an active complex 

(Chiu 2002). 

 

Stable expression of small interfering RNAs for functional gene knockdown. 

The discovery of the potency of the synthetic 21 nt siRNAs to specifically 

suppress the expression of the endogenous and heterologous genes in different 

mammalian cell lines has opened a broad gate for analysis of gene function and gene-

specific therapy (Elbashir 2001a). The disadvantages of this approach were the high 

costs and technical inconvenience of RNA work.  

 

 

RNA hairpin siRNA duplex 

H1 promoter 
 

 

 

 

 

 
Figure 3. Technical approach utilising siRNA phenomena 
Transcription of the self-palindromic RNA from the DNA source (plasmid, viral vector etc.) results in 
small hairpin RNA formation (loop in green). Dicer cleaving the loop produces a small RNA duplex 
(sense and antisense molecules are in blue and red respectively). 
 

Brummelkamp et al. proposed a much easier system allowing siRNA expression 

from a DNA vector as a small hairpin RNA precursor (shRNA), which is processed into 

the active siRNA by the cellular machinery (Brummelkamp 2002). 

Basically, the H1 RNA promoter was used to generate shRNAs. The H1 

promoter drives the expression of a unique gene encoding H1 RNA, the RNA 

component of the human RNase P. The H1 RNA gene is transcribed by RNA 
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polymerase III into a small RNA transcript. This promoter is highly permissive for the 

nucleotide at the +1 position, which is originally an A. The gene specific shRNA 

contains a 19 nt sequence derived from the target transcript, separated by a short spacer 

(5-9 nt) from the reverse complement of the same 19 nt sequence. The resulting 

transcript is predicted to fold back on itself to form a 19 nt stem-loop structure (fig. 3). 

The termination sequence consists of a stretch of 5 thymidines. The cleavage of the 

transcript after the termination signal occurs after the second uridine generating a 2 nt 3’ 

overhang (Baer 1990). 

Finally, the aforementioned siRNA expressing vector was transferred into an 

adenoviral delivery system and retroviral vector, making RNA interference a more 

useful tool for broad spectrum of in vitro and in vivo biomedical research (Shen 2003, 

Stewart 2003, Liu 2004). 

 

1.4. Adenoviral vectors and gene delivery 

Adenoviruses were first discovered half a century ago in adenoids of humans 

with acute respiratory illness (Hillemann 1954, Rowe 1953). It was found that adenoidal 

tissue containing these agents underwent spontaneous degeneration after surgical 

removal. Currently about 200 adenoviral species, which infect birds, many mammals, 

and man, are organised into three genera: atadenovirus, aviadenovirus and 

mastadenovirus. There are 50 independent human pathogens classified into 6 

serological classes (A – F). Most adenovirus infections in humans involve either the 

respiratory or gastrointestinal tracts or the eye. Adenovirus infections are very common, 

often are asymptomatic. Most people have been infected with at least one type of virus 

at the age of 15 and generated an immunity (Modrow 1997).  

 

Structure and function of humane adenovirus serotype 5 

Human adenovirus serotype 5 (mastadenovirus, human adenovirus C) is perhaps 

the best described and may be taken as a “typical” adenovirus. 

It has a non-enveloped, icosahedral protein capsid, ~80 – 90 nm in size and 

consists of 252 capsomers: 240 “hexons” and 12 “pentons” at vertices of an 

icosahedron. The hexons consist of a trimer of polypeptide II with a central pore, and 

polypeptides VI, VIII and IX as minor components, which are thought to be involved in 
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stabilisation and/or assembly of the particle. The pentons are more complex; the base 

consists of a pentamer of peptide III and 5 molecules of IIIa. The pentons have a toxin-

like activity, purified pentons causing cytopathic effect (c.p.e.) in the absence of any 

other virus components. The thin glycoprotein fibre (IV) protrudes from the centre of 

each penton. The core of the particle contains the terminal proteins covalently attached 

to the 5’-end of each DNA strand, and peptides V and VII – basic proteins, similar to 

histones, which are non-covalently associated with the viral chromosome forming a 

“chromatin-like" substance (fig. 4). 

Adenovirus genome is a double stranded, linear, non-segmented DNA and it is 

~36 kb in size. The terminal sequences of each strand (102 bp) are inverted repeats, 

hence the denatured single strands can form "panhandle" structures (Chroboczek 1992). 

The adenovirus packaging signal is located at the map units 0.5 – 1.1 of the genome. It 

is ~500 bp in length and has about 5 individual functional units and is absolutely 

necessary for the packaging of viral DNA into capsids (Grable 1992, Grable 1990, 

Hearing 1987).  

Depending on the timing of the protein appearance during the infection cycle, 

encoded genes are divided into immediate early (E1A), early (E1B, E2, E3, E4) and late 

(L1-L5) groups. Products of the immediate early genes regulate expression of the early 

genes. This protein is a trans-acting transcriptional regulatory factor. Early genes are 

mostly responsible for viral DNA replication. They are encoded at various locations on 

both strands of the DNA. Multiple protein products are made from each gene by 

alternative splicing of mRNA transcripts – splicing was first discovered in adenoviruses 

(Berk & Sharp 1977). The assembly of viral particles occurs in the nucleus. At the late 

infection stage, synthesized viral proteins may interfere with the host immune system as 

factors of cytotoxicity. (Shenk 1996). Virions leave the infected cell by active lysis 

mainly with the “adenovirus death protein” E3 – 11,6 K (Tollefson 1996). 

A new infection cycle starts when the adenovirus particle adheres and is 

internalised by the cell. At least two pairs of interacting molecules are involved in this 

process. First, the adenoviral fiber protein binds to the cell surface coxackievirus and 

adenovirus receptor (CAR), then internalisation occurs only after contact between viral 

penton base protein and cellular integrin α Bergelson 1997,  molecule (5βv
Wickham 1993). Integrins and the penton base are thought to assist the acid-stimulated 

 19



   Introduction   

 20

virus release from early endosomes, ~15 min after internalisation (Greber 1993). By 

active lysing the endosome, virus passes to the cytosol. Next viral particle moves along 

the linear tracks of microtubules towards the nucleus. Penton base–integrin interactions 

together with reducing agents in endosomes also reactivate the viral cysteine protease 

L3/p23 inside the capsid. L3/p23 then degrades the internal protein VI (Greber 1996). 

This step thus weakens the capsid for final dissociation and DNA import into the 

nucleus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Schematic view of the human adenovirus particle, serotype 5 (

 
Modrow 1997) 

Recombinant adenovirus for in vitro and in vivo biological studies 

Twenty-five years ago Graham et al. successfully immortalised human embryo 

kidney (HEK) cells by transfection of fragments of the adenoviral genome 

(Graham 1977). The adenoviral E1 region was responsible for this transformation. The 

E1A and E1B genes of this region is a transcriptional activator for various adenoviral 

and host cell genes and is absolutely required for productive infection. The deletion of 

the E1 region resulted in replication-defective adenoviral vectors, which were first 

constructed 20 years ago (Yamada 1985). Therefore, the cell line HEK293 contains 

integrated virus region E1 and provides it for virus replication in trans- 
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-complementation. Since the beginning of vector development, there were several 

attractive characteristics of the adenovirus based system. In contrast to retrovirus, 

adenoviruses infect non-dividing cells and have broad spectrum of infectivity. 

Adenoviruses can easily be concentrated to 1012 pfu/mL and have capacity for 

transgenes up to 5 kb (Romano 2000). The first application of adenovirus vectors in 

gene therapy clinical trials were conducted in the early 1990s for the treatment of 

patients with cystic fibrosis (Zabner 1993). Now, adenoviral vectors are employed in 

human cancer gene therapy (Roth 1997). 

In addition, adenoviral vectors based on serotype 5 are excellent liver-directed 

gene transfer systems, as the adenovirus serotype 5 is preferentially localised in the liver 

of rodents after the intravenous injection (Jaffe 1992, Prevec 1989). An impressive 

breakthrough in the adenoviral vectors development field was made recently, when 

Xia et al. were able to show that siRNA expressed from adenoviral vectors in vitro and 

in vivo specifically reduces expression of stably expressed plasmids, endogenous genes 

and transgenes in mice (Xia 2002). 
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1.5. The aim of the study 

The aim of the dissertation was to study the role of hepatic ABCA1 cholesterol 

transporter for HDL metabolism in vivo. It had been shown that ABCA1 is responsible 

for the HDL formation in plasma and therefore directing excess of cholesterol from 

peripheral tissues to the liver (reverse cholesterol transport). Recently some 

controversial data were obtained: first, it was shown that ABCA1 expressed in 

macrophages alone does not significantly contribute to the plasma HDL concentration, 

and second, it was discovered that liver specific overexpression of ABCA1 leads to a 

remarkable increase of HDL in plasma. 

The aim of the study was to show directly if functional knockdown of hepatic 

ABCA1 alters HDL metabolism in steady state conditions in mice (Mus musculus).  

The following steps were done to prepare this study: 

a) Establishment of an overexpression system to study ABCA1 in cell culture 

b) Development and construction of an original DNA vector for shRNA-mediated 

targeting of ABCA1 in vitro 

c) Real-time RT-PCR, Western blotting and immunofluorescence analysis of RNA 

interference efficiency in vitro 

d) Construction of a recombinant adenovirus for in vivo shRNA delivery 

e) Conducting of an animal study, which will employ FPLC analysis of plasma 

lipoproteins, liver mRNA determination and measurement of membrane proteins 

involved in the lipid metabolism. 

These experiments should show, whether hepatic ABCA1 is responsible for 

HDL plasma concentration in vivo. 
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2. Methodological considerations 

2.1. Materials 

Diluents, solutions and buffers 
All solutions were made with deionised water. In order to prevent DNA-contamination all solutions for 
molecular biology were autoclaved. For PCR reactions sterile water for injections was used. Methanol, 
ethanol, isopropanol (Merck), phenol and chloroform (Roth) were of molecular biology grade. 
 

Chemistry, proteins and enzymes 
All chemicals were from Merck, Roche, Roth, Serva, and Sigma companies. 
Restriction endonucleases (PacI, BseRI, AvaI, EcoRI, XhoI, SalI, SpeI, XbaI, PflMI, BamHI, SnaBI, SphI, 
NotI and NheI) as well as CIP and T4 DNA ligase all were from New England Biolabs. 
M-MLV Reverse Transcriptase and placenta RNase inhibitor both were from Invitrogen. 
 

Kits 
Adeno-X rapid titre, BDbiosiences, K1653-1 
DNA molecular weight marker, Fermentas, SM0333 
Enzymatic colorimetric test for cholesterol, Roche, 1489437 
Enzymatic colorimetric test for triglyceride, Roche, 1488899 
Enzymatic colorimetric test for phospholipids, Roche, 1485424 
NucleoSpin® extract, Macherey-Nagel, 740590 
NucleoSpin® plasmid, Macherey-Nagel, 740588 
NucleoSpin® RNA II, Macherey-Nagel, 740955 
Protein assay Bradford reagent, Biorad, 500-0111 
SYBR® Green PCR Master Mix, Applied Biosystems, 4309155 
 

Primers 
All primers were designed using software “Primer Designer” for Windows (version 3.0) and synthesised 
by MWG – Biotech AG. Sequences, size, melting temperature, location in correspondent cDNA and its 
accession number in NCBI is shone below, (FP – forward primer, RP – reverse primer, C – 
complementary strand) 
 
Sequencing primer for shRNA insert into pALsh vector 
seqALsh ACAGCTATGACCATGATTAC (20 bp, position 62 (C) in plasmid pALsh (Laatsch 2004)) 
 
Cloning primers for anti-ABCA1 small hairpin RNAs, symmetry axis of shRNA is indicated by vertical 
line, nucleotides in antisense to the ABCA1 mRNA are underlined. 
ABCA1II  GGTCTTGTTCACCTCAGCCA|TGGCTGAGGTGAACAAGACCTT  (42 bp, 
position 1502 in NM013454) 
ABCA1III  GAGGGGCATTGACCGGCTCA|TGAGCCGGTCAATGCCCCTCTT  (42 bp, 
position 2221 in NM013454) 
ABCA1IV  CCTGGCAGCAGCCTGTGGGGG|CCCCCACAGGCTGCTGCCAGGTT (44 bp, 
position 2547 in NM013454) 
ABCA1V  GCCACAGGAGACAGCAGGCTAG|CTAGCCTGCTGTCTCCTGTGGCTT (46 bp, 
position 2652 in NM013454) 
ABCA1VII  TTGCACATATCCCAGACAAAA|TTTTGTCTGGGATATGTGCAATT (44 bp, 
position 5421 in NM013454) 
 
qRT-PCR primers 
Human origin 
hGAPDH-FP  ACTGCCACCCAGAAGACTGT (20 bp, Tm = 71 °C, position 619 in NM002046) 
hGAPDH-RP  ACCACCTTCTTGATGTCATCATA (23 bp, Tm = 70 °C, position 860 (C) in 
NM002046) 
hABCA1-FP  ACTCTTAAACGCCCTCACCAAAGAC (25 bp, T
NM005502) 

m = 76 °C, position 4522 in 
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hABCA1-RP  GTCTGGGGAACTGGGGCAGT (20 bp, Tm = 77 °C, position 4644 (C) in 
NM005502) 
hLRPFP  CATGCTGCCTTCAGGGAGAC (20 bp, Tm = 75 °C, position 14313 in NM002332) 
hLRPRP  GGAGAGCCTTGGCAAAGTGT (20 bp, Tm = 73 °C, position 14447 (C) in 
NM002332) 
 
Mouse origin 
mABCA1FP  GACGGAGCCGGAAGGGTTTC  (20 bp, Tm = 78 °C, position 4339 in NM013454) 
mABCA1RP  CCCAGCCAAGCAAGGGGTAT  (20 bp, Tm = 76 °C, position 4613 (C) in 
NM013454) 
mPGK1FP  TGTGAATCTGCCACAGAAGG (20 bp, Tm = 71 °C, position 556 in NM008828) 
mPGK1RP  GATGTGCCAATCTCCATGTT (20 bp, Tm = 70 °C, position 789 (C) in NM008828) 
mB2MFP  GGCCTGTATGCTATCCAGAA (20 bp, Tm = 70 °C, position 103 in NM009735) 
mB2MRP  TGCAGGCGTATGTATCAGTC (20 bp, Tm = 69 °C, position 355 (C) in NM009735) 
mApoAIFP  AGGTCACCCACACCCTTCA (19 bp, Tm = 73 °C, position 28 in NM009692) 
mApoAIRP  TCCAGGAGATTCAGGTTCAG (20 bp, Tm = 69 °C, position 260 (C) in NM009692) 
mApoEFP  TGACCAGGTCCAGGAAGAG (19 bp, Tm = 70 °C, position 207 in BC028816) 
mApoERP  GTTGCGTAGATCCTCCATGT (20 bp, Tm = 69 °C, position 414 (C)in BC028816) 
mCyp7a1FP  CACCATTCCTGCAACCTTCT (20 bp, Tm = 72 °C, position 927 in NM007824) 
mCyp7a1RP  CCGGATATTCAAGGATGCAC (20 bp, Tm = 72 °C, position 1152 (C) in NM007824) 
mSR-BIFP  TCTTCACTACGCGCAGTATG (20 bp, Tm = 69 °C, position 1512 in NM016741) 
mSR-BIRP  GGCTGGTCTGACCAAGCTAT (20 bp, Tm = 71 °C, position 1775 (C) in NM016741) 
 
Universal primers 
uABCA1FP  AACAACTACAAAGCCCTCTTTG (22 bp, Tm = 69 °C, position 1295 in NM005502) 
uABCA1RP  TTGTTCACCTCAGCCATGAC (20 bp, Tm = 70 °C, position 1515 (C) in NM005502) 
EAFPFP  GCGCTACCGGACTCAGATCTCG (22 bp, Tm = 75 °C, position 595 in pEGFP-N1) 
EAFPRP  ATGGTGGCGACCGGTGGAT (19 bp, Tm = 73 °C, position 680 (C) in pEGFP-N1) 
Oligo(dT)12-18 100 µg/mL in TE (pH 8.0), Invitrogen, 18418-012 
 

Antibodies 
αHexon, murine anti-Hexon, 1:1000 for adenovirus titration, in Adeno-X rapid titre kit, BD. 
αFLAG, murine, monoclonal IgG, 1:2500 for IMF, Sigma. 
αABCA1, rabbit, polyclonal IgG, 1:250 for Western, Biocompare. 
αSR-BI, rabbit, polyclonal IgG, 1:30000 for Western, a gift from J.C. Fruchard, France. 
αApoAI, mouse, monoclonal IgG, 1:1000 for Western, BD. 
αApoCIII, rabbit, polyclonal IgG, 1 :1000 for Western, Biodesign. 
αApoE, rabbit, polyclonal IgG, 1 :2000 for Western, DAKO. 
αLDLR, chicken, polyclonal IgY, 1:250 for Western, Progen. 
αLRP-377, rabbit, polyclonal IgG, 1:10000 for Western, a kind gift from J. Herz, USA. 
 
αM-Cy3, donkey anti- mouse IgG Cy3 conjugated, 1:500 for IMF, Jackson. 
GAMPO, goat anti-mouse IgG HPR conjugated, 1:5000 for Western, Jackson. 
GARPO, goat anti-rabbit IgG HPR conjugated, 1:5000 for Western, Jackson. 
RACPO, rabbit anti-chicken IgY HPR conjugated, 1:2500 for Western, Jackson. 
αMouse, rat anti-mouse IgG HRP conjugated, 1:500 for Ad. titration, in Adeno-X rapid titre kit, BD. 
 

Plasmids, adenovirus, bacteria strains, cells and animals lines 
Plasmids used in the this study for details see also appendix. 
pALsh, 3.2 kb, Amp, (Laatsch 2004) 
pcDNA3.1-mABCA1-FLAG, 12 kb, Amp, obtained from Dr. F. Rinninger (Wang 2000
pE1.1, 2.7 kb, Kan, from O.D.260 Inc., www.od260.com (Danthinne 2001) 
pEGFP-N1, 4.7 kb, Kan, Clontech, 6085-1 (Cormack 1996, Chalfie 1994
pAdenoQuick1.1, 39 kb, Amp, from O.D.260 Inc., 
 
 
 
 

www.od260.com (
) 

Danthinne 2001

) 

) 
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Adenovirus: 
Ad-EGFP, 1.2*1011 mL-1, kind gift from Dr. R. Vogel (Max-Planck-Department for structure biology, 
Hamburg, Germany) 
 
Bacteria: 
E.coli DH5αF´, genotype: [F´/endA1 hsdR17 (rK

–mK
+) glnV44 thi–1 recA1 gyrA (Nalr) relA1 

∆(lacIZYA -argF)U169 deoR (φ80 dlac ∆(lacZ)M15)], subclonig efficiency, GibcoBRL, 18265-017 
(Crowther 1989) 
 
Eukaryotic cell lines: 
HEK293 – human embryo kidney, transformed by adenoviral E1 region, passage 20-30 (

). HuH7 – human hepatoma cell line, UKE, Hamburg, Germany (Nakabayashi 1982
 
Mice: 
C57BL6/1 – wild type, from UKE animal facility, Hamburg, Germany. 
 

Cell culture materials 
Dulbecco’s MEM with Glutamax-1, Gibco, 31966-021 
RPMI-1640 with Glutamax-1, Invitrogen, 61870-010 
PBS, Dulbecco’s complete, pH 7.4, Gibco, 14190-094 
Trypsin-EDTA, Gibco, 25300-054 
Trypan Blue, Sigma, T8154 
Foetal Bovine Serum (FBS), Gibco, 10106-169 
Penicillin-Streptomycin (10000 U/mL), Gibco, 15140-122 
 

Graham 1977). 

2.2. Methods 

Bioinformatics 

All information concerning DNA and protein sequences was obtained from public 

database at www.ncbi.nlm.nih.gov. Sequence aliments were done using BLAST-2-

sequences service at the same Internet site. 

 

Directional cloning into plasmid vectors 

Directional cloning requires that the plasmid vector be cleaved with two restriction 

enzymes that generate incompatible termini and that the fragment of DNA to be cloned 

carries termini that are compatible with those of the doubly cleaved vector. 

 

Materials  

TE (10 mM TRIS-Cl; 1 mM EDTA; pH 8.0) 

10x T4 DNA ligase reaction buffer (500 mM TRIS-HCl; 100 mM MgCl2; 10 mM ATP; 

100 mM DTT; BSA 250 µg/ml; pH 7.5) 

CIP – alkaline phosphatase, calf intestinal; bacteriophage T4 DNA ligase; restriction 

endonucleases; vector DNA (plasmid); target DNA fragment 

 25



   Methodological considerations   

Method (Ish-Horowicz 1981) 

1. The vector (10 µg) and foreign DNA were digested with appropriate restriction 

enzymes. 

2. Vector DNA was treated with CIP to avoid recircularisation. 

3. DNA fragment was separated by agarose gel electrophoresis (see below). The 

vector DNA was purified by spin-column chromatography followed by elution 

with TE buffer. 

4. DNA concentration was measured photometrically (see below) and calculated in 

pmol/ml, assuming that 1 bp has a mass of 660 Daltons. 

5. The digested vector and insert were mixed at the molar ratio approx. 1:3 in the 

ligation reaction and the final DNA concentration was approx. 10 ng/µl.  

Then next components were added together: 

  10x ligation buffer    1 µL 

  Bacteriophage T4 DNA ligase  100 U 

  DNA insert 

  DNA vector 

  H2O             to 10 µL 

6. The reaction mixture was incubated over night at 16 °C or for 4 hrs at 20 °C. 

7. Competent bacteria were transformed with 1 µL of ligation mix (see below). 

 

Bacterial transformation 

(Heat-shock transformation) 

Materials 

Subclone efficiency bacteria DH5α 

SOC (Tryptone, 20 g; Yeast extract, 5 g; NaCl, 3 g; H2O, to 1000 mL; pH 7.0) 

LB agar (Tryptone, 10 g; Yeast extract, 5 g; NaCl, 5 g; H2O, up to 1000 mL; pH 7.5; 

Agar-agar 15 - 30 g) autoclaved, with antibiotic for plasmid selection 

Plasmid DNA (~1 ng/µL), ligation mixture 
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Method 

1. 30 µL to 50 µL of competent bacteria were taken from –70 °C, placed into 

1.5 mL tube and slowly refrozen on ice.  

2. Approx. 1 ng of plasmid DNA (for retransformation) or 1 µL of ligation mix 

were added to bacteria suspension, carefully mixed and incubated on ice for 15-

30 min. 

3. Heat shock was performed by incubating the bacteria at 42 °C for 1 min and 

then immediately placing on ice for 2 min. 

4. After heat shock 300 µL of SOC-medium without any antibiotic was added. Cell 

suspension was incubated at 37 °C for ~1 hr. 

5. Transformed bacteria were plated on LB-agar plates with corresponding 

antibiotic and incubated at 37 °C over night. 

 

Glycerol stock of transformed bacteria 

Materials 

Glycerol stock-media (Glycerol, 65 mL; 1 M MgSO4, 10 mL; 1 M TRIS-HCl 2.5 mL; 

H2O, up to 100 mL; pH 8.0), sterilised through 0.2 µm filter 

 

Method 

200 µL of bacterial culture at the logarithmic phase of growth were mixed with the 

equal volume of glycerol stock-media and immediately frozen at –80 °C 

 

Preparation of plasmid DNA 

Plasmid DNA was isolated from small-scale (1 - 2 ml) bacterial cultures by treatment 

with alkali and SDS. 

Materials 

Alkaline lysis solution I (50 mM Glucose; 25 mM TRIS-Cl; 10 mM EDTA; DNase free 

RNase A 0.1 mg/mL; pH 8.0)  

Alkaline lysis solution II (0.2 N NaOH (freshly diluted from a 10 N stock); 1% (w/v) 

SDS) 

Alkaline lysis solution III (5 M potassium acetate, 60 mL; Glacial acetic acid, 11.5 mL; 

H2O, 28.5 mL; pH 5.2) 
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Solutions I – III are part of NucleoSpin® plasmid kit 

Antibiotic for plasmid selection: ampicillin 100 µg/mL, to prevent satellite colonies at 

LB-agar up to 200 µg/mL; kanamycin 50 µg/mL 

Ethanol  

Phenol-chloroform (1:1, v/v)  

TE (10 mM TRIS-Cl; 1 mM EDTA; pH 8.0) 

LB (Tryptone, 10 g; Yeast extract, 5 g; NaCl, 5 g; H2O, up to 1000 mL; pH 7.5), 

autoclaved, with antibiotic for plasmid selection 

 

Method (Birnboim 1979) 

1. 2 mL of LB medium containing the appropriate antibiotic were inoculated with 

a single colony of transformed bacteria, incubated over night (not more than 

16 hrs) at 37 °C with vigorous shaking (~250 rpm). 

2. 1.5 mL of the culture were taken into an eppendorf tube, centrifuged at 

maximum speed for 30 sec at 4 °C in a bench centrifuge. The unused portion of 

the original culture was stored at 4 °C. 

3. The medium was removed by aspiration, leaving the bacterial pellet as dry as 

possible. 

4. The bacterial pellet was resuspended in 100 µl of ice-cold alkaline lysis solution 

I by vigorous vortexing. 

5. For bacteria lysis, 200 µl of alkaline lysis solution II was added to each bacterial 

suspension and the content was mixed by rapid inverting the tube (vortexing is 

not allowed!). The tube might be stored on ice.  

6. 150 µl of ice-cold alkaline lysis solution III was added mixed and incubated on 

ice for 3-5 min.  

7. The bacterial lysate was centrifuged at maximum speed for 5 min at 4 °C in a 

bench centrifuge. Supernatant was taken into a fresh tube.  

8. An equal volume of phenol-chloroform was added, organic and aqueous phases 

were mixed by vortexing and then emulsion was centrifuged at maximum speed 

for 2 min at 4 °C in a bench centrifuge. The aqueous upper layer was transferred 

to a fresh tube.  
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9. Nucleic acids from the supernatant were precipitated by adding 2 volumes of 

ethanol at room temperature, mixed and kept for 2 min at RT. 

10. The precipitated nucleic acids were collected by centrifugation at maximum 

speed for 5 minutes at 4 °C in a bench centrifuge. The supernatant was removed. 

11. The pellet was washed in 1 mL of 70% ethanol and dried at room temperature. 

12. The nucleic acids were dissolved in 50 µL of TE (pH 8.0). The DNA solution 

was stored at –20 °C. 

In order to obtain higher quality for sequencing or transfection, plasmid DNA in mini 

scale was purified using chromatographic columns from NucleoSpin® plasmid kit 

accordingly to manufacture recommendations. 

 

Agarose gel electrophoresis 

Materials  

DNA staining solution (Ethidium bromide 10 mg/mL) 

Electrophoresis buffer  

50x TAE (TRIS base, 242 g; Glacial acetic acid, 57.1 mL; 0.5 M EDTA, 100 mL; H2O, 

up to 1 L; pH 8.0), or  

10x TBE (TRIS base, 54 g; Boric acid, 27.5 g; 0.5 M EDTA, 20 mL; H2O, up to 1 L; 

pH 8.0) 

Agarose solutions in electrophoresis buffer 

6x Gel-loading buffer (0.25% (w/v) Bromophenol blue; 0.25% (w/v) Xylene cyanol FF; 

30% (v/v) Glycerol in H2O) Store at 4 °C 

DNA samples, DNA molecular weight markers 

 

Method (Aaij 1972, Sharp 1973) 

1. For DNA separation, agarose to the final concentration of 0.5 - 2%* was melted 

in 1xTAE or 1xTBE buffer**.  

2. Then agarose solution was cooled down to ~50 °C and ethidium bromide to the 

final concentration 0.1 µg/mL was added.  

3. Up to 1 µg of the DNA probe was applied on a gel in loading buffer, as well as 

DNA fragment size standards and were separated at constant power ~100 V for 

30 - 60 min. 
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4. The DNA-ethidium bromide fluorescence was recorded at UV light 

(λ = 302 nm) after completing of the separation. 

* Range of separation in cells containing different amounts of standard agarose: 

 Agarose concentration 

w/v, %  

Range of separation of linear 

DNA fragments, kb 

0.3 5 – 60 

0.6 1 – 20 

0.7   0.8 - 10 

0.9 0.5 - 7 

1.2 0.4 - 6 

1.5 0.2 - 3 

2.0 0.1 - 2 

** TBE buffer is more suitable if small fragments are separated 

 

DNA purification 

DNA fragments were purified using chromatographic columns from “NucleoSpin® 

Extract” kit accordingly to the manufacture protocol. 

 

Spectrometric determination of DNA concentration 

To determine DNA concentration in aquatic solutions absorption was measured at 

λ=260 nm (Biophotometer, Eppendorf) (50 µL cuvettes with 10 mm optical path) and 

calculated as following c = 0.05 µg*µL-1*E260*d-1 (where d is dilution factor from 0 to 

1, recalculation factor for DNA is 0.05). 

 

DNA sequencing 

All sequencing was done at MWG – Biotech AG, using “ValueRead” parameters and 

customer primers. 1.5 µg of column purified DNA were taken as template. 
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Total RNA extraction 

Materials 

Cell culture or animals tissues 

Total RNA extraction kit NucleoSpin® RNA II 

2-mercaptoethanol 

 

Method (Ausebel 1994) 

1. Cells from 6-well plate (alternatively animals tissues up to 30 mg) were directly 

homogenised in guanidinium thiocianat-mercaptoethanol buffer accordingly to 

the manufacturer’s recommendations. 

2. Total nucleic acids were precipitated, bind to silica column and washed with 

supplied buffers. 

3. DNA was digested on a sorbent by adding RNase free DNase I, then column 

was washed again and pure RNA eluted in 60 µL of sterile RNase-free H O. 2

4. Quality of RNA extraction was proved by agarose gel (1%) electrophoresis in 

TBE buffer. 

5. RNA concentration was determined photometrically (see above, recalculation 

factor for RNA is 0.04), stored until use at –80 °C. 

 

Generating of cDNA by reverse transcription 

Materials 

10x M-MLV RT buffer (500 mM KCl; 100 mM TRIS-Cl; 15 mM MgCl2; pH 8.3) 

Autoclaved, store at –20 °C. 

20 mM dNTP containing all four dNTPs (pH 8.0) 

100 mM DTT 

Reverse transcriptase (M-MLV RNA-dependent DNA polymerase) 100 units/µL 

Placental RNase inhibitor 20 units/µL 

O Template RNA 100 µg/mL in H2

 100 µg/mL in TE (pH 8.0)  Oligo(dT)12-18
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Method (Sambrook 1989) 

1. 1 µg of total RNA in a fresh eppendorf tube was denatured by heating at 75 °C 

for 5 min in 10 µL volume, followed by chilling on ice. 

2. To the denatured RNA the following was added: 

10x M-MLV RT buffer   2 µL 

100 mM DTT      2 µL 

20 mM dNTPs    1 µL 

oligo(dT)12-18     1 µL 

Placental RNase inhibitor   1 µL 

Reverse transcriptase    1 µL 

H2O             to 20 µL 

Mix was incubated for 1 hr at 37 °C. 

3. In parallel negative control reaction was set up, including all components of the 

first-strand reaction except the reverse transcriptase. 

4. Synthesised cDNA was stored at –20 °C until use. 

 

Quantification of cDNA 

Materials 

2x SYBRgreen® reaction master mix 

cDNA 1 to 500 dilution in H2O 

Gene-specific oligonucleotides, 10 µM in H2O 

 

Method (Foley 1993, Jones 1993, Liss 2002) 

1. Prior to the real time PCR quantification itself, gene-specific primers (see 

above) were designed in order to fulfil the following requirements: 

a) Be unique for the gene 

b) Discriminate genomic and cDNA by introne spacing 

c) Have the same annealing temperature  

d) Have identical PCR efficiency 

All this parameters were verified using the same SYBRgreen® master mix as for 

RNA quantification. Thermocycle was set up with various annealing 
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temperatures and respective amplification products were analysed by agarose gel 

(Rychlik 1990). 

2. The following components of quantitative real time-PCR were mixed on ice: 

Template (cDNA in 1:500 dilution)  5 µL 

2x SYBRgreen® master mix   15 µL 

10 µM primers (each)    0.6 µL 

H2O             to 30 µL 

3. For tissues’ analysis each quantification was supplied with two normaliser genes 

(PGK1 and B2M), for cell culture only one – GAPDH, as well as no-RT control. 

4. Every reaction was set up in triplicates in optic tubes and placed into MX400 

real time PCR machine (Stratagene, controlling software version 3.01). 

5. The following thermal cycle was performed: 

Number of cycles  Denaturation  Annealing – Polymerisation 

1  10 min at 95 °C    

40  30 sec at 94 °C  60 sec at 60 °C 

6. Since termostabile Taq DNA polymerase used in this reaction has processivity 

~600 bp/min at 60 °C it was possible to establish two step PCR where annealing 

and polymerisation occurs at the same temperature. 

7. Fluorescent data were recorded automatically at each cycle, amplification curves 

were built with MX4000 (analysis software version 3.01) and specific Ct 

parameter were taken for every PCR sample. Ct means cycle of amplification 

when the fluorescence signal is crossing threshold line (background) – set up 

identically for all experiments. 

8. All calculations were done as following: 

RE(goi) = Ef(goi)Ct(goi)/(Σ(Efn(norm)Ctn(norm))/N)  

Where is:  RE – relative expression 

  Ef – efficiency of PCR amplification, for each amplicon were 

obtained by MX4000 software, and based on amplification pattern of 

correspondent cDNAs at different dilutions (d = 1, 4, 16, 64). 

  Ct – threshold crossing cycle 

   goi – gene of interest 

   norm – normaliser gene 
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   N – number of normalising genes 

9. For every experimental measurement the standard deviation in triplicates was 

not bigger than 0.16Ct, which is equal to 10% of relative units of expression. 

 

Protein extraction 

Extraction of proteins from cell culture and animal tissue. 

Materials 

Homogenisation buffer (20 mM TRIS-HCl; 2 mM MgCl2; 0.25 M Sucrose; pH 7.4) 

PIC – protease inhibitor cocktail (10 mM Antipain; 10 mM Chymostatin; 

10 mM Leupeptin; 1 mM Pepstatin; 50% DMSO) 

Cell lysis buffer (50 mM TRIS-HCl; 2 mM CaCl2; 80 mM NaCl; 1% (v/v) Triton-X-

100; pH 8.0) 

 

Method 

1. All procedures were accomplished on ice. Directly before use both 

homogenisation and cell-lyses buffers were completed with PIC (v/v, 1:1000). 

2. For hepatocytes membrane preparation 1 ml of the homogenisation buffer was 

added to 50-100 mg liver tissue and was disintegrated with Ultraturrax.  

3. The homogenate was centrifuged twice for 15 min at 4 °C with 4000 rpm 

(~800 g, bench centrifuge) and supernatant was reused. 

4. The supernatant was centrifuged with a Beckman TL-100 ultracentrifuge in a 

TLA-100.2 fixed angle rotor for 1 hr at 4 °C with 55000 rpm (~100000 g).  

5. The pellet containing plasma membranes was taken into 200 µL of cell lysis 

buffer with 0.1% SDS. Protein concentration was determined by SDS Lowry 

(see below) and solution stored at –80 °C until use. 

6. Alternatively, cultured cells were directly disrupted in cell lysis buffer (~100 µL 

per each 50 cm2). Lysate was centrifuged at 4 °C with 800 g for 15 min and 

concentration of the proteins in the supernatant was determined by SDS-Lowry. 
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Determination of the protein concentration by SDS-Lowry 

Materials 

0.1 M NaOH 

Bovine serum albumin standard solution, Pierce, 23210 

Lowry solution A (2% Na2CO3 in 0.1 NaOH) 

Lowry solution B (1%CuSO4 in H2O) 

Folin’s phenol reagent 

 

Method (Lowry 1951) 

1. Protein containing solution was normally diluted 1:5 in 0.1 M NaOH and 

100 µL was used. Lowry working solution was prepared by mixing 49 mL of 

solution A with 1 mL of solution B. 1 mL of ready Lowry solution was mixed 

with 100 µL of protein probe and incubated for 10 min at room temperature. 

2. Folin’s phenol reagent was diluted in water 1:1 prior to use. 100 µL of diluted 

Folin’s reagent was added to the reaction and further incubated in darkness at 

room temperature for 30 min  

3. After incubation the optical density was determined. For that 300 µL of reaction 

mixture was measured at 760 nm using ELISA-reader (Dynatech Laboratories, 

MRX software version 1.12). To determine concentration in absolute values, a 

standard curve (0-2,5 µg/mL) was generated using bovine serum albumin. 

 

SDS-PAGE 

Separation of the proteins in polyacrylamid gel according to Nevill. 

Materials 

11x Protein gel loading buffer (Glycerol, 8.8 mL; Bromphenol blue, 8 mg; H2O, up to 

10 mL) 

40% (w/v) Acrylamide/N,N’-Methylenbisacrylamide = 75/2, BioRad, 161-0148 

TEMED 

10% (w/v ) APS 

BSA 1 mg/mL 

Broad range molecular weight marker, Rainbow marker, BioRad ,161-0317 

Anode buffer (TRIS base, 258.5 g; H2O, up to 5 L; pH 9.5) 
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Cathode buffer (TRIS base, 24.8 g ; Boric acid, 12.4 g; SDS, 5 g; H2O, up to 5 L; 

pH 8.6)  

 

Method (Neville 1971) 

1. For separation of the proteins polyacrylamide gel was based on TRIS-buffer 

system pH 9.5 (anode buffer) using different concentration of polymer (8–12%) 

with 2/75th part of co-polymer. Polymerisation was catalysed by adding 1/200th 

volume of APS and initiated by 1/800  volume of TEMED. th

2. To focus proteins on the border of the separating gel, 3% stacking gel was made 

on top using 50 mM TRIS-buffer system pH 6.8. Polymerisation of the stacking 

gel was initiated as above. 

3. Protein samples were mixed with 11x protein loading buffer (10:1 w/w) and 

supplied with SDS up to 1% of final concentration. If necessary, samples were 

reduced with 1% 2-mercaptoethanol at 96 °C for 15 min. Gel of 1 mm thickness 

was normally loaded with 10–50 µg of the proteins. One extra line was always 

used for 3–5 µL of broad range protein molecular weight marker. 

4. Electrophoresis was carried out at 30 mA for focussing and at 60 mA for 

separating of the proteins. For upper and lower electrode chamber of the 

electrophoresis device (mini protean, power supply pac200, BioRad), cathode 

and anode buffer were used correspondingly. 

 

Western blot 

Proteins separated by SDS-PAGE were transferred onto nitrocellulose membrane and 

detected with antibodies followed by chemifluorescence visualisation. 

Materials 

Blotting buffer (TRIS base, 12.1 g; Glycin, 56.2 g; 20% Methanol; H2O, up to 5 L) 

0.2% Ponceau solution in 3% Trichloracetic acid  

O, up to 5 L; pH 7.4) Wash buffer A (TRIS base, 12.1 g; NaCl, 45 g; Tween 20, 5 g; H2

Wash buffer B (TRIS base, 12.1 g; NaCl, 45 g; Tween 20, 5 g; SDS, 5 g; Sodium 

desoxycholat, 12.5 g; H2O up to 5 L; pH 7.4) 

ECL-solution, Amersham 
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Solution A (0.1 M TRIS-HCl 10 mL; 250 mM Luminol, 50 µL; 90 mM Cumarin-3-

carbonacide, 25 µL; pH 8.5) 

Solution B (0.1 M TRIS-HCl 10 mL; 30% H2O2, 3 µL; pH 8.5), mix equal volumes of 

A and B solutions just before use. 

1° antibodies 

2° antibodies conjugated with HRP 

 

Method 

1. The proteins isolated in the SDS-PAGE were transferred in the blotting buffer 

on the nitrocellulose membrane by electro-blotting at 4 °C over night with 

0,7 mA/cm. 

2. For the loading and transfer control the membrane was coloured for 10 min with 

Ponceau solution after the blotting, cut in appropriate fragments for antibody 

incubation and decolourised in PBS. 

3. Membrane was incubated for 2 hrs in block solution (5% BSA, 10% milk-

powder in wash buffer A), and rinsed twice in wash buffer A. 

4. Blot was incubated over night at 4 °C with first antibody solution (5% BSA in 

wash buffer A) at a given concentration. 

5. Blot was washed 1 min in wash buffer A, 15 min in wash buffer B and again 

1 min in wash buffer A. 

6. Appropriate secondary antibodies coupled to HRP were given to the blot in 

5% BSA-wash buffer A for 2 hrs. 

7. Then blot was washed again as in p.5, incubated for 1 min with ECL solution 

and exposed to the black-&-white negative photo material. 

 

Indirect immunofluorescence 

Materials 

PBS (2.7 mM KCl; 8.1 mM KH2PO4; 137 mM NaCl; 1.5 mM Na2HPO4; pH 7.4) 

4% (w/v) PFA in PBS 

Glycin/Saponin (Glycin, 5 g; Saponin, 500 mg; PBS pH 7.4, up to 1 L) 

1% (w/v) PPD 

Mowiol® 
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5 µM DAPI in PBS 

1° antibodies 

2° antibodies conjugated with fluorescent group 

 

Method 

1. Cells for immunostaining were seeded on cover slips under standard condition 

(see below) 

2. For fixation cells were washed with PBS and incubated in 4% PFA/PBS. Then, 

cells were washed 5 times in PBS for 5 min and permeabilised in glycin/saponin 

buffer for 5 min. 

3. Unspecific binding sites were blocked by adding 80 µL blocking solution 

(2% BSA in glycin/saponin buffer). The cells were incubated for 30 min at 

37 °C. 

4. Primary antibody was given in blocking solution for 1 hr at 37 °C. Cover slips 

were washed two times in glycin/saponin buffer. 

5. Secondary antibodies were given s. p. 4. Cells were washed five times in PBS, 

for nucleus DNA visualisation stained with DAPI (~5 µM in PBS) for 3 min. 

The cells were embedded with 5 µL PPD/Mowiol® (25 µL 1% PPD + 225 µL 

Mowiol®) using nail lack. 

6. Confocal images were taken using a Zeiss LSM 510 Meta (software version 3.0) 

and oil immersion objectives. 

 

Adenoviral culture 

Materials 

HEK293 cells 

CsCl solution ρ = 1.2411 g/L (32.27% w/v, η20 °C = 1.3572) (CsCl, 26 g; H2O, 74 g) 

CsCl solution ρ = 1.3393 g/L (45.54% w/v, η20 °C = 1.3666) (CsCl, 34 g; H2O, 66 g) 

CsCl solution ρ = 1.4525 g/L (61.00% w/v, η20 °C = 1.3771) (CsCl, 42 g; H2O, 58 g) 

All CsCl solutions sterilised through 0.2 µm filter 

Adenoviral storage buffer (NaCl, 3.94 g; KCl, 0.11 g; 1 M MgCl2, 0.5 mL; Glycerol, 

50 mL H2O, up to 500 mL; pH 8.0) sterilised through 0.2 µm filter 

NAP25 column, Amersham 
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4% (w/v) Agarose in PBS; pH 7.4 

Plasmid encoding adenoviral genome in TE buffer 

Transfection reagent FuGene6®, Boehringer-mannheim, 1 814 443. 

PacI endonuclease 

Complete cell culture medium (DMEM with Glutamax-I supplied with 10% (v/v) FBS 

and 1% (v/v) Penicillin/Streptomycin) 

 

Method 

Generation of adenoviral vector 

1. 2 µg of the adenoviral encoding plasmid were digested with restriction 

endonuclease PacI to release the viral backbone in 30 µL reaction volume for 

1 hr. 

2. Endonuclease was heat inactivated by incubating at 65 °C for 15 min. 

3. HEK293 cells competent in trans-complementation were transfected using 

linearised adenoviral genome supplied with 10% of tracking plasmid (pEGFP, 

served as transfection control) with help of FuGene6® reagent. For a 60 mm 

dish, 5*105 cells were seeded one day before transfection. When cells reached 

50% of confluence, they were transfected with 1 µg DNA in 3 µL of transfection 

reagent. 

4. 24 h after adenoviral genome transfection, the cell monolayer was covered with 

1% agarose gel. Therefore 4% agarose solution in PBS was sterilised by 

autoclaving. Melted agarose was equilibrated at 40 °C for at least 1 hr. Three 

volumes of complete DMEM were mixed with one volume of 4% agarose 

solution, medium was aspirated from the cells and immediately substituted by 

1% melted agarose. 

5. Cells were incubated at 37 °C and observed during 7-10 days post-transfection 

in order to detect adenoviral plaque formation. 

 

Propagation of adenoviral vector 

6. Infectious material from 2-3 single plaques was collected in 200 µL volume and 

subjected for independent propagation. 
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7. Prior to each amplification step, productive cells were frozen-thawed three times 

to release adenoviral particles from the cell nuclei. For propagation one half of 

the lysate was used for next infection (see below). The remaining aliquot was 

stored at –80 °C. 

8. Infection was propagated by passaging cell cultures in 12 well plate, T25 cell 

culture flask, T300 and finally 20 x T300. For every passage HEK293 cells were 

infected at ~80% confluence. Infection took place in complete DMEM in a 25% 

of regular volume in CO2 incubator for 4 hrs. 

9. Cells at the last step of virus amplification were harvested at the second day post 

infection (~50% of cells were round and detached from the plastic) by 

centrifugation at 4 °C for 10 min at 500 g. Cell debris was resuspended in 10 mL 

of complete DMEM and three cycles of freezing-thawing in liquid nitrogen were 

performed. Cell lysate was purified by centrifugation at 5000 g for 15 min at 

4 °C and subjected to ultracentrifugation. 

 

Concentration and purification of adenoviral vector 

10. A discontinuous CsCl gradient was prepared as followed: to the bottom of the 

ultracentrifuge tube 1 mL of CsCl solution (ρ = 1.2411 g/L), 2 mL of solution 

(ρ = 1.3393 g/L) and 2 mL of solution (ρ = 1.4525 g/L) were added to underlay 

one each other. 5 mL of cell lysates were applied on top of the gradient 

(ρ = 1 g/L) containing adenoviral particles. Two tubes were equilibrated with 

accuracy of 1 mg and ultracentrifuged at 30000 rpm (~100000 g) for 20 hrs at 

10 °C using a swing-out rotor (SW-41, Beckman). Normally, two adenoviral 

bands are formed after centrifugation: the upper contains defective particles at 

the low density and lower band representing more dense particles. 

11. The lower adenoviral band was collected with a 1 mL syringe in ~1 mL volume. 

Gel filtration column NAP25 was equilibrated with 25 mL of adenovirus storage 

buffer. To remove CsCl, viral particles were applied onto column and eluted by 

storage buffer. First 2.5 mL were discarded (dead volume of the column) and 

desalted viral particles were collected in the next 2 mL volume. 

12. Adenovirus stock was aliquoted and stored at –80 °C until use. 
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Adenoviral titration 

Identification of infected cells using an adenovirus-specific-antibody. 

Materials 

Dulbecco’s PBS 

Methanol 

1% BSA in PBS 

Complete DMEM (see above) 

 

Method  

1. HEK293 cells (5*105) were seeded in each well of a 12 well plate in complete 

DMEM. 

2. Using Dulbecco’s PBS as diluent, 10-fold dilutions from 103 to 108-fold of the 

viral stock-solution were prepared. 

3. 100 µL of viral dilution were added into 500 µL of medium drop-wise to each 

well. To provide accurate calculations the infection was set up in duplicates. 

4. Cells were incubated at 37 °C in 5% CO2 for 48 hrs.  

5. Afterwards the medium was aspirated and the cells dried for 5 min.  

6. To fix cells, 1 mL ice-cold 100% methanol was added very gently to each well.  

7. The plate was incubated at –20 °C for 10 min, and methanol was aspirated.  

8. Wells were gently rinsed three times with 1 mL of 1% BSA in PBS. Mouse  

            anti-hexon antibody in 1:1000 dilution in PBS with 1% BSA were made.  

9. Wells were incubated with 0.5 mL of anti-hexon antibody dilution for 1 hr at 

37 °C. 

10. 1° antibody was aspirated and the wells were gently rinsed three times with 

1 mL of 1% BSA in PBS.  

11. Rat anti-mouse antibody (HRP) in 1:500 dilution in PBS with 1% BSA was 

prepared.  

12. Final rinse from the wells was aspirated and 0.5 mL rat anti-mouse antibody 

(HRP) dilution added to each well. Cells were incubated for 1 hr at 37 °C on an 

orbital shaker.  
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13. Prior removing of the 2° antibody, DAB working solution was prepared by 

diluting 10x DAB substrate 1:10 with 1x stable peroxidase buffer. Before use 

DAB working solution was adjusted to RT. 

14. 2° antibody dilution was aspirated and wells were gently rinsed three times with 

1 mL of 1% BSA in PBS. After removing the final rinse, 500 µL of DAB 

working solution were added to each well and incubated at RT for 10 min. DAB 

was aspirated and 1 mL of PBS added.  

15. Hexon-positive cells were counted under microscope at magnification x20 and 

infectious titre calculated as following: ifu/mL = N*D/V (ifu ~ pfu) 

Where:  N is a total number of hexon-positive cells in one well. 

V [mL] – volume of diluted viral stock solution taken for infection. 

D – dilution factor of adenoviral stock solution. 

 

Cell culture 

Materials 

Trypan blue (0.5% in isotonic saline solution) 

Complete DMEM (see above) 

Trysin-EDTA 

Dulbecco’s PBS 

 

Method 

1. All work was accomplished sterile under the “clean bench”. The incubation of 

the cells took place at 37 °C and 5% CO2 in a humid incubator. All used media 

and solutions were kept in the water bath at 37 °C prior to use. 

2. Cells were split depending upon the cell density every three to five days. For this 

the cells were washed with PBS and incubated briefly with Trypsin-EDTA. The 

cells were separated from the cell culture bottle by knocking and resuspended in 

the new cell culture medium.  

3. To determine the cell number a Neubauer’s cell chamber was used. Dead cells 

were stained before with trypan-blue (0,5% in isotonic saline solution). 
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Transfection of mammalian cells 

Materials 

Transfection reagent FuGene6®, Boehringer-mannheim, 1 814 443. 

Dulbecco’s PBS 

Plasmid DNA at 0.1 - 1 µg/µL in TE buffer 

Complete DMEM (see above) 

 

Method 

1. Cell for transfection were seeded in standard cell culture plastic ware in order to 

reach ~80% of confluency on the day of transfection. Complete medium was 

always used. 

2. 1 µg of DNA was mixed with 3 - 4 µL of FuGene6® reagent, as recommended 

by the producer. For 60 mm cell culture dish 2 µg of plasmid DNA was used. 

3. DNA-transfection reagent complex was added to the cells in complete medium, 

incubated overnight and then medium was replaced. Normally, cells were 

harvested after 2 - 3 days post-transfection. 

 

Adenoviral infection of mammalian cells 

Materials 

Adenoviruses in storage buffer 

Dulbecco’s PBS 

Complete DMEM (see above) 

 

Method 

1. HuH7 cells became transduced by Ad-EGFP or Ad-anti-ABCA1 in 6-wells. 

2*105 cells were seeded one day prior infection using complete DMEM. 

2. Adenoviral stock solution was taken from –80 °C storage, slowly thawed on ice 

and diluted in complete DMEM to desirable MOI (multiplicity of infection) 

normally from 1 to 100 viral particles per cell. 

3. Only 500 µL of infection solution was used in each 6-well. Infection took place 

in CO2 incubator at 37 °C, every half an hour cells were carefully agitated. After 
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4 hrs of incubation, medium was exchanged to 2 mL of complete DMEM. 

Depending on the experiment, cells were incubated for 2-3 days. 

4. Prior to harvest cells were washed two times with PBS and total RNA was 

isolated as described above. 

 

Animal husbandry 

For all experiments wild-type C57BL/6 male mice were used at the age of 12 weeks. 

Animals were maintained on a regular chow diet and held under controlled conditions: 

20 °C, 50% air humidity, 14/10 hours of light-darkness rhythm, food and water 

ad libitum. The animal care department of the University Clinic Eppendorf, Hamburg, 

Germany, took care for the mice. The bioassays were accomplished with the permission 

of the health authority Hamburg, Germany. 

 

Adenoviral administration into the animals 

Adenovirus in storage buffer was injected into tail vein of the mice. The injection 

volume was always adjusted to 200 µL with Dulbecco’s PBS at RT. 

 

Blood puncture 

Materials  

Heamatocrite capillaries 

0.5 M EDTA; pH 8.0 

 

Method 

Every blood puncture was done after a 4 hr fasting period (only water was available). 

Blood was taken from orbital plexus using heamatocrite capillary. 150-200 µL of blood 

was immediately supplied with 1/100 volume of 0.5 M EDTA and kept on ice. Plasma 

was separated by centrifugation at maximum speed (bench centrifuge) at 4 °C for 

10 min. Plasma pools were made by mixing equal amounts of plasma from each animal 

in the same experimental groups. 
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Organs withdrawal 

Materials  

Liquid nitrogen 

Tissue-Tek® O.C.T. compound, Sakura, 62550 

Solution for narcosis (Ketanest 6 mg/mL; Rompun 1.6 mg/mL; in 0.9% NaCl) 

PBS 

 

Method 

Animals received 100 µL of narcosis solution per 10 g of weight. After anesthetizing, 

mice were fixed on a preparative table, abdomen and thorax were opened, then right 

atrium was cut with the scissor and perfusion was performed by injection of 20 mL of 

PBS into left ventricle until liver became blood-free. Well-perfused organs (lung, liver 

and spleen) were taken for protein or RNA extraction (frozen in liquid nitrogen) and for 

histological investigation (embedded into Tissue-Tek® O.C.T. compound), see below. 

 

Histology 

Materials 

PBS 

4% (w/v) PFA in PBS 

1% (w/v) PPD 

Mowiol® 

5 µM DAPI in PBS 

 

Method 

1. Tissue pieces were frozen into Tissue-Tek® compound in liquid nitrogen and 

stored at –20 °C until use. Cryoblocks were cut into 10 µm thick slices with 

knife angle ~4 ° using a cryotome HM560 (Leica). 

2. Slices were maintained on glass plates. Dried briefly on air at RT, fixed in 

4% PFA in PBS for 3 - 5 min, washed 5 times in PBS for 5 min. 

3. To stain nuclei, slices were incubated with DAPI (~5 µM in PBS) for 3 min and 

embedded with 5 µL PPD/Mowiol® (25 µL 1% PPD + 225 µL Mowiol®) using 

nail lack. 
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4. Confocal images were taken using a Zeiss LSM 510 Meta (software version 3.0) 

and immersion objectives. 

 

Plasma lipoproteins separation and lipid determination 

A. Gel filtration of plasma lipoproteins – FPLC  

Materials 

FPLC buffer (1 mM TRIS-HCl; 10 mM NaCl; 1 mM EDTA; pH 8.0) 

 

Method (Rudel 1986) 

1. Fresh plasma was always used for lipoprotein separation. From each 

experimental group (7 animals) ~35 µL of plasma were taken to generate plasma 

pools. FPLC (Pamp500, Pharmacia) was loaded with 200 µL of plasma and 

lipoproteins were separated using a S6-sepharose column at 4 °C. 

2. First 10 mL of eluate was discarded and then 40 fractions with each 500 µL 

were collected. If necessary individual fractions were kept for few days at 4 °C 

until analysis. 

 

B. Enzymatic determination of the lipids 

Materials  

Precipath® L, Roche, 1285874 

Cholesterol determination reagent 

Phospholipids determination reagent 

Triglyceride determination reagent 

 2 M CaCl2

 

Method (Carr 1993) 

1. Cholesterol, triglycerides and phospholipids concentrations were determined in 

FPLC plasma fractions using enzymatic colour test. In 96-well, 100 µL of the 

FPLC probe was mixed with 200 µL of the reagent. Reaction developed at 37 °C 

for 10 min. Then OD was measured at 550 nm using a micro-titre plate reader.  
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2. To determine lipid concentrations in absolute values, a standard curve  

(0 - 20 µg/mL) was generated using Precipath® at different dilution in FPLC 

buffer.  

3. Since Ca2+ ions are essential for phospholipids test, the method was slightly 

modified. To overcome 10 mM EDTA in FPLC buffer, reaction was supplied 

with 5 µL of 2 M CaCl2 – a ten times molar excess of Ca2+ on EDTA. 

 

Flow cytometry 

Preparation of the single cell suspension from murine liver 

Materials 

Erythrocytes lyses buffer (0.5 M EDTA, 1 mL; NH4Cl, 4.01 g; K2CO3, 0.69 g; H2O up 

to 500 mL; pH 7.4) sterilised through 0.2 µm filter 

CHD-enzymatic mix (Collogenase IV, Sigma, C5138, 450 µL; Desoxyribonuclease I, 

Sigma, D5025, 450 µL; Hyaluronidase V, Sigma, H6254, 450 µL; RPMI-1640 medium 

with Glutamax-1, up to 9 mL) 

Dulbecco’s PBS pH 7.4 

Solution for narcosis (Ketanest 6 mg/mL; Rompun 1.6 mg/mL; in 0.9% NaCl) 

Medium RPMI-1640 with Glutamax-1 

 

Method 

1. Animals were anaesthetised with Ketamin-Rompun mix (see above). 

2. Liver tissues (~400 mg) were cut into small parts (~1 mm) with a scalpel in ice 

cold PBS. 

3. Tissue pieces were incubated with 1.5 mL of CHD-enzymatic mix for 1 hr at RT 

on an orbital shaker. 

4. Digested cells were pressed through the nylon filter with 50 µm pore size, 

(Falcon). That allows recovering of a single cell suspension. 

5. Cells were washed twice with PBS by centrifugation for 5 min at 4 °C with 

200 g. 

6. In order to lyse erythrocytes, cell pellet was briefly resuspended (vortex) in 2 

mL of ice-cold erythrocytes lyses buffer. Adding 3 mL of ice-cold PBS 

immediately stopped lysis reaction. 
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7. Hepatocytes were harvested by centrifugating for 5 min at 4 °C with 200 g and 

resuspended in 1 - 2 mL of PBS. 

8. Cell suspension was analysed by flow cytometry (Givan 2001), Cytomics 

FC 500, (Beckman Coulter). To detect EGFP fluorescent signal specially 

designed optic filter set was used. Cells were kept on ice until use.  

 

Safety and waste disposal 

In all work with chemicals “R- und S-Sätze” – German safety law was considered 

(http://www.chemlin.de/chemikalien/r-s-saetze.htm). Organic solvents were disposed 

separately according to halogen-containing and halogen-free, into the appropriate 

collectors. Solutions, gels and disposable material contaminated with ethidium bromide 

were disposed separately. Biological and infectious material (virus, bacterial cultures 

etc.) and anything contaminated with this (pipette tips, agar plates etc.) were autoclaved 

and afterwards discarded. 

 

Software and statistic 

The evaluation and representation of acquired data was performed with the help of 

Microsoft® Excel2000 software. In each case the average values, as well as the standard 

errors of the measurement (±SEM) are represented. With the help of the Student's t-test 

for independent samples the significances of two groups of data were examined. 

Difference of two groups were estimated as statistically significant, if the probability of 

a mistake p<0.05. 

 

http://www.chemlin.de/chemikalien/r-s-saetze.htm
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3. Results 

The aim of this study was to investigate the role of hepatic ABCA1 cholesterol 

transporter for plasma HDL metabolism. Therefore, vectors were designed to target 

murine and human ABCA1 expression by RNA interference. The efficiency of siRNA-

mediated down regulation of ABCA1 in vitro was judged by real time RT-PCR, 

immunofluorescence and western blot analysis. A recombinant adenovirus was 

constructed from the most effective vector. Adenovirus was used to down-regulate 

ABCA1 expression exclusively in liver. Subsequent to the animal infection expression, 

patterns of proteins involved in lipid metabolism as well as lipoprotein plasma profiles 

were analysed.  

 
3.1. ABCA1 knockdown mediated by RNA interference in vitro 

Transient overexpression of murine ABCA1 in cell culture 

To establish RNAi mediated murine ABCA1 knockdown in vitro, first an over-

expressing system for ABCA1 was generated. Human embryonic kidney 293 cell line 

can be transfected efficiently, but has extremely low endogenous ABCA1 expression 

level. The transporter protein was not detectable in immunofluorescence analysis with 

available antibodies. Only the trace amounts of respective mRNA were measured by 

RT-PCR. The plasmid pcDNA3.1-mABCA1-FLAG (further reference to as 

pmABCA1-FLAG; donated by Prof. Rinninger) was used to generate overexpression of 

murine FLAG-tagged ABCA1 transporter in human cells (Wang 2000).  
 
 

II fp rp pA BGHABCA1 ORF
III IV V VII FLAGMV II fp rp pA BGHABCA1 ORF
III IV V VII FLAGMVCC 

 

 
 
 
 
Figure 5. Murine ABCA1-FLAG expressing cassette in pcDNA3.1 plasmid 
 
Murine cholesterol transporter ABCA1 expressed from the pcDNA3.1 under CMV promoter and bovine 
growth hormone polyadenylation signal (blue). Protein ORF linked to FLAG antigen-expressing 
sequence (green). Forty-seven exons are indicated below (red arrows). Positions of the mice specific PCR 
forward (fp) and reverse (rp) primers are shown with black triangles. Roman numbers are designated 
positions of anti-ABCA1 RNA interference-target regions (red triangles). 
 



   Results   

This plasmid is a derivative from common expression vector (pcDNA3.1) and 

contains the murine ABCA1-ORF fused to the FLAG antigen under control of CMV 

promoter and polyadenylation signal of bovine growth hormone. The nucleotide 

sequence of that plasmid was also taken to design primer pairs for quantitative real time 

PCR determination of the transcript. Figure 5 shows a scheme of the overexpressed 

gene including the primers used for RT-PCR and target regions for RNA interference. 

To be able to detect the murine transgenic mRNA on a human background two 

discriminative primer pairs were chosen from the mouse and human cDNA sequence, 

respectively. In general, cDNAs from these two species have ~88% identity, therefore 

for specificity reasons areas with highest diversity were taken. 
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Figure 6. ABCA1 expression in human cell culture 
 
GAPDH-normalised transcriptional level of the overexpressed murine ABCA1 transporter is shown 
(right) in percents to constitutive expression of the homologues human gene (left) in vitro. HEK293 cells 
were transfected with mock or ABCA1 plasmid, respectively. Two days after transfection total RNA was 
isolated and reverse transcription following the quantitative real time-PCR was performed. Two different 
PCR primer pairs (hABCA1 and mABCA1, see methodological considerations) were used to discriminate 
between human endogenous and murine transgenic transcripts respectively. Measurements were done in 
triplicates. 
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The plasmid pmABCA1-FLAG was used in co-transfection experiments with 

green fluorescent protein-expressing plasmid pEGFP-N1 (Clontech). This plasmid 

served as transfection control and provided EGFP mRNA for normalisation of 

transgenic transcript in qRT-PCR. 

After transfection of murine ABCA1 cDNA into human cells qRT-PCR was 

performed. Human GAPDH transcript was used as an endogenous normalising gene. 

The transcriptional level of transgenic cholesterol transporter was then ~1000 times 

higher compared to constitutive expression, if judged two days after transfection 

(fig. 6). 
 
 ABCA1 EGFP 

DAPI Merge 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Immunofluorescence of HEK293 cells overexpressing murine ABCA1-FLAG 
 
Human embryonic kidney cells 293 were transfected with plasmids expressing EGFP protein and murine 
ABCA1 transporter linked to FLAG antigen. After 48 hr cells were fixed and detection was performed 
using a monoclonal anti-FLAG antibody (mouse origin, 1:2500). ABCA1 protein was visualised with 
Cy3 conjugated antibodies against mouse IgG (1:500). Cy3 fluorescence is in red, EGFP in green and 
DAPI for nuclear DNA staining in blue. Bars are 10µm. 
 

Since ABCA1-ORF is tagged to FLAG epitop it was possible to utilise anti-

FLAG antibody for immunofluorescence detection of overexpressed protein in cell 

culture. Again HEK293 cells were co-transfected with pEGFP-N1 (10% of total DNA 

used). Generally, all cells exhibiting an EGFP fluorescence were also FLAG positive 

(fig. 7). Laser scanning confocal microscopy became a technique of choice to localise 
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transporter. ABCA1 protein was found predominantly on a cell membrane surface and a 

typical “dendritic” structure of overexpressing cells as previously described was 

observed (Wang 2000). 

This overexpressing system was used to test ABCA1 siRNA-expressing 

constructs in vitro. 

 

Cloning of small interfering RNA-expressing vector for murine ABCA1 targeting 

The original plasmid pALsh was developed in our laboratory (Laatsch 2004) and 

was taken for vector construction. This vector contains the H1 promoter – region, which 

promotes the expression of small RNA molecules. Furthermore it consists of two non-

palindromic endonuclease sites (BseRI) and a termination penta-T motive, which 

provides precise transcription stop without following polyadenylation (fig. 8).  
 
 

1gaacgctgacgtcatcaacccgctccaaggaatcgcgggcccagtgtcactaggcgggaacacccagcgc 
     >>....................................................................> 
 
 

71gcgtgcgccctggcaggaagatggctgtgagggacaggggagtggcgccctgcaatatttgcatgtcgct 
     >...............................H1promoter............................> 
 

141atgtgttctgggaaatcaccataaacgtgaaatgtctttggatttgggaatcttataagttctgtatgag 
     >.....................................................................> 
             start   st
                      BseRI BseRI 

op 

                     ------------- 
211accacagatccaattgaggagctcctcggtttttcgacctcgagggggggcccggtacccagcttttgtt 

      ...>> 
 

281ccctttagtgagggttaattccgagcttggcgtaatcatggtcatagctgtttcctgtgtgaaattgtta 
                                        <<...seqALsh...<< 
 
 
Figure 8. Nucleotide sequence of H1 promoter region and BseRI cloning sites in the plasmid pALsh 
 
Transcription start and termination positions are indicated in red. Sequencing primers in reverse 
orientation are located at 312-331 nucleotide. Two non-palindromic BseRI endonuclease sites allow 
cleavage exactly at the start and stop positions. 
 

From the ABCA1-ORF five regions 21-23 nt in size with TT extinction at the 

3´-end were chosen as RNAi target sequence: II, III, IV, V and VII (these roman 

numbers would further designate all corresponding derivates) (fig. 5). Sequences 

became the 3´-part of the synthesised oligodeoxynucleotides, while the 5´-part was 

created as a palindromic counterpart without 5´-AA. These oligonucleotide molecules 

were self-annealed producing double strand DNA with TT-3´-overhang and directly 
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cloned into BseRI digested pALsh plasmid (fig. 9A). This system does not contain any 

of stem-loop structure-forming nucleotide. Target sequences were derived from cDNA 

areas with 100% identity between murine and human ABCA1 genes, thus this siRNAs 

should equally silence both murine and human transporter genes. 

The cloning results were confirmed by AvaI digestion since this site flanks the 

H1 promoter region and the stop-motive. Correct cloning results in an increase of the 

size of the small DNA fragment, which is released by the endonuclease digest (fig. 9B). 

Oligonucleotide insertion into the plasmid pALsh was also checked by direct 

sequencing from the reverse primer seqALsh (supplements, fig. 33). Sequences of 

palindromic region appeared to be a difficult task, only one clone out of five has been 

successfully analysed. Because of possible mistakes in primer synthesis and not 

resolved primary structure of cloning products, the exact sequences of the constructs, 

apart from clone II, remain enigmatic. 
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Figure 9. Cloning of anti-ABCA1 siRNA-expressing vector 
 
One step cloning to generate pAL-anti-ABCA1 vectors. (A) Schematic view of the cloning. The plasmid 
pALsh was digested at BseRI sites (blue) to generate 5´-end AA-extension (red). The underlined 
palindromic oligonucleotides (vertical line indicates symmetry axis) correspond to the targeted region 
within the ABCA1 mRNA and were cloned downstream of the H1 promoter into the plasmid pALsh. 
AmpR: ampicillin resistance gene – β-lactamase; ColE1: minimal E.coli origin; f1: origin of single strand 
DNA replication of the filamentous phage F1; complementary strand shown in lower case. (B) Control 
digestion of the resulting clones with AvaI endonuclease. Correct insertion (clone 1) leads to an increase 
of the fragment size released by AvaI (asterisk) in contrast to clone 2 and to the empty vector, lane 3. 
DNA molecular weight standard was from Fermentas. 
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Characterisation of anti-ABCA1 RNA interference in vitro 

Five independent pAL-anti-ABCA1 clones targeting ABCA1 mRNA in different 

positions were taken for determination of their ability to knockdown ABCA1 expression 

in cell culture. These clones as well as empty vector were co-transfected into HEK293 

cells with pEGFP and pmABCA1-FLAG expressing plasmids (fig. 10). Three days after 

transfection the relative level of ectopic ABCA1 mRNA was determined in total cellular 

RNA. Normalisation was performed using transgenic EGFP transcript. This approach 

circumvents all influences from variation in transfection efficiency. The pALsh-control 

was taken as a 100% reference. Only one clone was successfully suppressing the 

ABCA1 expression down to ~25% of over-expressed level – pAl-anti-ABCA1(V) 

(fig. 10, p < 0.001 column 1 vs. column 5). All other constructs did not significantly 

alter ABCA1 mRNA levels. Importantly, neither siRNA-expressing plasmids pALsh-

anti-ABCA1(II-VII), nor the empty vector pALsh influenced the endogenous LRP 

expression, which was used as control protein and which was normalised to human 

GAPDH mRNA (fig. 10, column 7). 
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Figure 10. Relative expression of endogenous human LRP and transgenic murine ABCA1 in cells 
transfected with various constructs expressing anti-ABCA1 siRNAs 
 
HEK293 cells were co-transfected with pmABCA1-FLAG, pAlsh, EGFP and pAL-anti-ABCA1 plasmids 
as indicated. Three days post-transfection cells were harvested, total RNA isolated and used for reverse 
transcription followed by quantitative RT-PCR. Relative amounts of wtLRP and tgABCA1 transcripts 
were normalised to wtGAPDH and tgEGFP mRNA, respectively. Data are calculated as percents of 
expression level of the cells transfected with the empty vector (first pair of columns). Error bars indicate 
standard deviation between triplicates for every measured point. 
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Furthermore, the capacity of the construct pALsh-anti-ABCA1(V) to inhibit 

transgenic ABCA1 expression in vitro was confirmed by protein quantification. 

Transfection of anti-ABCA1(V) construct resulted in almost complete block of the 

transgenic protein expression as judged by confocal microscopy. Cells were 

immunostained against FLAG antigen and visualised by Cy3-labelled secondary 

antibody. EGFP expressing cells were FLAG-positive only in pALsh control (fig. 11A), 

and no ABCA1 associated fluorescent signal was detected in cells co-transfected with 

anti-ABCA1(V) construct (fig. 11B). 

In parallel experiments, cell lysates were subjected to SDS-PAGE, followed by 

fluorescence scan for EGFP detection. That insures equal protein load on a gel, as well 

as transfection accuracy (fig. 11C – lower panel). Subsequent Western blotting was 

performed with antibody detection against ABCA1 protein (recognising both murine 

and human antigen). In comparison to the pALsh control, pAlsh-anti-ABCA1(V) led to 

a drastic reduction of the tgABCA1 signal (fig. 11C, upper panel, lane 3 compared to 

lane 2). Due to the slightly different molecular weight wt- and tgABCA1 can be 

distinguished. Since the RNAi was designed not to discriminate between human and 

mice sources, it was remarkable that strongly expressed tgABCA1 under anti-

ABCA1(V) siRNA treatment was reduced to a very faint band while the wild type 

product of the elevated molecular size vanished completely (fig. 11C, upper panel, 

lane 3 compared to lane 1). 

 56



   Results   

 
A     pALsh            B      pALsh-anti-ABCA1(V) 

ABCA1 EGFP

DAPI Merge 

ABCA1 EGFP 

DAPI Merge 

 
 

C        1          2             3 
 

kDa

200-

97-

66-

30-

 
 
 
 wtABCA1 tgABCA1 
 
 
 
 
 
 
 
 
 
 
 

EGFP  
 
 

pmABCA1-FLAG - + + 
pALsh - + - 
pEGFP + + + 
pAL-anti-ABCA1(V) - - + 

 
Figure 11. Effects of anti-ABCA1 siRNA on murine ABCA1 overexpression in vitro 
 
HEK293 cells were co-transfected with murine ABCA1-FLAG cDNA, EGFP and either pALsh or 
pALsh-anti-ABCA1 clone V. (A, B) Three days post-transfection cell were fixed and immunostained (see 
fig. 7). (C) Cells were lysed and protein content used in SDS-PAGE and Western blot detection with 
polyclonal ABCA1 antibody (rabbit, 1:250) and visualised by GARPO (1:5000) and ECL (upper panel). 
EGFP fluorescence served as loading control (lower panel). 
 

 57



   Results   

To study HDL metabolism in vivo it is necessary to knockdown ABCA1 protein 

expression for more then 5 days since HDL have a half-life longer then 1 day. 

Therefore, additional studies were performed on RNA interference itself to analyse its 

ability to down regulate ABCA1 expression in vitro for a longer period of time. The 

activity of siRNA at different time points is shown at fig. 12. Two observations have 

been made: first, the maximum level of tgABCA1 suppression was reached at relatively 

late time (at the third day post-transfection) and second, even on the fifth day of 

observation the residual ABCA1 mRNA level remains at ~25% of control 

(pALsh transfection). 
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Figure 12. Ability of siRNA to suppress tgABCA1 mRNA at different time points 
 
HEK293 cells were co-transfected with pmABCA1-FLAG, pEGFP and pALsh or pALsh-anti-ABCA1. 
At indicated time points post-transfection, cells were harvested, total RNA purified and tgABCA1 
transcript amount was determined relatively to tgEGFP. Normalised ABCA1 expression in pALsh-anti-
ABCA1-transfected cells was plotted in percents of control transfection (pALsh). Error bars indicate the 
standard deviation between triplicates for every measure point. 
 

The capacity of the pALsh-anti-ABCA1(V) vector to silence transgenic murine 

ABCA1 expressed at various abundance was also checked. If human HEK293 cells 

were transfected with pmABCA1-FLAG in quantity ranging from 5 ng to 1.3 µg, no 

significant difference in the efficiency of RNAi was observed (fig. 13). 
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Figure 13. siRNA efficiency to inhibit transgenic ABCA1 expression from different amount of 
transfected cDNA 
 
HEK293 cells were co-transfected with different amount of pmABCA1 as indicated, and constant amount 
of pEGFP and pALsh or pALsh-anti-ABCA1. Three days post-transfection tgABCA1 mRNA was 
normalised to EGFP and compared to pALsh transfected cells for different ABCA1 cDNA concentration. 
Plotted in percents. Error bars indicate standard deviation between triplicates for every measured point. 
 

Construction and characterisation of adenoviral vector  

for anti-ABCA1 small interfering RNA delivery 

The plasmid pAL-anti-ABCA1(V) expressing the siRNA, which was able to 

silence the murine cholesterol transporter ABCA1, was used to construct a recombinant 

adenoviral vector. The promoter region H1, oligonucleotide insertion together with 

penta-T termination motive was transferred into shuttle vector pE1.1 (see fig. 14). This 

plasmid contains 1% of 5´-end adenoviral genome and kanamycin resistance gene (see 

above). The insert was placed as one cassette downstream of this adenoviral sequence 

(fig. 14). The result was a new plasmid pE1.1-anti-ABCA1. The cloning procedure was 

proved by double digest with SpeI and XbaI endonucleases (fig. 15A). In a second step, 

the 1.5 kb fragment of the plasmid pE1.1-anti ABCA1 including KanR, 5´-end of 

adenoviral genome and H1-siRNA cassette was directly inserted into the SfiI digested 

plasmid pAdenoQuick1.1 (see above). 
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Figure 14. Cloning of anti-ABCA1 siRNA-expressing adenoviral vector 
 
Two step strategy for pAd-anti-ABCA1 vector cloning. First, H1 promoter together with siRNA-
expressing insert was recloned into the shuttle plasmid pE1.1. Second, the 5´ region of adenoviral genome 
with downstream-located anti-ABCA1 insert was directly cloned into the plasmid pAdenoQuick1.1 
encoding all viral genes minus E1 region. The resulting plasmid pAd-anti-ABCA1 carries complete 
genome of the 1st generation adenovirus with siRNA expressing cassette as a transgene. AmpR: ampicilin 
resistance gene; KanR: kanamycin resistance gene; ColE1: minimal E.coli origin; f1: origin of single 
strand DNA replication of the filamentous phage F1. 
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The resulting plasmid pAd-anti-ABCA1 then included complete adenoviral 

genome minus E1 region, ampicillin and kanamycin resistance genes as well as anti-

ABCA1(V) siRNA-expressing cassette. To generate this plasmid a non-palindromic SfiI 

endonuclease restriction site was utilised, which is absent in adenoviral genome and 

also a special ligation temperature-profile was established (see discussion). The 

preciseness of cloning was checked by several digestion reactions, all of which should 

produce one unique DNA band specific for the newly created plasmid (fig. 15B). 
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Figure 15. Cloning conformation for Ad-anti-ABCA1 adenoviral vector 
 
(A) First cloning step checked by endonuclease release of a correct size insert (asterisk) from the 
intermediate plasmid pE1.1-anti-ABCA1. (B) Control digestion of the plasmid pAd-anti-ABCA1 with 
several endonucleases. Unique bands indicate correct clones are marked with asterisks. DNA molecular 
weight standard is from Fermentas. For exact fragment size please refer to the plasmid maps in appendix. 
1) SnaBI and EcoRI does not produce informative bands.  
2) Indicates undigested plasmid. 
 

To generate anti-ABCA1 adenovirus HEK293 cells were used. This cell line 

provides the E1 region (transcriptional activator), which is essential for adenoviral 

replication and is absent in 1st generation recombinant adenoviral genome. The 

constructed recombinant adenoviral genome was released from the plasmid by PacI 

digest, purified by ethanol precipitation and transfected into HEK293 cells. At the ~7th 

day post-transfection few individual adenoviral plaques formed in cell culture 

(fig. 16AB). 
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Figure 16. Adenoviral plaque formation 
 
HEK293 cells were transfected with linear adenoviral genome. One day post-transfection cells were 
covered with agarose gel. (A) Initiation of the viral infection on the fifth day. (B) Two days later infection 
is spreading further in cell culture under the agarose. Merge of EGFP fluorescence and phase contrast.  
 

Infectious material from a single plaque was used to propagate adenoviral 

culture to a big scale. Finally adenoviral particles were concentrated in CsCl density 

gradient (supplement, fig. 34) and CsCl was removed by NAP25 column gel filtration. 

The generated stock of anti-ABCA1 adenovirus and EGFP-expressing 

adenovirus – Ad-EGFP was titered using “Adeno-X rapid titer kit” (BDbiosiences) 

under conditions recommended by the manufacture (supplements, fig. 35). Infectious 

titres are shown in table 4 and used for adenoviral dose calculation in all in vitro and 

in vivo experiments. 

 
 

Table 4. Adenoviral titres 
 

Adenovirus Titre, mL-1 
Ad-EGFP 1.2*1011 
Ad-anti-ABCA1 6.0*1010 
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Functional activity of Ad-anti-ABCA1 virus to down-regulate cholesterol 

transporter expression was tested in cell culture. Human hepatoma cell line – HuH7 was 

infected with Ad-anti-ABCA1 and Ad-EGFP at multiplicity of infection (MOI) from 1 

to 100, shown in figure 17. Three days post-infection levels of human ABCA1 

transcript were determined relatively to uninfected cells (wtGAPDH was used as 

normaliser gene). Infection with Ad-anti-ABCA1 resulted in a dose dependent 

degradation of wtABCA1 transcript. Already at a MOI of 10 more than 50% of the 

correspondent mRNA was degraded. It remained at ~25% of the expression level of 

untreated cells if MOI = 100 was used. Infection with EGFP-expressing adenovirus did 

not lead to a significant alteration of wtABCA1 mRNA level (Ad-EGFP vs. Ad-anti-

ABCA1, p < 0.01). 
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Figure 17. Adenoviral effects on the ABCA1 expression 
 
Human hepatoma HuH7 cells were infected with Ad-EGFP (grey columns) and Ad-anti-ABCA1 (white) 
at various doses, as indicated. Three days post-infection cells were harvested, total RNA isolated and used 
for reverse transcription with consequent qPCR. The relative amount of wtABCA1 transcript was 
normalised to wtGAPDH and plotted as percents of its expression in the uninfected cells (black). Error 
bars are indicating the standard deviation between triplicates for every measure point, n = 3. 
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3.2. Liver specific ABCA1 knockdown in mice 

Biodistribution of recombinant EGFP-adenovirus in vivo 

Prior to analysing the in vivo effects of ABCA1 knockdown, it was important to 

verify adenoviral distribution in mice. The main target was to manage relatively high 

transduction in the liver tissue without any strong impact on other organs – especially 

lung and spleen. For this purpose wt mice were injected with low (2.5*108 ifu/animal) 

and high dose (2.5*109 ifu/animal) of Ad-EGFP. Three days post-infection animals 

were sacrificed, perfused with PBS and then the organs were extracted and investigated 

for EGFP-transduction ratio. The liver tissues were digested enzymatically to achieve 

single cell suspension. Then cells were counted by flow cytometry. Side and forward 

laser scattering were acquired as well as EGFP fluorescence. Laser scattering helps to 

identify hepatocytes according to size and surface structure of the counted particles. 

Detection of EGFP transduction is based on exciting the cells with the 480 nm spectral 

line of the argon laser and recording the emission at the 500-520 nm wavelength 

window. Fluorescence intensity is plotted in logarithmic scale from 1*10-1 to 1*103 

relative units. Figure 18 represents histograms of EGFP fluorescence intensity 

distribution of the single cell suspensions of Ad-EGFP-transduced liver. The detector 

sensitivity was adjusted to gate all cells with fluorescence intensity less than 1.5 relative 

units as EGFP-negative. Cells with higher emitting signal were EGFP-positive. 

At low infectious dose (2.5*108 ifu/animal) liver transduction failed. Only ~1% 

of cells expressed EGFP (fig. 18A), while at high adenoviral dose (2.5*109 ifu/animal) 

~90% of hepatocytes were successfully transduced (fig 18B). 
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Figure 18. Detection of in vivo EGFP-transduction of mice liver cells with different adenoviral dose 
by flow cytometry 
 
Mice C57Bl/6 were injected into the tail vein with low (2.5*108 ifu) and high (2.5*109 ifu) doses of 
EGFP-encoding adenovirus. Three days post-infection animals were sacrificed, a single cell suspension 
was prepared out of hepatic tissue and subjected to fluorescence flow cytometry. Fluorescence signal of 
EGFP was plotted against site scattering in logarithmic scale. Gate A2 represents portion of cells with 
EGFP fluorescence intensity higher than background. (A) Infection with low infection dose. (B) Liver 
EGFP-transduction with high adenoviral dose. 
 

In parallel histological analysis of liver, spleen and lung tissues from the animal 

infected with high Ad-EGFP dose were performed. The majority of liver cells gave a 

bright EGFP signal all over the optic section, as judged by confocal microscopy. To 

localise individual cells nucleic DNA was stained with DAPI. In contrast, spleen and 

lung cells did not exhibit any clear bright fluorescence in the green channel at the same 

conditions (fig. 19, right). To ensure the absence of any EGFP expression in peripheral 

tissues, spectral characteristic (lambda stack) of the specimen was recorded using meta-

detector (Carl Zeiss LSM 510 Meta, software version 3.0). Tissue slices were excited at 

458 nm and emission intensity in a wavelength range from 480 nm to 560 nm (every 

10 nm) was recorded in one data file (fig. 19, middle). The emission intensity data of 

the sample allows building its characteristic spectra (fig. 19, left). As expected, the 

recorded emission spectra from liver tissue were identical to EGFP characteristic 

spectrum, which was obtained from pEGFP transfected cell culture (supplement, 

figure 36). Spleen and lung had slight background green fluorescence, which is not 

similar to the EGFP spectrum. 
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Figure 19. Biodistribution of adenoviral particles in mice organs 
 
Liver, lung and spleen tissues from mice infected with high adenoviral dose (2.5*109 ifu) were cryocut, 
fixed in PFA and stained with DAPI. Confocal microscopy was performed, DAPI (blue) and EGFP 
(green) fluorescence recorded at equal conditions for all samples (right panel). Using the lambda scan 
mode, fluorescence intensity of the tissues at wavelength from 480 nm to 550 nm with step of 10 nm was 
recorded (middle). Characteristic spectral curve (left panel) helped to discriminate EGFP fluorescence 
from background. Bars are 20 µm. 
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Expression of some proteins involved in lipid metabolism in mice liver 

Wild type (C57Bl/6) male mice, 12 weeks of age were randomly organised into 

two groups (7 animals per each). After 2 days, blood puncture (day 0, fig. 20) was 

performed from the 4 hours fasted animals. Adenoviruses expressing EGFP or anti-

ABCA1 siRNA were injected into the tail vein directly after the blood puncture. Plasma 

probes were also taken on the 5th and 7th day post-adenoviral administration. 

 
 

 

 

 

 

 

 
 
 
 
 
Figure 20. In vivo experimental set up 
 
Fourteen wild type male mice were organised in two groups. Blood punctures were done before (day 0) 
and after (days 5, 7) Ad-EGFP or Ad-anti-ABCA1 viral administration. At the end of experiment animals 
were sacrificed and organs were taken for qRT-PCR and Western blot analysis. 
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Figure 21. Relative body and organess weight 
 
Before termination of the experiment animals from both g
was also weighted after perfusion (liver weight, *p < 0.03 A
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On the 7th day animals were anaesthetised, sacrificed and perfused with PBS. 

Afterwards liver tissue sample was taken for quantitative real time-PCR and for SDS-

PAGE, followed by Western blotting (fig. 20). 

The figure 21 represents relative body mass as well as liver and spleen weight. 

On the 7th day post-infection total body weight increased on 20% as a respond on 

ABCA1 silencing, but high standard deviations made data not significant. In contrast, 

liver mass decreased significantly up to 20% in this experimental group vs. control, 

p < 0.03, n = 7. 

In the figure 22 the relative expression of some genes in the liver are shown. The 

following mRNA were quantified: ApoAI, Cyp7a, SR-BI ApoE and ABCA1. GAPDH 

gene was not an appropriate normaliser since the mouse gene consists of only one exon, 

which makes no assurance for discrimination between cDNA and genomic GAPDH 

locus. For the normalisation of the mRNA levels two different housekeeping genes were 

used (PGK1 and B2M). All relative expressions were calculated using equilibrated 

“double-normaliser”. This approach ensures accuracy since theoretically the expression 

of any gene could be affected by adenoviral administration.  

In the quantification experiment no difference in ApoAI and SR-BI mRNAs was 

found. Expression of Cyp7a mRNA was elevated 1.5 times in the Ad-anti-ABCA1 

group compared with Ad-EGFP infected. However the standard deviation was relatively 

high. Expression of ApoE was significantly 1.4 times higher in Ad-anti-ABCA1 group 

(p < 0.02, n = 3). Surprisingly, no difference in cholesterol transporter transcript level 

was possible to detect. In both groups mRNA levels of ABCA1 appeared to be equal. 
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Figure 22. Comparison of mRNA levels in the liver 
 
Liver total RNA was extracted, converted to cDNA and subjected to real time quantitative PCR. For 
standardisation one pair of house box genes (PGKI and B2M) was utilised. Tissues from three animals 
were used per group. Measurements were done in triplicates. Error bars indicate standard deviation  
inbetween animals in each group from two independent experiments (liver ApoE mRNA, *p < 0.02  
Ad-EGFP vs. Ad-anti-ABCA1), n = 3. 
 

Hepatocytes membrane proteins influenced by anti-ABCA1 RNA interference 

Expression of some liver proteins involved in lipid metabolism in response to 

adenoviral administration was further investigated. On the 7th day after infection by Ad-

EGFP or Ad-anti-ABCA1 mice were perfused, liver was extracted and homogenised. 

Plasma membrane proteins were separeted in SDS-PAGE followed by Western blotting. 

The following proteins involved in lipid metabolism were detected with specific 

antibodies: ABCA1 cholesterol transporter, apolipoprotein E, LDL receptor, scavenger 

receptor class B type I and lipoprotein receptor related protein (fig. 23). ABCA1 protein 

expression was sufficiently downregulated by adenovirus mediating anti-ABCA1 RNA 

interference. In addition ApoE expression was slightly elevated as a response on Ad-

anti-ABCA1 administration.  
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Figure 23. Expression of the liver proteins 
 
Liver tissues were homogenised and plasma membranes were purified by ultra-centrifugation. Membrane 
proteins were solubilised and separated by SDS-PAGE following by Western blotting. Five animals per 
group were analysed. For the protein detection specific 1° antibodies were used as indicated. 
Visualisation was performed using corresponding secondary antibodies conjugated with HRP and 
subsequent ECL detection. 
 

In order to quantify protein abundance, Western blot membrane was digitally 

scanned and the optic density of each protein band was measured. After background 

substraction, ABCA1 and ApoE signals were calculated in percents to Ad-EGFP 

infection. On the 7th day after anti-ABCA1 siRNA liver transduction liver membrane 

ABCA1 protein amount decreased two times vs control (p < 0.001, n = 5). Furthermore, 

ApoE protein increased 1.5 times when ABCA1 was down-regulated (p < 0.003, Ad-

EGFP vs. Ad-anti-ABCA1, n = 5 (fig. 24A, B)). The expression pattern of the SR-BI, 

LRP and LDLR proteins remained similar in both groups. 
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Figure 24. Quantification of the liver plasma membrane proteins 
 
The quantification of the liver membrane ABCA1 transporter (A) and apoE (B) based on Western blot 
analysis (fig. 23). Chemifluorescence signals were scanned digitally for every protein band, after 
background subtraction relative units of intensity were averaged in each group and presented as percents 
to Ad-EGFP-treated group (*p < 0.001, **p < 0.003 Ad-EGFP vs. Ad-anti-ABCA1), n = 5. 
 

Plasma lipoproteins in mice 

Plasma from individual blood samples (n = 7) was pooled into two groups 

according to viral administration. Immediately 200 µL of pooled plasma were separated 

by S6 gel-filtration chromatography and 500 µL fractions were collected. Cholesterol, 

phospholipids and triglyceride concentrations were determined in each of 40 FPLC 

fractions (fig. 25 and 28, upper diagrams always represent lipid profile after Ad-EGFP 

infection, lower – effects of adenoviral mediated anti-ABCA1 hepatic siRNA 

expression).  

Plasma cholesterol profile had already changed significantly on the 5th day post-

Ad-anti-ABCA administration in vivo (fig. 25B). This effect became more pronounced 

at the 7th day after infection. Seven days after Ad-EGFP injection no cholesterol profile 

alterations were detected as compared to the initial day of experiment (fig. 25A). 
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Figure 25. Cholesterol content of plasma lipoproteins fractionated by FPLC 
 
Plasma samples were collected and pooled (n = 7) from C57Bl/6 mice before (blue) and 5 (green) or 
7 days (red) after injection with 2.5*109 (ifu/mouse) of Ad-EGFP (A) or Ad-anti-ABCA1 (B). Gel-
filtration of fresh plasma pools was done immediately. Cholesterol concentration was determined in each 
FPLC fraction (HDL-cholesterol, *p < 0.02 day 0 vs. day 7). VLDL-, LDL- and HDL-containing 
fractions are indicated. Fraction numbers are at the bottom.  
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To determine and compare lipoprotein concentration of different size, FPLC 

fractions from 7 to 11 were collected as VLDL-, from 13 to 17 – as LDL- and from 21 

to 26 – as HDL-containing pools. The distribution of the cholesterol concentration 

through different lipoprotein containing pools is shown in figure 26. All changes in 

cholesterol content under anti-ABCA1 siRNA treatment were observed in HDL-

containing fractions.  
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Figure 26. Plasma cholesterol concentration in different lipoprotein fractions 
 
Cholesterol concentrations were determined in every FPLC fraction (see above) and integrated to 
calculate lipids amount in VLDL, LDL or HDL containing fractions. (A) Effects of Ad-EGFP 
administration. (B) Plasma cholesterol response on Ad-anti-ABCA1 injection (HDL-cholesterol, 
*p < 0.009 day 0 vs. day 7). Experiments were repeated twice, while plasma from seven animals was 
pooled each time.  
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There was a definite progressive decrease between pre-infection day and day 7 

post-infection (fig. 26B) in contrast to Ad-EGFP infection (fig. 26A). It is important to 

note that neither Ad-EGFP nor Ad-anti-ABCA1 administration had a significant impact 

on VLDL- or LDL-cholesterol. 
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Figure 27. Cholesterol related to the plasma HDL particles 
Plasma was separated by FPLC and fractions from 21 to 26 were pooled. The cholesterol concentration in 
HDL-containing fractions was determined for the Ad-anti-ABCA1 infection (grey columns) and for the 
reference infection with Ad-EGFP (empty columns) at the different time points and calculated in percents 
to the uninfected control (striped column). Average from two experiments (*p < 0.009, Ad-EGFP vs. Ad-
anti-ABCA1). 

 

Generally, HDL cholesterol dropped down to ~ 60% of the initial level on the 7th 

day after Ad-anti-ABCA1 infection compared to Ad-EGFP (fig. 27). The plasma 

phospholipids profile was stable in the control group (Ad-EGFP infected, fig. 28A) 

during the observed period. In contrast, plasma pools obtained from Ad-anti-ABCA1 

infected animals showed a slight decrease in phospholipids in HDL containing fractions 

(fig. 28B) on the 7th day. Similar to cholesterol, figure 29 summarises phospholipids 

concentration in VLDL, LDL and HDL fractions. In the control group phospholipids in 

HDL show a little progression, and in Ad-anti-ABCA1 a slight decrease (fig. 29A and 

B). Therefore ABCA1 is also involved in phospholipids transfer. In contrast to 

cholesterol, phospholipids content did not change significantly (fig. 30) and on the 7th 

day after virus administration remained at ~85% of the initial level. 
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Figure 28. Phospholipids content of plasma lipoproteins fractionated by FPLC 
 
Plasma samples were collected and pooled (n = 7) from C57Bl/6 mice before (blue) and 5 (green) or 
7 days (red) after injection with 2.5*109 (ifu/mouse) of Ad-EGFP (A) or Ad-anti-ABCA1 (B). Gel-
filtration of fresh plasma pools was done immediately. Phospholipids concentration was determined in 
each FPLC fraction. VLDL-, LDL- and HDL-containing fractions are indicated. Fraction numbers are at 
the bottom. 
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Figure 29. Plasma phospholipids levels in different lipoprotein fraction 
 
The phospholipid concentrations were determined in every FPLC fraction (see above) and integrated to 
calculate lipids amount in VLDL, LDL or HDL containing fractions. Effects of Ad-EGFP administration 
(A) and Ad-anti-ABCA1 (B). The experiment was repeated twice, plasma from seven animals was pooled 
for each. 
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Figure 30. Plasma HDL-phospholipids levels 
 
High density lipoprotein containing fractions were separated by FPLC and fractions 21-26 of adenoviral-
infected mice (n = 7) were pooled. The empty columns represent control infection (Ad-EGFP) and grey 
columns - Ad-anti-ABCA1 infection. Phospholipids load of HDL at the different time point are presented 
in percents to the uninfected control – striped column. Average from two experiments. 

 

The triglyceride FPLC profiles were obtained with much stronger variation 

between the different days analysed (supplements; fig, 38 and 39). Generally, there was 

no pronounced effect on triglyceride concentration in any lipoprotein fraction in respect 

to adenoviral mediated hepatic ABCA1 silencing (fig. 31). 
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Figure 31. Plasma triglyceride levels in different lipoprotein fraction 
 
Triglyceride concentration was determined in every FPLC fraction (see above) and integrated to calculate 
lipids amount in VLDL, LDL or HDL containing fractions. Effects of Ad-EGFP administration (A) and 
Ad-anti-ABCA1 (B). Experiments were repeated twice, while plasma from seven animals was pooled. 
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In addition to the lipid concentration, the amount of the most important HDL 

apoproteins was compared in the different HDL fractions. The proteins in the FPLC 

fractions 21 to 24 contained the highest amount of HDL. Apoproteins were separated in 

SDS-PAGE and apoproteins AI, E and CIII were detected with the respective 

antibodies. The plasma HDL associated apoAI amount decreased dramatically on the 7th 

day after anti-ABCA1 siRNA liver transduction as judged by Western blotting (fig. 32, 

below). Furthermore, the amount of apoE in the HDL also decreased significantly 

(fig. 32, above), while apoCIII remained at a constant level (supplement, fig. 37) 
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Figure 32. Plasma apolipoproteins 7 days post-infection 
 
SDS-PAGE of HDL-containing FPLC fractions (as indicated) from pooled mice plasma (n = 7), 7 days 
post-injection with Ad-EGFP or Ad-anti-ABCA1. Western blot detection was done with anti-ApoE 
(1:2000) rabbit IgG and anti-ApoAI (1:1000) mouse IgG and visualised by GARPO (1:5000) and 
GAMPO (1:5000) respectively. 
 

In conclusion, these experiments show that hepatic ABCA silencing mediated by 

adenoviral delivery of siRNA directly influences HDL cholesterol plasma level and 

HDL associated apoproteins concentration. 
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4.  Discussion 
In this study, RNA interference mediated gene silencing for endogenous and 

ectopically expressed ABCA1 was successfully established. A recombinant adenovirus 

carrying shRNA insert was constructed, which provides down regulation of ABCA1 

expression exclusively in liver in vivo. The alteration of plasma HDL-cholesterol as 

well as the expression of apolipoproteins and liver proteins involved in lipid metabolism 

was observed over a one-week period after adenoviral administration. 

 

4.1. RNA interference construction and in vitro studies 

The overexpressing system was designed for in vitro testing of shRNAs. 

HEK293 cells were transfected with murine ABCA1 cDNA. This resulted in a ~1000x 

increase of specific mRNA production (fig 6). Furthermore, using confocal microscopy, 

ABCA1 protein was detected (fig. 7). 

To design RNA interference for ABCA1 silencing the method previously 

established in our laboratory was utilized. The plasmid-based system contained the H1 

promoter and a TTTTT sequence as a termination signal similar to the system, first 

described in 2002 (Brummelkamp 2002). The multiple cloning sites are replaced with 

asymmetric endonuclease restriction site BseRI (fig. 8). Furthermore, Laatsch et al. 

proposed to completely abandon an additional loop sequence, since up to now there is 

no evidence for the dicer-machinery to depend on certain loop structure. This solution 

helps to avoid a potential problem when siRNA of unpredictable length are formed after 

shRNA cleavage containing additional nucleotides from the loop region (Laatsch 2003). 

These are most likely not complementary to the mRNA sequence, thus disturbing the 

highly sequence-specific process of RNAi (Amarzguioui 2003). A new rule for target 

sequence selection was taken into account: target sequences should start with at least 

two nucleotides palindromic to their counterparts in the preceding mRNA sequence. 

There is a high likelihood that this will result in processed siRNA which is completely 

complementary to the mRNA sequence independent of the exact cleavage site. 

Only unique target regions were taken for the molecular design of shRNA (fig.5, 

see also methods). No significant similarities between targets and any other sequences 

in human or mouse genome were detected by the BLAST search program. This ensured 
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specific ABCA1 down regulation by siRNA without any unwelcome influences on 

other mRNAs. The murine and human targeting sequences were identical. 

To choose the most effective shRNA, clone cells were co-transfected with 

pmABCA1-FLAG, pEGFP and shRNA expressing vectors. EGFP mRNA was used as 

normaliser for the mRNA quantification. While in the protein detection experiments, 

EGFP fluorescence served as co-transfection control. Only one clone (V) was 

successful to mediate ABCA1 mRNA degradation (fig. 10) and effective to silence its 

protein as jugged by IMF and western blotting (fig. 11). 

Chiu and Rana have shown that RNA interference reaches its maximum at 

surprisingly late time – on the second day post siRNA transfection (Chiu 2002). In order 

to establish the reasonable time frame for in vivo experiments anti ABCA1 shRNA was 

studied in vitro in a time dependent manner. It was observed that the effect of RNA 

interference reaches its maximum on the third day post-transfection, and on RNA level 

stays stable until at least the fifth day (fig. 12).  

 

4.2. Adenovirus vector for shRNA delivery 

The first generation of adenovirus vector was used in this study. This system 

allows relatively easy and fast cloning and virus propagation. Insertion of shRNA 

expressing cassette has been performed by direct cloning into viral vector which has 

certain difficulties since vector is ~39 kb and the insert is just ~2 kp in size. To enrich 

successful clone outcomes, a special ligation protocol was designed for this study. 

Standard ligation procedure (see methods) was performed in PCR thermocycler blocks. 

In order to provide an optimal balance between high ligase enzymatic activity 

(approximating to the maximum at room temperature) and low motility of ligating DNA 

fragments (stopping their Brownian movement at 0°C) the reaction was exposed to 

temperature cycling between 5°C and 20°C and back to 5°C, with steps of 1°C. At each 

step, the ligation mixture was incubated for 0.5 min; the total number of cycles was 10. 

The initiation (fig.16), propagation and CsCl purification (fig. 34) of adenovirus was 

performed according to the established procedures in our laboratory. For titration, a 

commercial kit was used, which allows the determination of the number of infections 

particles capable of penetrating HEK293 cells and initiating hexon protein synthesis 

(fig 35). The titration is based on an immunochemical reaction with hexon protein of 
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viral capsid. Adenoviral titre therefore was expressed as ifu – infection forming units 

per mL. Accordingly to the manufacturer report, ifu is a very similar value to pfu – 

plaque-forming unit and titres determined by this kit were about the same as those 

determined by measuring cytopathic effects using the limiting dilution method. 

Adenovirus was injected in mice via tail vein. As shown by several studies, 

administration of the virus initiates transgene expression predominantly in the liver 

(Jaffe 1992, Zinn 1998, Awasthi 2004). The study conducted in vivo on adenoviral-

mediated hepatic overexpression of human ABCA1 in mice showed firstly that after 

infusion of 1.5*109 pfu/animal into the tail vein there was still a dose-dependent 

increase of transgenic ABCA1 hepatic expression and secondly that at the given dose 

there was no detectable spleen infection (Wellington 2003). However, in the current 

study a higher dose was used (2.5*109 pfu/animal) since it is much more important for 

knockdown experiments to transduce total cell population than for overexpression 

experiments (fig. 18). It was preliminary revealed that a dose of 2.5*109 pfu/animal 

does not make significant gene delivery to spleen and lung as judged by EGFP 

fluorescence detection (fig 19).  

Adenoviral infection itself may generally influence biological processes in vivo 

and liver lipid metabolism in particular. Therefore a control group of animals was 

obtained by administering EGFP expressing adenovirus at the same dose as anti-

ABCA1 shRNA expressing virus. 

Munehira et al. have reported that the turnover of ABCA1 transporter has a half-

life of about 1 - 2 hours (Munehira 2004). Adenoviral-delivered transgenes in the liver 

normally reach expression maximum at the third day post-administration and stay for at 

least few weeks as an episomal genetic material in hepatocytes (Jaffe 1992). Finally, as 

HDL half-life is approximately 1 day, 5 - 7 days after viral injection was seen to be a 

reasonable time to begin observations (fig. 20).  

 

4.3. Hepatic ABCA1 transporter and HDL metabolism 

In this study plasma HDL level was reduced down to ~60% by in vivo liver 

transduction with siRNA-expressing adenovirus, targeting ABCA1 cholesterol 

transporter (fig 25, 26, 27). Also HDL phospholipids were decreased down to ~75% 

(fig. 28, 29, 30). Finally HDL apolipoproteins (apoAI and apoE) were down regulated 
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(fig. 32). In contrast triglyceride concentrations as well as other lipoproteins were not 

affected (fig. 31). This result was obtained by down regulation of liver ABCA1 protein 

content only to 50% of its physiological level (fig. 23, 24). Partial protein knock-down 

could be explained by a few factors:  

a) RNA interference in vitro has never reached more than 70-80% efficiency 

(fig. 12 and 13) 

b) No more than 90% of hepatocytes were successfully transdused even at the 

highest dose (fig. 18). 

Taking these circumstances into account, it is possible to assume that hepatic 

ABCA1 cholesterol transporter is essential for the generation of 80% or more of the 

total plasma HDL particles. 

The proposal that the liver itself generates the majority of the HDL only appears 

to be controversial – in fact it is not. This does not harm the general concept of reverse 

cholesterol transport but with slight modification incorporates previously discovered 

facts and helps to solve existing paradox. 

Four points must firstly be considered: 

It has been shown that only lipid-free apoAI is able to interact efficiently with 

ABCA1 in vitro (Denis 2004). This therefore forms a paradox with the findings that 

lipid-free-apoAI molecules are normally not present in significant quantities in plasma 

(Liang 1994, Asztalos 1995). So apoAI is only able to compose plasma HDL in the 

form it is never present in plasma. 

The Wisconsin Hypoalpha Mutant chicken hypercatoblises apoAI and 

accumulates cholesteryl esters in hepatic parenchyma and intestinal epithelial cells 

(Oram 2002). This implies that unlipidated apoAI is rapidly cleared from the plasma, 

presumably by the kidney. So it is rather senseless to secrete apoAI directly to the 

plasma. 

Banerjee et al. have shown that synthesised apoAI was rapidly transported from 

RER to Golgi complex, and that at steady state apoAI was predominantly localised in 

trans-Golgi network and derived primarily from biosynthetic and not from endocytic 

routes (Banerjee 1997). 

ABCA1 transporter can shuttle between plasma membrane and late and early 

endosomes (Neufeld 2001, Neufeld 2002).  
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When mentioned above statements are taken together, the following hypothesis rises:  

ApoAI, when synthesized by the liver, should be immediately lipidated via 

ABCA1 dependent phospholipids and cholesterol efflux to prevent its rapid 

degradation. Lipidation may happen not only on the surface of the hepatocytes but also 

in some endocytic compartments. By docking to the ABCA1, apoAI is capable of 

stabilizing the transporter and enhancing its expression. This post-transcriptional in-situ 

lipidation of apoAI leads to the formation of discoidal pre-HDL particles. Therefore 

cholesterol of nascent HDL originates exclusively from the liver.  

This illustrates a primarily function of ABCA1 in plasma HDL. 

Next, must be consider the following: 

The very recent findings of Neufeld et al., that cholesterol is retained in late 

endocytic compartments and that the motility of those compartments is impaired, 

suggests that the cellular cholesterol sequestered in TD fibroblast late endocytic vesicles 

impairs their movement toward the cell surface (Neufeld 2004). So ABCA1 is involved 

in the transportation of lipids to the plasma membrane. 

ABCA1 can efflux phospholipids and cholesterol to apoAI either directly 

(Wang 2000) or indirectly – by creating lipid domains (Chambenoit 2001) from lipid 

rich tissues in vitro.  

In monocytes/macrophages from TD patients, the basal as well as apoAI 

dependent cholesterol efflux is only moderately impaired. Additional mechanisms must 

be active to overcome the ABCA1 defect, which are not present in fibroblasts. It was 

speculated that members of the ABCB and ABCC families conduct this function 

(Klucken 2000). A most resent study revealed the crucial role of ABCG1 and ABCG4 

for cholesterol efflux from macrophages to both smaller (HDL-3) and larger (HDL-2) 

particles (Wang 2004). 

Studies with bone marrow transplantation in ABCA1 knockout mice have 

established that expression of ABCA1 in macrophages alone does not increase plasma 

HDL significantly (Joyce 2002, van Eck 2002, Haghpassand 2001). 

Despite the already discussed essentiality of lipid-free apoAI for ABCA1 

dependent cholesterol efflux, ABCA1 looks rather more like a secondary player in the 

process of cholesterol efflux from peripheral tissues and plasma HDL formation, 
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because it is dependent on pre-existing nascent HDL and could be competed by other 

mechanisms. 

Furthermore, the accumulation of apoE in the liver (fig. ) and the drastic 

decrease of HDL-derived apoE (fig. ) imply an important role of intracellular apoE for 

the formation of mature HDL via ABCA1 in vivo. This hypothesis receives support 

from two recent studies with ABCA1 deficient mice with focus on the central nervous 

system (Wahrle 2003, Hirsch-Reinshagen 2004). The lack of ABCA1 resulted in 

considerably lower apoE levels in plasma, cerebrospinal fluid, an impaired lipidation of 

astrocyte-derived apoE (Wahrle 2003) and an intracellular lipid accumulation in 

astrocytes (Hirsch-Reinshagen 2004). Thus, the results are suggestive of an intracellular 

pathway existing in lipoprotein-synthesizing cells, in which apoE is tethered to lipids 

within endosomal compartments (Heeren 2003). These lipid-laden vesicles probably 

serve as a pool for the lipidation of extracellular apoA-I, in a process which is regulated 

by the gatekeeper ABCA1.  

The other findings of this work were concerned with the apoE metabolism in 

response to ABCA1 functional knockdown. The amount of apolipoprotein associated 

with HDL was reduced. In contrast, levels of apoE in the liver increased by 50%, 

consistent with elevation of its mRNA expression level. This may be explained by the 

results of a study of apoE recycling in human fibroblasts and hepatocytes made by 

Heeren et al. This showed that recycling of TRL-derived apoE in vitro is stimulated by 

HDL-3 particles and associated with internalisation of HDL-3 derived apoAI and 

cholesterol efflux (Heeren 2003). The recycling of apoE results in the formation of 

cholesterol/apoE enriched HDL particles. In the light of these findings it was proposed 

that, at the cell surface, HDL (especially its apoAI component) could interact with 

ABCA1. This interaction may play a key role for binding, internalisation, lipidation and 

re-secretion of HDL derived apoAI during apoE recycling.  

Thus, hepatic ABCA1 silencing might perturb apoE recycling. Elevation of 

apoE mRNA expression in the liver has probably happened to counteract the loss of 

apolipoprotein in the plasma since more and more of it becomes trapped in recycling 

endosomes of hepatocytes.  

From this study it is not entirely assured if apoE recycling was primarily affected 

by the loss of either hepatic surface or endosomal ABCA1, or if it was an indirect effect 
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mediated by the decrease of plasma HDL. Finally, hepatic sequestration of apoE might 

be a cumulative effect as a smaller amount of plasma HDL has much smaller chance of 

activating apoE recycling via less abundant ABCA1.  

Surprisingly, siRNA mediated ABCA1 mRNA degradation in vitro and in vivo 

was different. In vitro experiments were set up as method validation of RNA 

interference gene silencing and the protein expression was consequently reduced 

following a degradation of its messenger RNA (fig. 10 and 11). ABCA1 mRNA levels 

in mice liver were not altered after adenoviral mediated RNA interference (fig. 22). This 

is in contrast to a markedly reduced liver ABCA1 protein content (fig. 24A) and to 

physiological effects on HDL metabolism (fig. 27). 

One possible explanation for the difference between mRNA and protein levels in 

vitro and in vivo could be given by the hypothesis proposed by Laatsch et al. 

(Laatsch 2003). Their findings suggest that shRNA targeting mRNA can also mediate 

post-transcriptional protein repression by blocking mRNA translation without 

messenger degradation – the so-called miRNA pathway (Grosshans 2002). Since the 

functional interconversion of siRNA- and miRNA-mediated protein repression was 

already demonstrated (Hutvagner 2002, Doench 2003) it was possible to hypothesise 

that siRNA-like mRNA degradation and miRNA-like translational repression may only 

be the extrema of a sterically regulated process. Haley and Zamore have shown that 

continuous, central A-form helix produced by mRNA and antisense siRNA is essential 

for RISC-mediated Mg2+-dependent endonucleolytic cleavage of mRNA. If the central 

helix is disturbed, by wobble for example, mRNA could not be cleaved but translation 

would be reduced (Haley 2004). It is however possible that siRNA and miRNA 

mechanisms have different biochemical requirements or could be triggered by the host, 

since in this study in vivo and in vitro experiments have been done on mouse and human 

backgrounds respectively. From another point of view, if siRNA and miRNA do not 

require two independent molecular pathways, then the existence of a minimum unit of 

RNA interference may be revealed by the difference between mouse and human 

physiology, highlighting a situation where one process supports and/or mimics the 

other. In this case either human or mice model may be partially depleted in RNA 

interference machinery, which deserves additional study. 



     

5. Summary 

The role of the hepatic ABCA1 cholesterol transporter for HDL metabolism was 

studied in this dissertation using adenoviral-mediated RNA interference to target 

ABCA1. The influence of hepatic siRNA-mediated ABCA1 down-regulation on HDL 

plasma concentration in vivo was analysed. Five different plasmid-based siRNA vectors 

directed against sequences within the murine ABCA1 gene were generated. The 

efficiency of siRNA-mediated down-regulation of a co-transfected ABCA1 construct in 

HEK 293 cells was judged by RT-PCR, immunofluorescence and Western blot analysis. 

The recombinant adenovirus was constructed using the most effective plasmid, enabling 

down-regulation of ABCA1 expression exclusively in the liver. This anti-ABCA1 virus 

was administrated into the tail vein of C57Bl/6 male mice in the dose of 2.5*109 ifu. 

One week after injection, in comparison to the control group (administrated with EGFP 

expressing adenovirus), Western blot analysis of liver membrane preparations indicated 

a significant (~50%) down-regulation of endogenous ABCA1 protein in all Ad-anti-

ABCA1 treated mice. Moreover, FPLC analysis of pooled plasma samples revealed that 

ABCA1 protein reduction was associated with an approximately 60% reduction of HDL 

cholesterol levels while other lipoprotein classes were not influenced. 

As a secondary effect a 1.5 times elevation of apoE expression was observed in 

the liver as a response to ABCA1 down regulation, while other proteins involved in 

lipoprotein metabolism were not influenced.  

In conclusion, the current study demonstrates that hepatic ABCA1 silencing 

mediated by adenoviral delivery of siRNA markedly reduced HDL cholesterol plasma 

levels in mice. 
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5. Supplements 
 
 
 
 
 
 
 
 
                                   stop                   start 
 
 
 
 
          H1 promoter 
 
 
Fugure 33. Sequence conformation of cloning anti-ABCA1(II) siRNA-expressing oligonucleotide 
into the plasmid pALsh 
 
The plasmid pAL-anti-ABCA1 was sequenced starting from revers primer seqALsh. Termination site 
penta-T motive and transcriptional initiation site (indicated with arrows) flanks palindromic 
oligonucleotide sequence encoding anti-ABCA1(II) siRNA (vertical line indicates symmetry position). 
Horizontal arrow – partial H1 promoter sequence. 
 
 
 

A  B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34. Concentration of adenoviral particles in CsCl density gradient 
 
Cells with productive adenoviral infection were harvested and lysed by three cycles of freezing-thawing 
in liquid nitrogen. Lysate was loaded on CsCl density gradient and ultracentrifuged.  
(A) before ultracentrifugation.  
(B) After ultracentrifugation: two white bandes formed, upper – defective viral particles at the lower 
density; lower band represents more dense particles. 
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Figura 35. Adenoviral titretion 
 
HEK293+E1 competent cells in 12-well plate were infected with different adenoviral dilutions as 
indicated. (A) Two days post-infection cells were fixed, immunostained with anti hexon-protein antibody 
(mouse, 1:1000) and visualised with HRP-conjugated anti-mouse IgG antibody (rat, 1:500) and DAB 
reaction. (B) Titre determination was done by counting hexon-positive cells at x20 magnification 
accordingly manufacturers recommendations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Reference EGFP fluorescence spectrum 
 
Emission spectrum of pEGFP-transfected cell culture was recorded. Confocal microscopy, lambda 
scaning mode (wavelength window step = 10 nm). Exitation wavelength is 458 nm. 
 
 

        Ad-EGFP              Ad-anti-ABCA1 
 

ApoCIII  d0 
 
 

ApoCIII  d7 
 
  FPLC    21   22   23   24            21   22   23   24 
fraction 
 
Figure 37. Plasma apolipoprotein CIII 
 
SDS-PAGE of HDL-comtaining FPLC fractions from C57Bl/6 mice plasma (n = 7) before (above) and 
7 days after (below) injection with 2.5*109 (ifu/mouse), of Ad-EGFP or Ad-anti-ABCA1. Western blot 
detection were done with apoCIII (1:1000) antibody and visualised by GARPO (1:5000) and ECL. 
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Figure 38. Triglycerides of plasma lipoproteins fractionated by FPLC 
 
Plasma samples were collected and pooled (n = 7) from C57Bl/6 mice before (blue) and 5 (green) or 
7 days (red) after injection with 2.5*109 (ifu/mouse) of Ad-EGFP (A) or Ad-anti-ABCA1 (B). Gel-
filtration of fresh plasma pools were done immediatly. Triglyceride concentration was determined in each 
FPLC fraction. VLDL-, LDL-, HDL- and glycerol-conteining fractions are indicated. Fraction numbers 
are at the bottom. 
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Figure 39. Plasma HDL-triglyceride levels 
 
High dencity lipoprotein conteining fractions separated by FPLC (21-26) from plasma pools of adenoviral 
infected mice (n = 7). Empty columns for control infection – with Ad-EGFP, grey columns for Ad-anti-
ABCA1 infection. Tridlyceride load of HDL at the differen time point presented in percents to the 
uninjected control – striped column. Overage from two experiments. 
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7. Appendix 

7.1. Plasmids used in the study 

Unique endonuclease restriction positions, main elements of the plasmids and primer 

locations are shown below. 

 

pcDNA3.1-mABCA1-FLAG 

12306 bps

 
CMV

 Amp ABCA1II

 
III

pUC ori IV V
VI

 

 

 qPCR fp 

qPCR rp  
f1 ori 

VII
FLAG

BGH polyA  
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pEGFP-N1
4733 bps

,4675 A flIII ,6VspI 609 
BglII
XhoI
SacI 
HindIII

591 ,NheI EcoRIpCMV SalI 
KpnI
SacII
SmaI 
XmaI
BamHI
660 

 EGFP orf

 

 
 1400 NotI ,
 1411 XbaI , SV40polyA

Kan/Neo R 
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pALsh
3185 bps

BseRI , 226 
BseRI , 232 

AvaI , 249 
XhoI , 249 

XbaI,3150
SpeI,3156
AvaI,3168

3180 ,EcoRI
 

 

 

H1promoter
 

seqALsh

 f1 origin 

 

 

 

 
ColE1 ori 

 

Amp R 
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pE1.1
2731 bps

2728 ,PacI
 

 
 386 SalI ,Ad 5' end

 403EcoRI ,
 PflMI ,426

 

 

 

 Kan R 

 

 

 

 

P, 1465 flMI 

 

 

 

 

 

 95



   Appendix   

 

 

 

 

pE1.1-anti-ABCV

2996 bps

XbaI , 290 

PacI ,655

P, flMI 1915 

PflMI,2954
2970 ,SpeI

ushABC V 

 

H1promoter
 

 
Ad 5' end 

 

 

 

 

 

 
Kan
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pAdenoQuick1.1
39.3 kb

SfiI,27
SphI,200

SphI,1676
XhoI,2327 

NotI,3041 

XhoI , 4793 

XhoI , 6238
XhoI ,6833
SnaBI,6844

NheI,7348
NotI,8042

NotI,9973

NotI ,12562
NotI , 12888

NotI , 13848
SphI , 14311
SphI , 14356

NheI,17690 
BamHI,18101 

X hoI,21335 
N heI,21538 
S phI,21633 

S naBI,21710 
N heI ,22225 

EcoRI ,23870 

N otI ,26048 
X hoI ,26330 

E coRI ,26588 

S phI ,27759 
N heI ,28048 

S naBI ,32307 
P acI ,32475 

SnaBI,38286
SphI,38472

39326,SfiI
 

 

 

 
Amp R 

 

 

 

 

 
Ad 3' end

 

 

 

 

 

 

 

 

 97



   Appendix   

 

 

 

 

 

 

 

 

 

 

 

 

 

pAd-anti-ABC1
41.3 kb

NheI,232

NotI,275
PacI,655

XhoI,1070
SphI,2775 
SnaBI , 2961 

PacI,8770
SnaBI,8940

NheI,13199
SphI,13488

XhoI , 14917
NotI , 15197

NheI,19022
SnaBI,19537
SphI,19614
NheI,19709

XhoI,19912

BamHI, 23146 
NheI, 23557 

SphI, 26891 
SphI, 26936 

NotI , 27397 
NotI , 28357 

NotI , 28683 

NotI , 31272 

NotI , 33203 
NheI , 33899 
SnaBI , 34403 
XhoI , 34414 

XhoI, 35009 

XhoI ,36454

NotI , 38204 
XhoI, 38920 

SphI,39571
SphI,41047

ushABC V Ad 5' end

Kan

Amp R 

Ad 3' end

H1promoter

 

 
NheI NotI SnaBI SphI XhoI 
12967 14922 14866 16576 12640 14502 
10342 12200 10597* 14866 10713 13847 
7589 5000 9814 9814 7277 4995 
5823 3327 5979*  6126 3406 
3849 2589   2948 2466 
686 1931   1476 1445 

 960   40 595 
 326     

Some endonuclease restriction sites and molecular size of correspondent DNA 
fragments are shown. Sites and fragments used for the selecting of the recombinant 
adenoviral genome are in green. One reported SnaBI is not present in this plasmid (in 
red), which results in unexpected digestion pattern (see fig. 15) 
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7.2. Figures and Tables 

Figure 1. Model of the topological organization of the human ABCA1     9 

Figure 2. Schematic overview of possible RNA interference pathway in animals  16 

Figure 3. Technical approach utilising siRNA phenomena     17 

Figure 4. Schematic view of the human adenovirus particle, serotype 5   20 

Figure 5. Murine ABCA1-FLAG expressing cassette in pcDNA3.1 plasmid  49 

Figure 6. ABCA1 expression in human cell culture      50 

Figure 7. Immunofluorescence of HEK293 cells overexpressing  

murine ABCA1-FLAG        51 
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plasmid pALsh         52 

Figure 9. Cloning of anti-ABCA1 siRNA-expressing vector    54 
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transgenic murine ABCA1 in cells transfected with  

various constructs expressing anti-ABCA1 siRNAs     55 
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Figure 12. Ability of siRNA to suppress tgABCA1 mRNA  
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amount of transfected cDNA        59 
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Figure 16. Adenoviral plaque formation       62 

Figure 17. Adenoviral effects on the ABCA1 expression     63 

Figure 18. Detection of in vivo EGFP-transduction of mice liver cells with different 
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Figure 20. In vivo experimental set up       67 
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Figure 30. Plasma HDL-phospholipids levels      77 
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7.3. Abbreviations 

 ABCA1   ATP binding cassette transporter A1 
Ad   adenovirus 
Amp   ampicilin  
Apo   apolipoprotein 
APS   ammonium persulphate 
ATP   adenosin-5´-triphosphat 
BGH   bovine growth hormone 
(k)bp   base pair  
BSA   bovine serum albumin 
CE   cholesterol ester 
CETP   cholesteryl ester transfer protein 
CH   total cholesterol 
CIP   alkaline phosphatase, calf intestinal 
CM   chylomicrons 
CMV   cytomegalovirus 
CR   CM remnants 
Ct   threshold cycle 
Cyp7a   cholesterol-7a-hydroxilase 
(k)Da   Dalton 
DAB   3,3'-diaminobenzidine 
DAPI   4',6-diamidino-2-phenylindole 
DMEM   Dulbecco’s modified Eagle medium 
DMSO   dimethylsulphoxide 
(c)DNA   (coding) desoxiribonucleic acid 
DNase   desoxiribonuclease 
dNTP   deoxyribonucleoside 5´-triphosphate 
DTT   ditiotrietol  
ECL   enhanced chemoluminescence 
EDTA   ethylendinitrilotetraacetic acid 
EGFP   enhanced expressed green fluorescent protein 
ER   endoplasmatic rethiculum 
f1   filamentous bacteriophage f1 
FBS   foetal bovine serum 
FC   free cholesterol 
FFA   free fatty acids 
fig.   figure 
FPLC   fast performance liquid chromatography 
HDL   high density lipoprotein 
HEK293   human embryonic kidney cells 
HRP   horseradish peroxidase 
HSPG   heparan sulphat proteoglycans 
HuH7   human hepatoma cells 
IDL   intermediate density lipoprotein 
ifu   infectious units 
Ig   immunoglobulin 
IMF   indirect immunofluorescence 
Kan   kanamycin 
LB   Luria broth 
LCAT   lecithin:cholesterol acylt transferase 
LDL   low density lipoprotein 
LDLR   LDL receptor 
LPL   endotelial lipoprotein lipase 
LRP   LDLR-related protein 
M-MLV RT  moloney murine leukemia virus reverse transcriptase 
MOI   multiplicity of infection 
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MTP   microsomal triglyceride transfer protein 
OD   optic density 
p(X)   plasmid 
PAGE   polyacrylamide gel electrophoresis 
PBS   phosphate buffered saline 
PERPP   post-ER presecretory proteolysis 
PFA   paraformaldehyde 
pfu   plaque forming unit 
PIC   protease inhibitor cocktail 
PL   phospholipids 
PLTP   phopholipid transfer protein 
PPD   N-(1-methylheptyl)-N´-phenyl-p-phenylenediamine 
RCT   reverse cholesterol transport 
(m)(mi)(si)(sh)RNA (messenger) (micro) (small interfering) (small hairpin) ribonucleic acid 
RNase   ribonuclease 
rpm   rotation per minute 
RPMI-1640  Roswell Park Memorial Institute cell culture medium 
RT   room temperature 
(q)RT-PCR  (quantitative) reverse transcription polymerase chain reaction 
SDS   sodium dodecil sulphate  
SR-BI   scavenger receptor BI 
SV40   simian virus 40 
T4   bacteriophage T4 virus 
tab.   table 
TAE   TRIS-Acetat-EDTA buffer 
TBE   TRIS-Borate-EDTA buffer 
TD   Tanger disease 
TE   TRIS-EDTA buffer 
TEMED   N,N,N',N'-tetramethylethylenediamine 
tg   transgenic 
TG   triglyceride 
TRIS   Tris(hydroximethyl)-aminomethan 
TRL   triglyceride rich lipoproteins 
VLDL   very low density lipoprotein 
VLDLr   VLDL receptor 
wt   wild type 
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