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ABSTRACT 
 
Today’s rapid development of powerful tools for gene expression analysis provides 
unprecedented resources for elucidating complex molecular events.  
 
The objective of this work has been to apply, combine and evaluate tools for analysis 
of differential gene expression using atherosclerosis as a model system. First, an 
optimised solid-phase protocol for representational difference analysis (RDA) was 
applied to two in vitro model systems. Initially, The RDA enrichment procedure was 
investigated by shotgun cloning and sequencing of successive difference products. In 
the subsequent steps, combinations of RDA and microarray analysis were used to 
combine the selectivity and sensitivity of RDA with the high-throughput nature of 
microarrays. This was achieved by immobilization of RDA clones onto microarrays 
dedicated for gene expression analysis in atherosclerosis as well as hybridisation of 
labelled RDA products onto global microarrays containing more than 32,000 human 
clones. Finally, RDA was applied for the investigation of the focal localisation of 
atherosclerotic plaques in mice using in vivo tissue samples as starting material.  
 
A large number of differentially expressed clones were isolated and confirmed by real 
time PCR. A very diverse range of gene fragments was identified in the RDA 
products especially when they were screened with global microarrays. However, the 
microarray data also seem to contain some noise which is a general problem using 
microarrays and should be compensated for by careful verification of the results. 
 
Quite a large number of candidate genes related to the atherosclerotic process were 
found by these studies. In particular several nuclear receptors with altered expression 
in response to oxidized LDL were identified and deserve further investigation.  
Extended functional annotation does not lie within the scope of this thesis but raw 
data in the form of novel sequences and accession numbers of known sequences have 
been made publicly available in GenBank. Parts of the data are also available for 
interactive exploration on-line through an interactive software tool. The data 
generated thus constitute a base for new hypotheses to be tested in the field of 
atherosclerosis. 
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INTRODUCTION 
 

1. Genome, transcriptome and proteome – the Central dogma in the modern world 

The investigation of genes and their functions has become a fundamental part of modern 

biological research. Their role in cellular organization was established in the central dogma for 

molecular biology that was proposed by Francis Crick in 1957 (Crick 1958) and has been 

regarded as a cornerstone in molecular biology ever since. The experimental evidence at that 

time was summarized to describe a general organization in eucaryotic cells where defined 

portions of genomic DNA were transcribed into RNA messenger molecules that were then 

modified and translated into proteins, the building blocks and catalysts of cellular activities 

(Figure 1). The simple concept shed new light on cellular organization making it 

comprehensible and open to further investigation. 

 

 

 
Figure 1. Francis Crick postulated the central dogma for molecular biology in 1957. The 

reverse transcription was discovered later and has important implications in modern molecular 

research. 
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Increased knowledge and refined techniques for exploration of cellular components and their 

interactions have been obtained since then. For example, new sequencing technologies have 

enabled elucidation of thousands of gene sequences. In only the last few years, whole genome 

sequences of several organisms including human have been reported (Lander, Linton et al. 

2001) (Venter, Adams et al. 2001). The parallel development in computational tools has 

facilitated processing of the enormous amounts of accumulating biological data, providing an 

unprecedented resource in the further exploration of genes and their functions. The progress 

has given a new perspective to the central dogma where the one-gene-one-protein concept has 

been transformed into a more complex form. Genomic data has opened up the possibility for 

systematic exploration of all transcribed genes, referred to as the transcriptome. Correlations 

with the complex protein networks – the proteome  (or even interactome) - is leading on to the 

next phase involving system biology and metabolomics, as high-throughput techniques such as 

array technology (mentioned later in this thesis as a tool to study gene expression) are being 

modified for future applications. Modern research goals are set high, aiming to achieve 

comprehensive pictures of cellular activities involving millions of molecules and interactions. 

Currently, the most intense efforts are in assigning functions to all identified genes i.e. 

functional genomics (Strausberg and Riggins 2001). This thesis describes work within this 

field, employing both selective techniques and new global approaches, to find differentially 

expressed genes with implications in atherosclerosis.  

 

2. Eucaryotic gene expression - the transcriptome 

The transcriptome is defined as all the genes that are transcribed in a species. Sequencing of 

genomes has revealed that the portion of genomic DNA that encodes genes varies greatly 

between organisms, so while for example the yeast genome contains approximately 70% 

coding regions, the human genome roughly contains only 3% coding sequence corresponding 

to approximately 32,000 different genes. This was a surprisingly low number of genes as 

previous estimates were ranging from 30,000 to 120,000 genes (Lander, Linton et al. 2001) 

(Venter, Adams et al. 2001). Intuitively it would also seem that a complex creature like 

humans should have a correspondingly extensive set of genes, but apparently the number of 

human genes are only about twice that of the fruit fly (Drosophila melanogaster, 13,600 genes 

(Adams, Celniker et al. 2000)) and are even fewer than “perfectly simple” organisms like 

plants (rice (Oryza sativa L. ssp. Indica), 46,000 to 56,000 genes (Yu, Hu et al. 2002)). The 

complexity mediated by genes can thus not be explained merely by  their numbers but other 

processes also need to be considered. 
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Transcription of a gene is initiated in a genomic promoter region that contains transcription 

start signal sequences, followed by the gene sequence and a stop signal sequence in the end. 

Transcription in the eucaryotic cell will result in a complementary RNA copy of the gene, that 

is further modified in a number of RNA processing steps and transported into the cytoplasm 

where the translation takes place (Figure 2). During transcription, the RNA copy is growing in 

the 5´ to 3´ direction and while the chain is still forming, the first RNA processing step takes 

place. A 5´ cap structure is formed by binding of a GTP molecule to the second last nucleotide 

in the 5´ end of the RNA, followed by specific methylation. The cap seems to function both to 

protect against RNA degradation and is also required for RNA binding to ribosomes which 

initiates translation. Next, 3´ clipping of the transcript occurs at a specific signal sequence. 

Several alternative clipping sites can exist in the same gene sequence, which are used to create 

transcripts of different lengths and potentially different functions from the same gene. The 3´ 

end is then polyadenylated by the addition of 150-250 adenosine 5´ monophosphate (AMP) 

residues forming a polyA tail, which is also thought to serve as protection against degradation. 

The polyA tail can be used to distinguish mRNA from other RNA species.  

 

The transcript is further modified by a process termed splicing that involves the elimination of 

specific parts of the transcript, called introns, so that only some parts (exons) remain in the 

final transcript. Splicing has been under intense investigation for a long period, but has been 

under renewed attention due to its pivotal role in gene function. There appear to exist at least 

two to three different transcript variants (or splice variants) per gene each with different 

combinations of exons (Galas 2001). Several such splice variants have also been shown to 

drastically alter the function of the protein products e.g. by exclusion of certain functional 

groups (Graveley 2001) (Modrek and Lee 2002). Finally, the processed mRNA transcript is 

transported into the cytoplasm for translation to protein product until the mRNA transcript is 

degraded. mRNA molecules are easily degraded by RNAases enabling quick termination of 

protein production. The half-lives of transcripts have been shown to be sequence specific and 

to be regulated by a number of factors e.g. hormones (Wang, Liu et al. 2002) (Ross 1995).   

 

An important regulation mechanism in gene expression lies in the initiation phase of 

transcription. Obviously, the most economic way to not generate a certain protein is to not 

transcribe the gene and generally, proteins that are needed in many copies e.g. haemoglobin in  
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Figure 2.  Transcribed mRNA precursor molecules termed heteronuclear RNAs (hnRNAs) are 

subjected to 5´ capping, 3´ polyadenylation and splicing to become mature mRNA transcripts.  

The untranslated regions (UTR) in the 5´ and 3´ ends of the transcripts are shown in black. 

 

 

blood cells, should be represented by many mRNA copies. The relative abundance of a gene 

transcript, resulting from the transcription and degradation processes, is therefore interesting 

and should give insight into which molecules are necessary for each specific cell type. It has 

been estimated that a selection of more than 10,000 genes are active at a given time in a human 

cell (Yamamoto, Wakatsuki et al. 2001). Of these, the majority are used to carry out basic 

cellular processes like metabolism and maintenance of cellular structures, but a small portion 

represent cell specific functions and can be used to identify important differences between cell 

types. The complexity is further increased by the continuous changes in gene expression in 

cells in response to varying external stimuli or phases of cell differentiation, so that the pool of 

transcripts present always corresponds to the need of the cell. Gene expression studies often 

aim to identify and measure the number of copies of each transcript, creating an “expression 

profile” for a cell or they can also be used to look specifically at genes with altered expression 

levels in response to a certain treatment or stimuli. However, it should be noted that transcript 

profiles do not always correspond to similar protein profiles (Griffin, Gygi et al. 2002). 
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It is interesting to note that most transcribed sequences (95-99%) represent non-coding RNA, 

i.e. RNA that is not further translated into protein but has other functions. These have different 

structures than mRNA and include ribosomal RNA (rRNA), transfer RNA (tRNA) and other 

small RNAs. These RNA species will not be further discussed here. However, excellent 

reviews on the subject are available (Mattick 2001) (Eddy 2001). 

 

3. Global approaches to gene expression analysis 

Sequencing of complete genomes in order to find genes can be a tedious task especially in 

mammalian genomes where only a small portion of the genomic sequence is actually coding 

sequence. Analysis of genes has thus been greatly facilitated by the specific isolation of 

mRNA by hybridization of the mRNA polyA tail to a complementary polyT oligonucleotide 

probe that is immobilized on a solid support. The total population of mRNA transcripts in a 

cell has the advantage of representing only the expressed genes and contains only coding 

sequences. By reverse transcription of the mRNA into complementary DNA (cDNA) (Figure 

1) and cloning of the cDNA, a cDNA library is created with the same sequence distribution as 

the original mRNA. By random sequencing of clones and comparisons of the levels of 

expressed genes in various cells, e.g. in response to different stimuli or disease conditions, 

variations in cellular phenotypes can be investigated on a molecular level.  

 

3.1 EST sequencing 

An important such sequencing approach to discover novel genes and to achieve global gene 

expression profiles relies on the sequencing of expressed sequence tags (ESTs) from a cell type 

or tissue cDNA library (Adams, Kelley et al. 1991). This is performed by single-pass 

sequencing of a large number of cDNAs traditionally yielding sequence tags of around 300-

500 bp in length. Each tag sequence is assigned an individual annotation and represents a 

certain gene transcript. By sequence assembly of EST sequences, the frequency of individual 

transcripts can be obtained, giving estimates of gene expression levels and complexity (Adams, 

Kerlavage et al. 1993) (Matsubara and Okubo 1993).  

 

Different strategies for EST sequencing have been employed where sequences are obtained 

from different regions of the transcripts (Figure 3). Random strategies were initially used 

(Adams, Kelley et al. 1991) (Adams, Dubnick et al. 1992) primarily yielding sequences from 

coding regions within genes. This had the advantage of enabling sequence comparison of 
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protein sequences in order to establish gene function. Most EST efforts, however, have been 

performed by directional cloning of cDNAs and sequencing from the 5´ or 3´ ends of 

transcripts. Like random sequencing, the 5´ sequencing strategy proved successful in 

identifying coding regions within genes, primarily because the majority of cloned cDNAs are 

truncated (so the true non-coding 5´ end of the transcripts is missing) (Williamson 1999). In 

contrast, 3´ sequences (starting from the polyA tail) span the 3´ untranslated region (UTR), 

which is more transcript specific due to less evolutionary conservation in such non-coding 

regions. These 3´ tags therefore yield a more specific representation of transcripts and in 

addition, each tag is in a more defined position on the transcript facilitating tag counting and 

transcript profiling.  

 

 

Figure 3. Different regions of mRNA transcripts are investigated depending on sequencing 

strategy. Random tag sequencing will yield sequence from any transcript region whereas 

SAGE (see below) will yield short tags at a defined site close to the 3´ end.  
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Initially, EST sequencing was one of the most important methods for discovery of novel genes. 

Currently, the generated EST data is helpful in the prediction of gene coding regions and splice 

variants from genomic data. Furthermore, the large amount of EST sequence data deposited in 

data bases, in combination with publicly available clone collections, is now used for further 

characterization of the transcripts and their function by microarray analysis and full-length 

sequencing of genes (Strausberg, Camargo et al. 2002) (Wheeler, Church et al. 2001) (Lennon, 

Auffray et al. 1996). Examples of accessible public sequence databases are listed in Table 1. 

 

The outcome of tag sequencing for transcript profiling depends largely on the number of tags 

sequenced. In order to truly represent all transcripts in a cell, many thousands of clones must 

be sequenced and even then the rare transcripts will most likely be missed. EST sequencing in 

transcript profiling is therefore an expensive and laborious procedure and methods for more 

efficient tag sequencing have been presented. An estimation was made by Zhang et al. that at 

least 300,000 tags should be sequenced from one cDNA library to obtain a reliable expression 

profile and even then there is “only” a 92% chance of detecting tags for transcripts present in 

on average three copies per cell (Zhang, Zhou et al. 1997). 

 

3.2 SAGE 

Serial analysis of gene expression (SAGE) is a strategy for more extensive tag profiling of 

cDNA than EST sequencing (Velculescu, Zhang et al. 1995) (Adams 1996) and has been 

employed in various studies (Yamamoto, Wakatsuki et al. 2001). The SAGE protocol uses a 

type IIS restriction enzyme that specifically cleaves DNA at a distance downstream of its 

recognition site. This enables the creation of short (9-10 bp) nucleotide sequence tags derived 

from the 3´ end of cDNA transcripts. The tags can be concatemerized in long continuous 

stretches of DNA where tag dimers are separated by specific 4 bp linker sequences. Cloning of 

the concatamerized tags enables efficient sequencing of up to 50 tags in one sequence run 

which drastically increases the high-throughput capacity of the method and allows for many 

thousands of tags to be sequenced within a short time and at a low expense. The obvious 

advantage of the method is that the expression profiles generated will benefit from the high 

number of tags included, so that rare transcript are more likely to be detected and tag counts 

more representative of true expression levels. Having created expression profiles for one cell 

type, a statistical comparison with SAGE profiles from other cells can be performed for 

detection of similarities and differences in gene expression. The method has been applied in a 

number of cancer studies (Zhang, Zhou et al. 1997) (Hibi, Liu et al. 1998), immunological 
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studies (Chen, Centola et al. 1998) (Hashimoto, Suzuki et al. 1999) (Hashimoto, Suzuki et al. 

1999) and for rice and yeast transcription profiling (Matsumura, Nirasawa et al. 1999) 

(Velculescu, Zhang et al. 1997).  

 

Table 1.  Selected public sequence databases (modified from (Baxevanis 2002)) 

DNA Data Bank of 
Japan (DDBJ) 
 

http://www.ddbj.nig.ac.jp 
 

 
All known nucleotide and protein 
sequences; International 
Nucleotide Sequence Database 
Collaboration 
 

EMBL Nucleotide 
Sequence Database 
 

http://www.ebi.ac.uk/embl.html 
 

 
All known nucleotide and protein 
sequences; International 
Nucleotide Sequence Database 
Collaboration 
 

GenBank 
 

http://www.ncbi.nlm.nih.gov/ 
 

 
All known nucleotide and protein 
sequences; International 
Nucleotide Sequence Database 
Collaboration 
 

Ensembl 
 

http://www.ensembl.org 
 

 
Annotated human genome 
sequence data 
 

STACK 
 

http://www.sanbi.ac.za/Dbases.html 
 

 
Non-redundant, gene-oriented 
clusters 
 

TIGR Gene Indices 
 

http://www.tigr.org/tdb/tgi.shtml 
 

 
Non-redundant, gene-oriented 
clusters 
 

UniGene 
 

http://www.ncbi.nlm.nih.gov/UniGene/ 
 

 
Non-redundant, gene-oriented 
clusters 
 

 

A concern with respect to SAGE is the short tag length generated (10 bp tag sequence + 4 bp 

enzyme recognition site). Short tags make the identification of genes unreliable, especially 

considering the presence of conserved regions in different genes. One tag can thus represent 

many different genes illustrated for example by Ishii et al. who isolated one tag that occurred 

385 times in their data sets and which corresponded to 22 different UniGene clusters (Ishii, 

Hashimoto et al. 2000)! The rate of sequencing errors expected in single-pass sequencing 

(~0.2%) also has an effect on the sequences of short tags. One error in a ten base pair tag can 

effectively lead to the identification of the wrong gene or the assumption that the tag represents 
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a novel gene that does not really exist. Efforts to generate longer SAGE tags  (14 bp tag 

sequence + 4 bp enzyme recognition site) using other restriction enzymes have been 

demonstrated (Ryo, Kondoh et al. 2000) and successfully applied in a number of studies on 

mouse and human cells (Inoue, Sawada et al. 1999; Ryo, Suzuki et al. 1999). A second 

concern is the need for several micrograms of RNA to create tag libraries. This has been 

addressed by several groups adapting slightly modified protocols requiring 500-5,000 fold less 

starting material (Peters, Kassam et al. 1999) (Datson, van der Perk-de Jong et al. 1999) 

(Virlon, Cheval et al. 1999).   

 

These concerns together with a number of technical limitations intrinsic to the method such as 

restriction enzyme cleavage errors, difficulties in preparing tag libraries and loss of certain 

mRNA species still have to be addressed. The applications of SAGE have nevertheless 

provided much valuable expression data so far. More than 6 million SAGE tags are currently 

deposited in the public domain in the SAGEmap database (http://www.ncbi.nlm.nih.gov/sage).  

 

3.3 Array technology 

Array technology is based on immobilisation of distinct DNA sequences onto a solid support, 

creating a two-dimensional array of DNA spots that can be used for interrogation of the gene 

contents in a wide variety of DNA or RNA samples through labeling and hybridization assays. 

The recent advent of array technology has initiated much excitement and through massive 

efforts (and funding) the technology is now undisputedly one of the most important tools for 

exploration of gene expression. The field is advancing at an impressive rate and this thesis will 

only describe the most important methodological characteristics and will mention a selection 

of a few recent reports. Extensive reviews are available (Nature Gen. 1999. Vol 21 (1 suppl) 

pp.1-60) (Shoemaker and Linsley 2002).  

 

GeneChip  

One of the first successful attempts to create high-density DNA arrays was reported from a 

biotechnology company by the name of Affymetrix (Fodor, Read et al. 1991; Pease, Solas et 

al. 1994). Their GeneChip  technology is based on the chemical synthesis of biomolecules 

directly on a solid surface. The simple principle is based on photolithography (employed in the 

computer-industry for creation of electronic chips) and solid-phase DNA synthesis (Lockhart, 

Dong et al. 1996; Lipshutz, Fodor et al. 1999). Briefly, a surface of glass is placed under a 
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photolithography mask and a mercury lamp is used to photo-activate the exposed surface areas 

for chemical coupling to nucleosides (adenosine, cytidine, guanosine or thymidine). The 

immobilized nucleosides contain 5´ protecting groups that are removed by illumination for 

binding to the next nucleoside. By iterative photoactivation and nucleoside binding using 

different nucleosides and masks, an array of arbitrary oligonucleotide sequences can be 

synthesized in relatively few steps (4N steps, where N is the length of the oligonucleotides in 

bp). Millions of copies of each oligonucleotide are synthesized on a few square micrometers, 

constituting one feature of the array. A sample with fluorescently labeled complementary RNA 

(cRNA) can then be injected onto the array and allowed to hybridize to complementary 

oligonucleotide sequences. Signals from hybridized RNA can be detected by scanning the chip 

with a confocal laser scanner yielding an image, with signals for each feature varying in 

intensity depending on the amount of labelled RNA bound. The design of GeneChip  arrays 

is based directly on gene and EST sequence data from public databases. Each probe is 20-25 

nucleotides long and 20 different probe pairs containing one perfect match probe and one 

mismatch probe are designed for different regions of each gene. The mismatch probe is 

identical to the perfect match except for a one base-pair mismatch. The hybridization intensity 

for a gene probe pair is calculated by subtraction of the mismatched probe signal from the 

perfect-match probe signal. This design based on redundancy (many probes per gene) results in 

increased signal to noise signal ratios by averaging of the signals obtained for a gene. Probe 

pairs allow for detection and elimination of unspecific hybridization data.  

 

Standardized GeneChip  arrays have been commercially available for several years 

representing a high-throughput tool for gene expression analysis in a variety of organisms. The 

majority of academic researchers however, have not had the financial resources required to 

employ the technology. The fact that the array design is based solely on sequence data has the 

advantage that no clone handling or PCR amplification is required for creation of the arrays. 

On the other hand, only already sequenced genes can be represented on the chip, making the 

technology unsuitable for gene discovery. This is claimed to be a limited problem considering 

the current completion of genome projects. The most recent advance in GeneChip  

technology is represented by a “complete human genome chip set” including more than 33,000 

human genes squeezed onto two chips. This was enabled by using a feature size of only 18 µm 

and by reducing the number of probe pairs per gene to 11 

(http://www.affymetrix.com/support). 
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 cDNA Microarray 

The spotted cDNA microarray technology emerged principally from academic efforts as a 

cheaper and custom designed alternative to GeneChip  technology (Schena, Shalon et al. 

1995; DeRisi, Penland et al. 1996). A variety of protocols for array production, hybridization 

and subsequent data-analysis have been described (Cheung, Morley et al. 1999; Hegde, Qi et 

al. 2000; Lee, Kuo et al. 2000; Yue, Eastman et al. 2001; Zhang, Price et al. 2001). The general 

steps of the procedure are outlined in Figure 4.  

 

ARRAY DESIGN 

To create a cDNA microarray, sequences representing a desired set of genes are selected for 

immobilization on the array. The selection should be made to suit the aim of the study e.g. if 

neural stem cells are studied, clones from a related library are likely to yield more information 

than a completely random set of clones. “Global” microarrays representing the majority of all 

genes in an organism already exist or are underway for many species. The large clone 

collections generated by EST and genomic sequencing efforts assembled in public databases 

are now an invaluable source of clones and sequence information for the design of 

microarrays. EST clones often cover only a small portion of the gene sequences located in the 

5´or 3´ UTR. As the complexity of gene regulation is now more appreciated, great efforts are 

being made to obtain complete full-length cDNA clones for microarrays, so that transcripts and 

their variants can be mapped comprehensively (Kim, Lund et al. 2001) (Miki, Kadota et al. 

2001) (Riggins and Strausberg 2001). Large scale mapping of exon and intron boundaries may 

enable generation of “exon specific” microarray clones that can be used to obtain a further 

understanding of gene regulation through splicing (Shoemaker, Schadt et al. 2001). Currently, 

oligonucleotide microarrays are receiving a lot of attention as they can be used to elucidate 

gene regulation by splicing (Hughes, Mao et al. 2001) (Kane, Jatkoe et al. 2000) (Relogio, 

Schwager et al. 2002). One end of the oligonucleotides can be specifically attached to the glass 

surface by chemical coupling leaving the probe more accessible for hybridization. In addition, 

the state of the probe is more defined than in the case of randomly UV cross-linked partially 

double stranded cDNA (Southern, Mir et al. 1999). Long oligonucleotide (50-70mer) 

microarrays can be designed to discern very similar DNA sequences with a specificity that is 

superior to long cDNA probes (Hughes, Mao et al. 2001).  This specificity has already been 

exploited in mutation detection and sequencing studies (Hacia 1999). Furthermore, by printing  
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Figure 4. The cDNA microarray analysis procedure include probe and target preparation steps 

followed by hybridization, scanning and image analysis. 
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of prefabricated oligonucleotides the time consuming PCR and purification of thousands of 

cDNA clones is omitted. 

 

A selection of control clones is essential in the array design. Efficient controls of within slide 

reproducibility and hybridization quality can be obtained by using replicate spots on the array.  

The same clone printed in different positions on the array should give the same result and will 

reveal experimental artefacts. A set of negative controls including repetitive DNA, polyA 

sequences, genomic DNA and non-crossreactive gene sequences from a different organism 

may be used to ensure specific hybridization and to reveal spurious fluorescence from 

irrelevant sources (e.g. spotting solution components). Positive controls can be obtained by 

spiking, i.e. adding RNA that will hybridize specifically to spots included on the array. 

 

PRINTING 

Selected clones/gene sequences are usually PCR amplified, purified and resuspended in an 

appropriate “spotting” solution in a microtiterplate format. The concentrated DNA solutions 

are printed by automated robotic distribution of nanoliter droplets in an ordered pattern onto 

for example lysine or aminosilane coated glass slides. The dispensed DNA solutions are 

allowed to dry and form circular spots (with diameters ranging from 90-200 µm) of 

concentrated DNA that usually are further attached to the glass surface by ultraviolet (UV) 

irradiation resulting in covalent bonding of the DNA backbone of the probe randomly to 

reactive groups on the glass surface. Slides can then be heat treated to denature the DNA for 

more efficient hybridization.   

 

The spot size and quality is critical for reliable results and is affected by numerous 

experimental factors. Smaller spots are desired as this will allow a larger number of clones to 

be positioned on a small surface. Round and even spots with high concentrations of probe 

DNA are desired to give consistent results and to allow the automated image analysis programs 

to locate the spots and analyze them appropriately. There has to be a sufficient amount of DNA 

present in the spot to ensure that the amount of target that hybridizes is not limited by the 

amount of probe DNA (but rather by the concentration of target DNA). Successful printing 

requires controlled environmental conditions, such as stable air humidity and temperature and 

careful elimination of disturbing particles from spotting pens and slides (Hegde, Qi et al. 

2000). Furthermore, the printing result depends on the acceleration and velocity of the robot as 
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it approaches the glass surface, the quality of the spotting pens used, the buffer/solution used 

for dissolving the DNA probe and the surface and quality of the slides used. The immobilized 

collection of DNA thus constituting the array is termed the probe. These arrays can then be 

stored for several months at room temperature, preferably in a non-humid environment. 

Strategies for creating high quality arrays are continuously developing. Recent technological 

advances  include the ink jet technology for creation of high-density in situ synthesized 

oligonucleotide arrays  (Okamoto, Suzuki et al. 2000) and the new “three-dimensional” glass 

surface chemistries which have a higher binding capacity per surface unit of the array (Lee, 

Sawan et al. 2002). Arrays can also be created by immobilization of probes on nylon 

membranes. Such arrays do not allow the same high-density spotting as glass and the 

hybridisation and washing steps are less efficient as the solutions will diffuse into the pores of 

the membrane (Southern, Mir et al. 1999). Nevertheless, membrane arrays have been 

successfully used for several gene expression studies and are commercially available 

(http://www.clontech.com/index.shtml). 

 

TARGET PREPARATION  

Two DNA or RNA samples (the targets) that are to be compared by microarray analysis need 

to be isolated and labeled with different fluorescent dyes. In the large majority of studies, the 

Cy3 (green) and Cy5 (red) dyes are used, as they are relatively photo stable, brightly 

fluorescent, can be incorporated in reverse transcriptase (RT) DNA synthesis rather efficiently 

and have well separated emission spectra allowing for efficient channel separation in the signal 

detection.  

 

The isolation and labeling of target RNA/DNA is important for obtaining as high and as 

representative a signal as possible. As in most gene expression profiling assays, the amount of 

RNA required for analysis is a limiting factor. The amount of total RNA required for one 

microarray experiment is currently around 10µg for each sample and this is considered one of 

the bottlenecks in microarray analysis. A number of amplification strategies which aim to 

reduce the amount of starting material have been developed. Antisense RNA (aRNA) 

amplification can be applied to amplify material from a few cells and is based on a strategy 

where a T7 promoter introduced in the cDNA synthesis step is subsequently used for repeated 

rounds of linear transcription of arena with the cDNA as template (Eberwine, Yeh et al. 1992; 

Phillips and Eberwine 1996). This method has been further adopted for use in microarray 
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analysis (Wang, Miller et al. 2000) (Dorris, Ramakrishnan et al. 2002) yielding amplification 

in the order of 103-105. This procedure has been used for expression profiling of laser-

dissected cells in brain tissue samples enabling analysis of cell type specific and cancer 

specific gene expression (Luo, Salunga et al. 1999) (Van Gelder, von Zastrow et al. 1990; Hu, 

Wang et al. 2002). By another approach, cDNA is fragmented by sonication, yielding random 

fragments of similar sizes thus allowing for unbiased PCR amplification (Hertzberg, 

Sievertzon et al. 2001) (Hertzberg, Aspeborg et al. 2001). The critical issue with all of these 

strategies is reproducibility and unbiased amplification which is necessary to preserve relative 

expression levels from the original cDNA/mRNA.  

 

Target DNA can be labeled by direct incorporation of dye coupled nucleotides in the cDNA 

synthesis. This method is rapid, as it requires no extra labeling steps but the bulky dye 

molecules reduce the incorporation efficiency of labeled nucleotides, which can result in low 

signal intensities especially for Cy5 nucleotides. A second concern is the relatively high cost 

for labeled nucleotides. Improved incorporation efficiencies have been achieved by the use of 

reverse transcriptases with enhanced incorporation of modified nucleotides (for example 

CyScribe  (Pharmacia), Superscript  (LifeTechnologies) and FluoroScript  (Invitrogen)). 

Improved labeling has also been reported with alternative fluorophores (Wildsmith, Archer et 

al. 2001). Indirect (two step) labeling procedures are based on incorporation of chemically 

modified nucleotides in the cDNA synthesis and subsequent coupling of dyes to the 

synthesized cDNA. These strategies are more laborious but often achieve an increased labeling 

efficiency. A commonly employed indirect protocol uses aminoallyl labeled nucleotides for 

cDNA synthesis followed by coupling to Cy-dye esters (Randolph and Waggoner 1997) 

(Schroeder, Peterson et al. 2002) (Hughes, Mao et al. 2001). The aminoallyl groups are small, 

allowing for efficient incorporation of aminoallyl nucleotides in the cDNA synthesis and 

coupling is robust yielding strong hybridization signals. Other examples of indirect labeling 

protocols are the 3DNA  labeling kit from Genisphere Inc. (Stears, Getts et al. 2000) and the 

tyramide signal amplification (TSA) strategy (Karsten, Van Deerlin et al. 2002) (MIRAMAX 

cDNA microarray system, NEN) both of which are designed to provide signal amplification. 

Finally, purification of samples is performed to remove unincorporated dye. This is often 

performed by spin column purification. A general concern in the design of new labeling 

protocols is the specificity of the probe, which needs careful evaluation to ensure that spots 

fluoresce from target binding and not from a general binding of spurious fluorescent groups.  
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HYBRIDIZATION 

The labeled samples are mixed and applied to the microarray in a hybridization buffer for 

several hours to allow the target strands in solution to form stable duplexes with identical 

sequences in the immobilized probe. There are a wide variety of hybridization protocols which 

can be performed either manually or in automated hybridization stations. Robust protocols 

yielding high specific signals from hybridized targets and low background are desired. 

Procedures to reduce background include inactivation of free reactive groups on the slide 

surface before hybridization, either by chemical inactivation (Diehl, Grahlmann et al. 2001) or 

by treatment with non-fluorescent biomolecules e.g. bovine serum albumin (BSA) (Hegde, Qi 

et al. 2000) to block the reactive groups. The hybridization temperature and buffer will 

determine the stringency of the hybridization. Hybridization buffers commonly include 

carefully adjusted levels of denaturing agents (e.g. formamide and sodium dodecyl sulfate 

(SDS)) and salts. Hybridization is normally followed by washing to eliminate unbound DNA. 

Washing is performed in multiple steps using mild conditions with higher temperatures and 

higher salt concentrations in the first steps to allow the target to remain hybridized to the 

immobilized probe while gradually increasing stringency in order to efficiently wash away 

disturbing particles and loosely bound DNA.  

 

IMAGE AQUISITION AND ANALYSIS 

After careful washing, the slide is placed in a laser scanner and digital images of the slide 

surface are collected for the Cy3 and Cy5 channels (showing green or red signals respectively) 

to monitor the spots where target DNA has bound. Several commercial scanners equipped with 

lasers and detection filters for Cy3 and Cy5 dyes are available and developments are rapidly 

advancing to suit the needs of large-scale microarray facilities. Instruments with additional 

lasers and filter settings, automated scanning procedures with a self adjusting focus (to correct 

for slide surface variations) are only a few examples. Scanning is often performed for the Cy5 

channel before Cy3 because the Cy5 dye is more sensitive to photo bleaching. Laser intensity 

and detector gain should be adjusted to yield images with non-saturated spots, well within the 

dynamic range of the scanner and with approximately similar overall signal intensities for the 

red and green channels. Ideally the hybridization kinetics are linearly quantitative, i.e. the 

signal intensity for each spot is linearly dependent on the concentration of the corresponding 

sequence in the target. An overlay of the red and green images will therefore allow a relative 

comparison of the gene sequence abundance in the two samples and can be used for 
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identification of gene sequences that are over or under represented in either sample by 

calculation of an expression ratio for each clone (Channel1/Channel2).  

 

The image processing and subsequent data analysis from microarray experiments are crucial 

for extraction of useful information.  First, a grid describing the array design has to be aligned 

on the image to localize spots and link each feature to a clone ID. This facilitates elimination 

of bad quality data such as artefacts and contaminants and allows automated calculation of 

signal intensities, local background values and quality estimates of the experiment.  

 

Experimental factors such as labeling efficiency, varying amounts of starting RNA and non-

linear detection of signal intensities will influence microarray raw data. So before expression 

ratios can be calculated, a numerical normalization of the data adjusting for such systematic 

variation is needed. Different strategies for normalization are employed depending on 

assumptions about the experiment performed (Yang, Dudoit et al.) (Quackenbush 2001). 

 

If closely related samples with small phenotypic changes are compared, the overall change in 

signal intensity between channels can be expected to be very small. The total average signal 

intensities in the two channels can then be assumed to be equal. A difference in total signal 

intensities for the two channels is thus assumed to be caused by experimental variation and can 

be used to calculate a normalization factor that is then used to adjust the measured ratios. If for 

some reason the assumption about overall equal signal intensities in the two channels seems 

inappropriate, a sub-set of genes that are expected to be equally expressed in the samples can 

be selected for calculation of the normalization factor (Chen, Dougherty et al. 1997). These 

genes can be house-keeping genes assumed to be non-differentially expressed (preferably 

confirmed by independent methods) or a number or controls from a non-cross reactive species 

for which controlled amounts of RNA have been spiked into the original RNA samples. 

 

A similar assumption about most genes being equally expressed in two samples can be used 

for regression analysis normalization. In a scatter plot of the green versus red signal intensities 

for such data, most spots are expected to be close to the line y = x. By calculating a regression 

line for an experiment, the deviation from the expected line can be determined and adjustments 

of the data can be made. A more complex variant of regression analysis can be used when non-

linear relationships are observed in the data e.g. non-linear detection of different signal 

intensities by the scanner. A regional regression analysis can then be employed either for the 
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whole array or for sub-sets of spots (Cleveland and Devlin 1988) (Yang, Buckley et al. 

November 2000). This Locally Weighted Scatter plot Smoothing regression (LOWESS) 

normalization strategy is becoming increasingly popular and software for lowess normalization 

(the R-package) (Ihaka and Gentleman 1996) together with detailed user instructions can be 

downloaded at http://www.maths.lth.se/bioinformatics/software/. Slightly modified variants 

are also implemented in several new commercial software tools. Variations in defined sub-sets 

of the data can also be compensated for by normalization strategies e.g. when clear biases 

caused by pin-to-pin variations during array printing or uneven hybridizations are observed 

(Yang, Dudoit et al.). However, a general recommendation is to avoid complicated or 

extensive normalization steps unless a clear improvement of the data can be demonstrated. 

There is always a risk of distorting data and the quality of any results will generally not exceed 

the quality of raw-data, irrespective of adjustments. 

 

Table 2. Microarray protocols on-line. 

Location Web address 
Pat Brown laboratory's 
website 
 

http://cmgm.stanford.edu/pbrown/ 

The Institute for genomic 
research 
 

http://www.tigr.org/tdb/microarray/protocolsTIGR.shtml 

National Human Genome 
Research Institute 
 

http://www.nhgri.nih.gov/DIR/Microarray/index.html 

The Rockefeller 
university 
 

http://www.rockefeller.edu/genearray/protocols.php 

Medical college of 
Wisconsin 
 

http://brc.mcw.edu/microarray/guide/ 

Ontario cancer institute 
 

http://www.microarrays.ca/support/Direct%20Labelling.pdf 

Kidney research group 
(KRG) 
 

http://www.rbhrfcrc.qimr.edu.au/kidney/Pages/Microarray%20protocol.html 

NHGRI microarray 
project protocols  
 

http://www.nhgri.nih.gov/DIR/Microarray/protocols.html 

John Hopkins Oncology 
Centre 
 

http://www.hopkinsmedicine.org/microarray/training/Training%20Protocol.pdf 

Telechem International 
Inc. 
 

http://arrayit.com/Products/ 
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DATA ANALYSIS 

All steps mentioned above need to be carefully optimized for the successful application of 

microarray analysis.  Microarrays are now becoming employed in a more or less standardized 

fashion in a wide range of biological contexts. Scanners, printing robots and reagents are 

commercially available and a diversity of protocols can be downloaded from commercial and 

academic web pages (Table 2). Focus is shifting towards refined experimental strategies 

including hundreds or thousands of hybridizations and computational tools for storage and 

analysis of the huge amounts of generated data (Bassett, Eisen et al. 1999) (Shoemaker and 

Linsley 2002). 

 

It has been observed that gene expression data obtained with microarrays should not only 

include expression ratio information but also statistical estimates of errors in order to benefit 

from the full power of the technique (Newton, Kendziorski et al. 2001) (Kerr and Churchill 

2001). Highly abundant genes with great differences in expression will normally not cause any 

problems as they will display expression ratios well above experimental noise and 

measurement variations. However, for the detection of subtle expression differences and low 

abundance genes, a statistically justified experimental design and data evaluation is crucial. 

The importance of repeated measurements has been neglected in many microarray studies as 

performing multiple hybridizations is not always possible due to limited sample amounts. 

However, including replicates is encouraged to establish experimental error estimations and to 

increase the specificity of the measurement for each gene. Hereby, low and subtle expressions 

can be distinguished from random noise. Replicates will also help eliminate aberrant data.  

 

Furthermore, the comparison of two samples in each experiment means that the expression 

data are relative, i.e. no absolute values of the number of mRNA molecules per cell can be 

obtained. This means that if more than two samples are to be compared, a series of 

hybridizations that can be correlated among them have to be performed. This is often the case 

when for example comparing samples from different time points after drug treatment or other 

stimuli. To deal with this, a common strategy is to use a reference sample (e.g. a pool of all 

samples, a time zero time point or genomic DNA) that is hybridized to each array with one of 

the other samples.  The results can then be used to indirectly compare all samples with each 

other through the reference (Figure 5A). Other strategies termed loop-designs have been 

proposed to increase the specificity in measurements and to provide a more economical use of 

resources. By comparing every sample to two other samples in a fashion that finally relates all 
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samples in a closed chain or loop (Figure 5B) the number of measurements per sample is 

automatically doubled, increasing the measurement specificity while no resources are spent 

preparing and labeling the reference sample (Kerr and Churchill 2001). In order to eliminate 

dye specific effects caused by a labeling bias where labeling with one specific dye is more 

efficient than labeling with the other dye for specific gene sequences, a dye-swap design is 

recommended. Each hybridization is then performed twice but with switched colours during 

labeling. The loop design thus has several important advantages but may be problematic to 

interpret for a non-statistician. Another concern is that this design is sensitive to failed 

experiments. If one of the links in the loop is missing due to for example a failed hybridization 

or too little sample, the entire set of hybridizations will yield less valuable data.  

 

 

 
 

 

Figure 5. Two strategies for experimental design in microarray studies are schematically 

shown. Arrows indicate experiments where the arrowheads indicate samples labeled with one 

dye (e.g. Cy5) and the tails indicates the other dye (e.g. Cy3). Samples can either be indirectly 

compared by the use of a reference sample (A) or compared in a “loop” structure (B) where 

each sample is directly compared against at least two other samples in a closed formation. Two 

experiments where a dye-swap strategy is used (indicated by two opposite arrows) are 

recommended to detect labeling biases. 
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After image processing and normalization, several sophisticated computational tools are 

available for revealing interesting patterns in gene expression data. One of the most commonly 

used strategies for finding expression similarities and differences is to group genes that display 

similar expression patterns together into clusters (Eisen, Spellman et al. 1998). The clusters 

can be calculated by making different assumptions about the data using a variety of different 

computational models (Quackenbush 2001). Genes finally ending up within the same cluster 

may be involved in similar processes or interact with each other. Data clustering has for 

example been used for the functional classification of yeast genes under different growth 

conditions (Brown, Grundy et al. 2000). Another way of confirming this is to look for common 

regulatory sequences in the gene promoters.  

 

Grouping experiments can for example be useful when comparing gene expression patterns in 

patient samples that are difficult to distinguish in other ways. This has proven useful in cancer 

research where it helped classifying and identifying sub-types of cancer with different clinical 

outcomes using microarrays (Perou, Jeffrey et al. 1999) (Bittner, Meltzer et al. 2000) (Ross, 

Scherf et al. 2000) (Scherf, Ross et al. 2000). 

 

Finally, the importance of public access to microarray data and the possibility of comparing 

different experiments using a common platform has been acknowledged (Brazma, Robinson et 

al. 2000) (Bassett, Eisen et al. 1999). The creation of a “universal gene expression database”, 

similar to GenBank for sequences, poses significant challenges. Gene expression data is 

considerably more complex than sequence data and a great deal of information regarding the 

experimental set-up is required. An international working group, the Minimum Information 

About a Microarray Experiment (MIAME), has been formed to try to solve these and other 

questions related to standardization of microarray data (Brazma, Hingamp et al. 2001). 

Meanwhile, several local as well as publicly available databases have been created for gene 

expression data (Table 3). 

 

4. Selective approaches to gene expression analysis 

Various strategies for selective isolation and cloning of genes with altered expression levels 

have been developed. The challenge in this type of analysis is to efficiently extract the genes 

that are differentially expressed by distinguishing them from the large majority of non-

differentially expressed genes, often with a minimum of starting RNA material. A few of the 
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most frequently employed strategies for selective gene expression analysis are described 

below. 

 

 

Table 3. A selection of gene expression databases. (Modified from (Baxevanis 2002)) 

ASDB 
http://cbcg.lbl.gov/asdb 
 

Protein products 
and expression 
patterns of 
alternatively-
spliced genes 

BodyMap 
http://bodymap.ims.u-tokyo.ac.jp/ 
 

 
Human and 
mouse gene 
expression data 

Gene 
Expression 
Database 
(GXD) 
 

http://www.informatics.jax.org/menus/expression_menu.shtml 
 

 
Mouse gene 
expression and 
genomics 
 

Gene 
Expression 
Omnibus 
(GEO) 
 

http://www.ncbi.nlm.nih.gov/geo 
 

Gene expression 
and hybridization 
array data 
repository 
 

HugeIndex 
 

http://www.hugeindex.org 
 

mRNA expression 
levels of human 
genes in normal 
tissues 
 

Kidney 
Development 
Database 
 

http://golgi.ana.ed.ac.uk/kidhome.html 
 

Kidney 
development and 
gene expression 
 

Mouse Atlas 
and Gene 
Expression 
Database 

http://genex.hgu.mrc.ac.uk 
 

Spatially-mapped 
gene expression 
data 
 

READ 
 

http://read.gsc.riken.go.jp/READ/ 
 

RIKEN 
expression array 
database 
 

Stanford 
Microarray 
Database 

http://genome-www.stanford.edu/microarray 
 

Raw and 
normalized data 
from microarray 
experiments 

 
YMGV 
 

 
http://www.transcriptome.ens.fr/ymgv/ 
 

Yeast microarray 
data and mining 
tools 
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4.1 Differential display (DD) 

Differential display (DD) was one of the first PCR based gene expression analysis methods  

described and has been widely used for isolation of differentially expressed genes. The 

procedure is outlined in Figure 6A. Briefly, cDNA is generated by reverse transcription of 

mRNA from two or more samples in parallel using an anchored oligo-dT primer with two 

additional nucleotides in the 3´-end (5´-oligo dT-VN-3´)(V = A, C or G and N = A, C, G or T). 

The cDNA will thus represent 1/16 of all transcripts depending on their sequence adjacent to 

the polyA tail. Second strand synthesis and cDNA amplification is performed by addition of an 

arbitrary primer that together with the oligodT primer will amplify the 3´-ends of a sub-

population of the cDNA fragments by PCR cycling. The generated DNA fingerprints will 

typically contain 50-100 amplified fragments and will be specific for the primer pair used and 

for the sample. Consequently, by using many different primer pairs to generate many 

fingerprints, more information can be obtained. The fingerprints for individual samples can 

then be displayed and compared side-by-side on a polyacrylamide gel. Bands showing 

different expression in the samples can be isolated, reamplified and cloned for sequence 

analysis and identification of individual genes. The original protocol (Liang and Pardee 1992) 

has been modified to streamline the protocol, to reduce the number of false positives and to 

adapt it to various experimental systems (Liang and Pardee 1995; Vargas, Lopes et al. 1999; 

Rodgers, Jiao et al. 2002) (Røsok, Odeberg et al. 1996). A major advantage of DD is the 

sensitivity which allows the use of very small amounts of starting material (a few nanograms 

of mRNA) enabling analysis of scarce clinical material e.g. preimplantation mouse embryos 

and eosinophil populations (Zimmermann and Schultz 1994) (Kilty and Vickers 1999). 

Furthermore, two or more samples can be compared simultaneously, novel transcripts can be 

identified and both up and down regulated genes isolated in the same experiment (Aiello, 

Robinson et al. 1994). 

 

A concern about DD has been the large number of false positives generated with this method, 

sometimes comprising as much as 50-75% of the differentially expressed bands (Debouck 

1995) (Bauer, Warthoe et al. 1994) (Sompayrac, Jane et al. 1995). To set up and optimize DD 

has proven quite complicated and to perform the subsequent confirmatory work can render the 

total analysis quite time consuming. 
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Figure 6. The two finger printing methods (A) differential display (DD) and (B) RNA 

arbitrarily primed PCR (RAP-PCR) are briefly descibed. 
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4.2 RNA arbitrarily primed PCR (RAP-PCR) 

The RNA arbitrarily primed PCR (RAP-PCR) protocol was developed independently of 

differential display but is based on a similar principle (Welsh and McClelland 1991) (Welsh, 

Chada et al. 1992) (Figure 6B). The only important difference in the RAP-PCR protocol is that 

the cDNA first strand synthesis is primed using an arbitrary primer, which makes the 

procedure applicable for analysis of non-mRNA species and for analysis of differential 

expression of different exons (Mathieu-Daude, Trenkle et al. 1999). RAP-PCR has been used 

in combination with nylon membrane cDNA arrays containing more than 18,000 human 

cDNA clones (Trenkle, Welsh et al. 1998). Radiolabeled RAP-PCR fingerprints were 

hybridized onto arrays as an alternative to resolving them on a polyacrylamide gel, which 

improved the detection of differentially expressed genes 10-20 fold and resulted in 

identification of several interesting genes. The need for cloning and sequencing can thus be 

eliminated, but in turn the assay cannot reveal novel differentially expressed transcripts, as 

they are not present on the array.  

 

4.3 Suppression subtractive hybridization (SSH) 

The principle of subtractive hybridization has commonly been used to analyze genomic or 

gene expression differences between two samples. The selection of differentially expressed 

sequences is performed by allowing the samples to cross-hybridize followed by isolation of 

hybridization products unique for one sample (termed the tester) from sequences that are 

shared between the samples or unique for the other sample (the driver). Several early 

subtraction techniques were reported and successfully used for the isolation of genes with 

altered expression levels, but their use was limited due to the complicated protocols and the 

relatively large quantities of RNA that were required (Hedrick, Cohen et al. 1984) (Sargent and 

Dawid 1983) (Hara, Kato et al. 1991). However today, two subtractive hybridization 

approaches are widely used; suppression subtractive hybridisation (SSH) and representational 

difference analysis (RDA). Both include PCR amplification steps that have rendered the 

techniques simpler and more sensitive. 

 

Suppression subtractive hybridization (SSH) was developed for the enrichment of 

differentially expressed genes of both high and low abundance (Diatchenko, Lau et al. 1996) 

(Figure 7). The protocol is based on subtractive hybridizations combined with suppression 

PCR. In suppression PCR, linkers containing long inverted terminal repeats are ligated onto 

 25



APPROACHES TO DIFFERENTIAL GENE EXPRESSION ANALYSIS IN ATHEROSCLEROSIS 
 

cDNA ends (Lukyanov, Launer et al. 1995). Fragments containing one such linker in both ends 

will not be amplified in a PCR with primers matching parts of the linker sequence because the 

linker in the 3´end will back-hybridize to the identical linker in the 5´end and make it 

impossible for the primers to anneal. The suppression effect is thus a negative selection for 

fragments that do not have the same linker in both ends.  SSH is performed by two subtractive 

hybridizations where the first serves both to normalize the tester cDNA population by 

hybridization kinetics (equalize levels of high and low abundance transcripts) and to enrich for 

genes that are over expressed in the tester. In the second hybridization, more driver cDNA is 

added to yield a more stringent selection for tester specific fragments by subtracting out 

equally expressed fragments. Molecules from two parallel experiments with two different 

linkers are mixed, allowing for single stranded tester specific molecules to form hybrids having 

different linkers in the 5´ and 3´ end. These will be selectively amplified in a PCR with linker 

specific primers. The resulting products have been demonstrated to contain differentially 

expressed genes but also a relatively high level of false positives (Gurskaya, Diatchenko et al. 

1996). 

 

SSH products have been spotted on microarrays and hybridized with RNA from the cell types 

that were used for the SSH analysis (breast cancer cell lines) (Yang, Ross et al. 1999). This 

resulted in detection of 10 differentially expressed cDNAs (out of 332 spotted), which were 

confirmed by northern blot demonstrating that the SSH and microarray approaches can be 

successfully combined. 
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Figure 7. Outline of SSH
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4.4 Representational difference analysis (RDA) 

The original RDA protocol described by Lisitsyn et al was developed for detection of genomic 

differences when comparing two genomes (Lisitsyn, Lisitsyn et al. 1993) (Lisitsyn, Lisitsina et 

al. 1995) (Lisitsyn and Wigler 1995). The procedure was adjusted by Hubank et al. for 

isolation of differentially expressed genes from two mRNA sources (Hubank and Schatz 1994) 

(Hubank and Schatz 1999). The protocol has since been employed as a powerful and sensitive 

method for cloning of differentially expressed genes in various biological contexts (Aiello, 

Robinson et al. 1994) (Boeuf, Klingenspor et al. 2001) (Borang, Andersson et al. 2001) 

(Bowler, Hubank et al. 1999) (Drew and Brindley 1995) (Dron and Manuelidis 1996) (Frazer, 

Pascual et al. 1997) (Frohme, Scharm et al. 2000) (Lawson and Berliner 1998) (Odeberg, 

Wood et al. 2000) and for analysis of tissue specific gene expression (Gress, Wallrapp et al. 

1997) (Jacob, Baskaran et al. 1997). Briefly, the procedure relies on the generation of 

representations of cDNA fragments from two different mRNA populations by digestion of 

cDNA with a restriction endonuclease with a four-base pair recognition site, followed by linker 

ligation and PCR amplification (Figure 8). The amplified cDNA is termed representation as it 

should “represent “ the original cDNA with regard to sequence distribution and abundance 

levels. The linkers are then cleaved off and new linkers are ligated onto the tester 

representation. An excess of driver representation is mixed with tester representation to 

facilitate cross-hybridization forming double stranded hybridization products containing (1) 

driver specific sequences (no linkers), (2) tester specific sequences (linkers on both strands) 

and (3) sequences present in both driver and tester (linker on one strand). The mixture is then 

subjected to a selective PCR with linker specific primers in which the tester specific fragments 

will be exponentially amplified while the other fragments will either be linearly amplified or 

not amplified at all. In order to enhance the enrichment of tester specific fragments, the 

hybridization and PCR are repeated a number of times. The PCR products after each RDA 

round are termed difference products (DP) with subsequent difference products theoretically 

containing more stringently selected gene fragments and less noise from non-differentially 

expressed genes. In order to isolate both up- and down-regulated genes, both samples are used 

as tester and driver respectively in two parallel experiments. This RDA method allows for gene 

discovery, as gene fragments are isolated and identified based on differential expression and 

not filtered by prior anticipation of which genes are relevant to study. The protocol is suitable 

for comparison of similar samples when few changes in gene expression are expected. The 

main advantages of RDA are the efficient enrichment of differentially expressed genes 

together with a very low rate of false positives (<5%) achieved through the repeated 
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subtractions of non-differentially expressed genes (Borang, Andersson et al. 2001). In addition, 

the driver/tester ratios used in the subtraction rounds can be modulated to enrich for genes with 

subtle differences in expression (low driver/tester ratio) or for a more stringent enrichment of 

genes that are highly differentially expressed (high driver/tester ratio). The risk of cloning non-

differentially expressed genes is obviously higher in the less stringent enrichment case.  

 

Gene fragments isolated with RDA are located in a region between any two restriction enzyme 

restriction sites. This yields fragments primarily from coding regions rather than the non-

coding 3´ UTR. A limitation of RDA is that only two samples are compared at a time. 

Furthermore, the PCR amplification step for generation of the representations is a critical step 

for a successful RDA. In order to generate representations that truly represent the original 

cDNA with respect to fragment distribution while avoiding a size bias, the PCR needs to be 

carefully titrated for each sample.  

 

Several modifications of the RDA protocol have been published. Optimization of the 

procedure was reported by using alternative methods for PCR purification and depletion of 

single stranded PCR fragments together with alternative primer design (Pastorian, Hawel et al. 

2000). Magnetic bead technology has been reported to yield a more robust protocol with fewer 

false positives and requires very low amounts of starting RNA (Odeberg, Wood et al. 2000). A 

methylation sensitive RDA protocol was developed for scanning of differences in methylation 

status in mammalian genomes (Ushijima, Morimura et al. 1997) (Muller, Heller et al. 2001). 

Ligation mediated subtraction (LIMES) is a modified RDA protocol for detection of genomic 

differences, improved by an additional amplification step to avoid preferential amplification of 

repetitive sequences (Hansen-Hagge, Trefzer et al. 2001). Successful RDA has also been 

reported for microbial genomes (Bowler, Hubank et al. 1999). 

 

RDA has been used in combination with array technology for screening of difference products 

in a number of biological systems ranging from cancer (Welford, Gregg et al. 1998) (Geng, 

Wallrapp et al. 1998; Frohme, Scharm et al. 2000) to neural progenitor cells (Geschwind, Ou 

et al. 2001) (see present investigation). 
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Figure 8. The representational difference analysis (RDA) procedure 
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5. Verification strategies 

Northern blot and quantitative real-time PCR are methods traditionally used for analyzing gene 

expression on a small scale (i.e. a few genes at a time). These methods are now valuable tools 

for verifying the results obtained with large scale methods. Microarrays, for example, always 

produce a certain level of noise and the results warrant independent confirmation.  

 

The northern blot technique which is also based on hybridization of a sample to a probe is 

commonly used to verify results. In northern blotting the RNA samples are transferred to a 

membrane and hybridized to a radioactively labelled probe of the investigated gene sequence. 

Signals proportional to the amount of hybridised probe are monitored by exposure of the 

membrane to an x-ray sensitive photographic film.  

 

Another considerably more sensitive method is based on real-time quantitative PCR (Heid, 

Stevens et al. 1996) (Gibson, Heid et al. 1996). This method monitors the formation of PCR 

products in real-time through the use of DNA responsive fluorophores (or dual labeled probes) 

and a PCR machine equipped with a photosensitive detector. The template used in the PCR is 

reverse transcribed cDNA. By co-amplification of a reference gene and by comparing the 

number of cycles required for the specific gene to be detected over the level of background 

noise, the relative amount of gene transcripts in two samples can be determined. Real-time 

PCR requires careful template titrations, good experimental design with replicates and well 

chosen primers and reference genes to yield reliable results (Boeckman, Brisson et al.) 

(Brisson, Tan et al.) (Meijerink, Mandigers et al. 2001). Synthesis of the desired product and 

only this product must be verified while primer compatibility is important to allow comparison 

of results with different primer pairs (e.g. the reference gene and the sample gene primer 

pairs). Disturbances from genomic DNA contamination must also be ruled out. When carefully 

used however, this method is powerful and extremely sensitive, a few copies of the specific 

gene target are sufficient for detection 

 

 

6. Genetics in atherosclerosis 

Atherosclerosis is one of the most prevalent complex diseases in westernized societies today, 

underlying 50% of all deaths with the disease being strongly associated with severe conditions 

such as stroke, myocardial infarction and type II diabetes. Environmental factors such as stress, 

diet and exercise are generally thought to have major impacts on disease development, but this 
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complex disease is also under the influence of genetic factors. This is indicated by differences 

between individuals and populations in their susceptibility to the disease. These differences are 

probably caused by genetic sequence variations and complex gene expression differences in 

pathways involved in the atherosclerotic processes. The mechanisms driving progression of the 

disease are largely unknown in spite of intense investigations in this area. However, several 

interesting theories and candidate genes for atherosclerosis prevention have been put forward 

in the last few years.  

 

Different stages of atherosclerotic lesion formation have been observed (Figure 9).  

Atherosclerosis is believed to be initiated as a response to injury to the endothelial cells of the 

blood vessel wall. Lesions occur principally in large and medium-sized arteries and can lead to 

ischemia of the heart, brain or extremities, resulting in infarction. A variety of mechanical and 

infectious agents have been proposed to contribute to injury, such as the exposure to oxidized 

LDL, free radicals or toxins, microbial infections, high blood pressure and irregular turbulent 

blood flow at branch points and curvatures of the vessel (Ross 1993) (Ross 1999) (Danesh 

1999) (Davies, Polacek et al. 1999) (Valtonen 1999). As a result of local chronic stress, 

circulating immunological cells are attracted and adhere to the endothelial cells. The 

lymphocytes and monocytes interact with each other and with the endothelial cell layer by 

expression of a diverse range of chemokines and growth factors that can affect cell 

proliferation and induce secondary gene expression of other growth regulatory molecules 

(Ross 1993). These cell interactions induce increased permeability of the endothelium, 

allowing the monocytes/macrophages and lymphocytes to migrate into the sub endothelial 

space were the macrophages take up cholesterol and differentiate into large lipid laden cells 

called foam cells. The accumulating lipid-engorged macrophage foam-cells constitute the 

principal part of all stages of atherosclerotic plaques and carry out several functions that are 

likely to impact the development of atherosclerosis (Lusis 2000) (Brown and Goldstein 1983). 

As inflammatory cells they perform signalling and help recruit additional members of the 

immune system, contributing to the characteristics of atherosclerosis as an inflammatory 

disease. As scavenger cells they endocytose a variety of potentially harmful substances, in 

particular oxidized LDL cholesterol, that transforms the cells to transform into a typical foam-

cell phenotype eventually rendering them inactive and causing them to die either by apoptosis 

or necrosis. The early lesions of atherosclerosis that mainly consist of foam cells in a sub 

endothelial space thus develop into more advanced plaques with a necrotic core containing a 

variety of immunological cell, lipid crystals and cell debris that is separated from the 
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environment by a fibrous cap of proliferating smooth muscle cells and extra cellular matrix 

proteins (Ross 1993).  The development of the atherosclerotic plaque is not yet fully 

understood but has been described as a chronic inflammatory event. Expansion of the plaque 

may result in reduced blood flow and angina when the lesion grows into the vascular space. 

However, it is the acute event of plaque rupture, often leading to occlusive thrombosis  causing 

infarction and stroke, that represents the most lethal and disabling consequences of 

atherosclerosis. Factors affecting the plaque stability and cell composition are thus of great 

interest for a better understanding of atherosclerotic disease. The genes expressed by the cells 

involved in the process are likely to be important to the progression of disease and may 

influence whether a lesion will progress, remain static or undergo regression. 

 

 
Figure 9. The figure shows a cross section of an artery and the schematic outline of different 

stages in the development of atherosclerotic plaques. 
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PRESENT INVESTIGATION 
 

 

 

 

Objectives 

 

This thesis is based on five papers presenting the application and evaluation of a combination 

of molecular tools for gene expression analysis in atherosclerotic model systems. First, an 

optimized solid-phase protocol for representational difference analysis (RDA) was applied in 

two in vitro model systems. The RDA enrichment procedure was investigated by shotgun 

cloning and sequencing of successive difference products. In the subsequent steps, 

combinations of RDA and microarray analysis were used to combine the selectivity and 

sensitivity of RDA with the high-throughput capacity of microarrays. This was achieved by 

immobilization of RDA clones onto slides for gene expression analysis in atherosclerosis, as 

well as hybridization of labeled RDA products to global microarrays containing more than 

32,000 human clones. Finally, RDA was applied to the investigation of focal localization of 

atherosclerotic plaques in mice using in vivo tissue samples as the starting material.  

 

Different aspects regarding the application and the results of combining  selective technologies 

like RDA and more global gene expression analysis techniques are evaluated and discussed. A 

general discussion on the biological importance of the data generated is presented, which 

together with the novel and known gene sequences identified, generates new starting points for 

the further investigation of the molecular mechanisms underlying atherosclerosis. The 

methodological aspects of the studies are discussed in sections 7 and 8 and the biological 

interpretation of the data is discussed in section 9. 

 

  

7. Investigation of the RDA enrichment and depletion procedure by shotgun cloning of 

successive difference products (I and II)  

Atherosclerosis results from a multitude of genetic and environmental factors. To identify 

genes related to the disease, selective strategies for isolation of candidate genes together with 
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controlled model systems were employed. We used the human monocyte/macrophage cell line 

THP-1 which is considered to represent a more differentiated, committed macrophage cell line 

than previously available monocytoid cell lines (Auwerx 1991) (Tsuchiya, Kobayashi et al. 

1982). The cells can be manipulated to mimic different stages of macrophage differentiation in 

atherosclerosis for the investigation of gene expression changes.  

 

Here, an optimized RDA protocol was used (Odeberg, Wood et al. 2000) that has been slightly 

modified from the original protocol (Hubank and Schatz 1994). The protocol has been made 

more robust by the use of magnetic bead technology for efficient elimination of primers and 

uncleaved fragments from the PCR products after each round of RDA. This enables lower 

amounts of starting material (2-5 ng of cDNA) to be used while this purification strategy has 

also resulted in less false positives. In addition, the PCR has been optimized by careful titration 

of the number of cycles, template concentration and primer concentration to yield an efficient 

PCR without a bias in size range.  

 

RDA is normally performed by repeated subtraction and amplification rounds, yielding an 

efficient depletion of ubiquitous gene fragments from the two cDNA populations. The final 

difference products are traditionally analysed by cloning of fragments isolated after agarose gel 

electrophoresis (Lerner, Clayton et al. 1996) (Chu and Paul 1997) (Edman, Prigent et al. 1997) 

(Gress, Wallrapp et al. 1997)(Figure 10A). The rationale behind this approach would be to 

focus on the few most prominently altered genes, with the underlying assumption that the 

relatively few bands visible are representative of the overall changes in the gene expression 

profile. However, in the present investigation, extensive cloning and sequence analysis of 

successive RDA products using a shot-gun cloning strategy (cloning without selection)(Figure 

10B) has indicated that the RDA difference products (DP) are highly complex. 

 

Paper I describes a study where the solid-phase RDA protocol (Odeberg, Wood et al. 2000) 

was used to investigate the potential molecular mechanism(s) of a novel anti-atherosclerotic 

drug candidate, N,N'-Diacetyl-L-cystine (DiNAC) (Sarnstrand, Jansson et al. 1999). DiNAC 

was selected due to its immunomodulatory characteristics that were shown to reduce 

atherogenesis in rabbits (Wagberg, Jansson et al. 2001) although its molecular mode of action 

is unknown. THP-1 cells activated with LPS (Figure 11A) were compared with identical LPS-

activated cells exposed to DiNAC (Figure 11C). Three rounds of RDA were performed with an 

increasing excess of driver in each round. In the first subtraction (DP1) the ratio of tester to 
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driver was 1:100, followed by ratios of 1:800 and 1:4,000 in DP2 and DP3 respectively. To 

identify both up-  and down-regulated genes, the two cDNA sources were used as both driver 

and tester in two parallel experiments. Comparison of representations and difference products 

by agarose gel electrophoresis verified the expected appearance of distinct bands in later 

rounds of hybridizations compared to the relative smear in the initial representations. In order 

to compare the size selection strategy with a shot-gun cloning approach (Figure 10A and B), 

agarose gel bands and size selected smears were excised and cloned from DP2 and DP3 with 

more than one hundred clones of each DP being sequenced. The DP3 difference products were 

also used for direct shotgun cloning and approximately 300 randomly selected clones per 

difference product were sequenced to identify up-regulated and down-regulated genes. 

Sequences for each data-set were assembled and the number of sequences occurring only once 

per data-set (singletons) or occurring multiple times (clusters) were counted, revealing that 

approximately 50% of all sequences obtained with the shotgun cloning strategy were 

singletons which indicates a large diversity of gene fragments present even after three rounds 

of RDA. The overlap between contigs obtained with the two strategies was investigated and 

contigs from the different data sets were chosen for real-time PCR confirmation. 

 

From these data, the advantages of the shotgun cloning strategy can be appreciated. First, the 

intuitive assumption that a random shotgun strategy should give the least biased representation 

of the difference products was confirmed. Secondly, assembly of the shotgun cloned sequences 

appeared more reliable than the size selected clones, with respect to true differential 

expression. This was supported by the real-time PCR analysis where differential expression of 

shotgun cloned sequences could be confirmed to a higher degree than the size-selected 

sequences. Twelve out of thirteen shotgun cloned sequences were confirmed compared to five 

of the eleven size selected sequences.  We therefore use the shot-gun cloning strategy in all the 

following papers. 
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Figure 10. Figure A. shows the traditionally most common strategy for isolation and cloning 

of gene fragments from RDA products. The DP is separated on an agarose gel, bands visible 

on the gel are excised and cloned and are assumed to contain the most important differentially 

expressed genes. Figure B shows the direct shot-gun cloning strategy where the entire contents 

of the DP are cloned and sequenced with no prior size selection. 

 

 

Paper II describes a RDA study performed using the same protocol where the three subtraction 

steps are followed in a quantitative manner using an extensive shotgun cloning and sequencing 

procedure. Over 300 sequences from each difference product were included which gave a total 

of 1,984 gene sequences. In parallel, the enriched transcripts were spotted onto microarrays 

facilitating large-scale hybridization analysis of the representations and difference products. 

The model system used consisted of RNA extracted from macrophage-like cells (12-myristate-
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13 acetate (PMA) stimulated THP-1 cells) (Figure 11A) and foam-cell like cells (PMA 

stimulated and oxidized LDL (oxLDL) exposed THP-1 cells) (Figure 11B) mimicking the 

process of foam cell formation. The biological interpretation of the data is reported in paper 

III.  

 

Sequences were assembled separately for each of the six difference products (DP1-DP3, up- 

and down-regulated) and used to estimate the relative enrichment and complexity of the 

remaining gene fragments after each round of subtraction. The number of identical sequences 

per cluster increased with the number of subtractions from 3,75 in DP1 to 6,9 in DP3 for the 

up-regulated data-sets and from 3,45 in DP1 to 6,25 in DP3 for the down regulated data-sets. 

The number of singletons decreased accordingly and together with the gel-image showing 

more distinct bands in later subtraction rounds, the expected enrichment of certain gene 

fragments is clearly demonstrated. A more surprising finding was the relatively large diversity 

that was still present in each difference product even after the last round of subtraction. When 

designing the study, 300 sequences were anticipated to be sufficient to more or less cover the 

diversity in DP3. However, as a third of all sequences remained singletons in DP3 (34% in the 

up-regulated data-set and 25% in the down-regulated data-set) there seems to be much more 

information yet to be obtained if sequencing is continued. The overlap of sequences between 

successive rounds of RDA was also analyzed and found to be surprisingly low (11-12% of the 

sequencse were found to be shared between at least two data-sets (DP1, DP2 and DP3) for up-

regulated and down-regulated data-sets). These results indicate the need for a high-throughput 

screening method for the RDA products. Microarray technology was therefore used for the 

further investigation of the RDA difference products.  

 

A non-redundant clone set was selected for each difference product resulting in a total of 1,141 

clones which were indicated as being differentially expressed in atherosclerosis. The clones 

were PCR amplified, purified, dissolved in 50% DMSO and immobilized in triplicates onto 

cDNA microarrays together with 10 negative controls from Arabidopsis thaliana. The spots 

were quality checked by soaking the slides in SYTO61  (Molecular Probes, Leiden, 

Netherlands), a fluorophore that binds DNA for visualization. To analyze all of the RDA 

fragments relative expression ratios in the starting material, labeled representations were 

generated and hybridized to the array. The majority of spots were red or green indicating, as 

anticipated, that they are differentially expressed. The sensitivity and specificity of the assay 
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were also supported by the fact that none of the negative controls gave any signal and that 97% 

of the RDA clones gave repeatedly strong signals. 

 

In conclusion, an efficient enrichment of differentially expressed genes was obtained using 

RDA, but the amount of information extracted is largely dependent on the screening method 

with the difference products being much more diverse than anticipated.  

 

In addition to isolation of fragments after gel electrophoresis and sequencing, screening of 

RDA difference products has previously been performed by immobilization of RDA clones 

onto microarrays without a prior sequencing step, which yielded a high redundancy of spots 

representing the same gene fragment (Welford, Gregg et al. 1998) (Geschwind, Ou et al. 

2001). Back-hybridization as labelled target to the array of some of the clones identified as 

differentially expressed was required to identify which clones were still not sequenced which 

also gave an estimate of the diversity of the difference products. The concept of creating RDA 

derived clone collections has thus been proven successful before, in other biological contexts, 

but the risk of missing important information and genes expressed at low levels was 

acknowledged as the microarray technology has a limited sensitivity.  

 

The initial estimation of sequence diversity by sequencing of consecutive shotgun cloned RDA 

products is thus more laborious but gives a more accurate and representative overview of the 

difference products which could then be followed up by microarray visualisation of the 

individual expression ratios for each gene identified. The comparison of three successive 

rounds of RDA revealed that many differentially expressed gene fragments that occur in the 

first or second difference products are subtracted (or go un-detected) in the third subtraction 

round. This encourages analysis of the subtracted material in all steps, not only of the most 

subtracted material. Care should be taken to verify the altered expression of candidate genes of 

special interest as all RDA difference products have been shown to contain a certain level of 

noise.  

 

8. Characterization of RDA products by global cDNA microarray analysis (IV) 

In this study we have further analysed the RDA difference products from paper II and 

evaluated global cDNA microarrays as a tool to monitor and describe differential expression in 

a biological system. The global 32,448 element microarrays were constructed using 32,256 

unique cDNA clones from the Research Genetics sequence verified human clone collection 
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and 192 negative controls representing genes from Arabidopsis thaliana. The RDA starting 

material (representations) and the two successive difference products were fluorescently 

labeled by incorporation of labeled dCTPs in the amplification steps. The same optimized 

amplification protocol was used to maximize PCR product yield without adversely affecting 

the size range of the DNA fragments as described in paper II. The labeled PCR products were 

then used in microarray hybridizations to compare the number of microarray elements giving 

rise to signals when hybridising labeled representations or labeled difference products from the 

two rounds of RDA subtractive hybridizations. As all labeled samples were amplified at least 

once before microarray hybridization, the reproducibility between experiments was 

investigated by comparing ratios from duplicate experiments. Approximately 9% of the ratios 

from hybridized representations while 13% from the hybridized DP2  (subjected to two 

additional rounds of amplification) vary more than two-fold between duplicate experiments. 

 

When visually comparing the scanned images of the hybridization of representations and the 

first difference products, the disappearance of a large number of elements after subtraction is 

clearly observed; a significantly smaller number of elements yield a signal when the difference 

products are hybridized and of these, the majority were identified as being differentially 

expressed in the subtracted samples. When analyzing the data, the total number of elements 

with signals above background was 9,100 in the representations, 5,324 in DP1 and 3,391 in 

DP2. The relative frequencies of differentially expressed elements were 18% in the 

representations, 86% in DP1 and 88% in DP2. The total number of differentially expressed 

elements, identified as those present in the RDA data sets, was approximately 5,000 in the first 

difference product and 3,000 in the second difference product. A similar estimate of 3,969±400 

differentially expressed gene fragments was obtained using a statistical strategy termed 

complementary sample coverage analysis of the previous RDA sequence data sets (data not 

shown) (Chao and Lee 1992). These are relatively high numbers as compared to previous 

reports using serial analysis of gene expression (SAGE) which indicated that gene expression 

differences between a normal and tumour cell was only slightly more than 500 transcripts 

(Zhang, Zhou et al. 1997). This could indicate either that the difference products still contain a 

background of spurious fragments or that the RDA approach is more sensitive for identifying 

rare but differentially expressed genes.   
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The overlapping data between different hybridisations were compared. First, we compared 

non-differentially expressed genes. Of the 5343 non-differentially expressed genes, 85 % were 

found to be present exclusively in the representation, an additional 7 % were shared with the 

first difference product and less than 4 % with the second difference product. Approximately 6 

% of the non-differentially expressed genes were present in the second difference product, 

indicating the level of experimental “noise”. We then compared the 4,577 genes showing two-

fold or higher differential expression. Seventy eight percent of the differentially expressed 

genes were found exclusively in the difference products, while only 10% were found only in 

the representation. This estimate may reflect the total difference in gene expression in this 

experimental system. The relatively small number of genes shared between cycles probably 

reflects differences in subtraction stringency between subtractions. The first subtraction had a 

100-fold excess of driver to tester, while the second subtraction used an 800-fold excess of 

driver to tester ratio. Real-time PCR analysis was performed for 32 gene fragments (that 

appeared exclusively or were shared between subtractions) which were considered to be of 

high interest to the study of macrophage differentiation in atherosclerosis. Twenty-one of the 

selected genes could be confirmed by analysis of the original non-amplified cDNA, 6 were 

below the cut-off for differential expression (they showed ≥ 2 fold difference between 

samples) and 5 gave conflicting results in the real-time PCR. The biological interpretation of 

the data is presented in chapter 8.2. 

 

In conclusion, the extensive monitoring of RDA products enabled by microarray analysis 

revealed that the difference products contain a high diversity of gene sequences that was not 

detected by the cloning and sequencing approach. Many of the sequences detected in the 

difference products with microarrays were not detected in the hybridizations with 

representations which may indicate thier low expression levels. The combination of RDA and 

microarrays can thus yield increased sensitivity in screening for differentially expressed genes. 

 

9. Identification of genes involved in atherosclerosis  

 

9.1 Treatment with a candidate drug (I) 

A multitude of factors have been proposed to contribute to atherogenesis. The presence of 

modified lipoproteins such as oxidized LDL (which have been demonstrated to have 

atherogenic effects) throughout different stages of disease has led to speculations that the 
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inhibiting the oxidation of LDL could help prevent or slow down disease development. One of 

the drug candidates with shown anti-oxidant and anti-atherogenic effects is probucol (Carew, 

Schwenke et al. 1987) (Kita, Nagano et al. 1987). However, in addition to the anti-oxidative 

effects (mediated by one of the probucol derivatives (bisphenol)) probucol has also been 

shown to have immunomodulatory effects monitored by the enhancement of contact 

hypersensitivity reactions. Furthermore, the anti-atherogenic effect of probucol has been 

shown to be independent of the anti-oxidative mechanisms (Sarnstrand, Jansson et al. 1999). 

The intense screening for anti-oxidants suitable for treatment of atherosclerosis has also 

resulted in the testing of a number of potent anti-oxidants that do not exert anti-atherosclerotic 

effects (Witting, Pettersson et al. 1999). DiNAC is an immunmodulatory compound with 

demonstrated inhibitory effects on atherosclerotic plaque formation in watanabe heritable 

hyperlipidemic (WHHL) rabbits and shows the same immunmodulatory effects as probucol on 

contact sensitivity (Wagberg, Jansson et al. 2001). This has led to the suggestion that DiNAC 

could be a potential atherosclerotic candidate drug and has encouraged more detailed studies of 

the effects of  DiNAC on a molecular level. 

 

Genes with altered expression in response to DiNAC treatment of macrophages were enriched 

and cloned as described in section 7.  The obtained sequences were compared by Basic Local 

Alignment Search Tool (BLAST) searches (Altschul, Gish et al. 1990) to the representative 

nucleotide sequences included in UniGene build 89 (http://www.ncbi.nlm.nih.gov/UniGene) 

and The Expressed Gene Anatomy Database (EGAD) 

(http://www.tigr.org/tdb/egad/egad.html). The large amount of sequence data generated was 

characterized and visualised using a new software tool (Larsson, Ståhl et al. 2000) presenting 

the results in the form of a virtual chip. 

 

Genes which showed differential expression include for example genes involved in lipid 

metabolism and immunological processes. In particular the genes farnesyl pyrophosphate 

synthase (FPP) (also confirmed with real-time PCR), and squalene synthetase were found to be 

up-regulated by DiNAC. The gene hydroxymethylglutaryl coenzyme A (HMG CoA) reductase 

was also investigated by real-time PCR and demonstrated to be down-regulated. These results 

suggest that DiNAC regulates the main cholesterol biosynthesis, which is interesting 

considering that rabbits had not been treated with cholesterol in the study. This links DiNAC to 

a process with high importance for atherogenesis. Also, genes involved in signal transduction 

and regulation of cell function, such as differentiation, were affected by DiNAC. 
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An interesting feature of the data is that large amount of sequences do not match any entry in 

the databases searched (cut-off at P ≤ e-30). Only 20-40% of the sequences had a match in 

EGAD while 35-70% of sequences had a match in UniGene. This may be explained by the 

presence of many sequences that do not yield a high BLAST score because they are too short 

but could also be due to the fact that they represent rare transcripts.  

 

The immunmodulatory mechanisms caused by DiNAC are hard to deduce from the sequence 

data obtained. Sequences involved in immune regulation were obviously cloned, such as 

immunoglobulin epsilon heavy chain Fc receptor RI, major histocompatibility complex, B 

homologue and tumour necrosis factor alpha-inducible primary response gene B94, but their 

specific importance in atherosclerosis has yet to be determined. A lot of information is still 

hidden in the unknown sequence data that remains to be explored with regard to expression 

and localisation in various biological systems.  

 

9.2 Foam cell formation (III and IV) 

Monocyte-derived macrophages and lipid-laden foam cells have been observed to constitute 

the principal part of atherosclerotic lesions in all stages of atherosclerosis. They have been 

shown to carry out a multitude of important tasks and have a major influence on the 

composition and progression of lesions. Investigation of gene expression changes during 

macrophage differentiation into foam cells may therefore lead to increased understanding of 

the entire atherosclerotic process and may even reveal suitable targets for drug treatment of 

atherosclerosis. The THP-1 cell line used in these studies mimics the foam cell formation 

process when stimulated with phorbol 12 – myristate –13 acetate (PMA) which causes it to 

develop a macrophage phenotype and subsequently when treated with oxidized LDL which 

results in the formation of foam cells (Figure 11). 

 

Approximately 2,000 sequences representing a total of 921 genes were obtained by RDA using 

the THP-1 cells described above (paper II). Cells were compared before and after treatment 

with oxidized LDL. The sequences were characterized against UniGene (Build 123) 

(http://www.ncbi.nlm.nih.gov/UniGene) and The Expressed Gene Anatomy Database (EGAD) 

(http://www.tigr.org/tdb/egad/egad.html) using the software tool ExProView (Larsson, Ståhl et 

al. 2000). Genes that are central to cell cycle control and proliferation, inflammatory response, 
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and pathways with less obvious roles in atherosclerosis were identified.  The sequence data 

were deposited in GeneBank (dbEST) and made available on line through the ExProView 

software interface at http://biobase.biotech.kth.se/thp1a.  

 

The same process of foam cell formation is addressed in paper IV, where an extensive 

screening of the difference products was performed using global microarrays. The microarray 

clone collection included 23,178 distinct UniGene (release 146) entries and 2,186 unknowns. 

The relatively large coverage of the human transcriptome represented on these microarrays 

allowed for retrieval of much additional biological information contained within the RDA 

difference products as compared to the previous study where the gene fragments from the 

difference products were sequenced. The two studies also reveal common findings that are 

rather interesting. 

 

These biological data include genes affected by one of the more well studied lipid activated 

transcription factors: the nuclear receptor peroxisome proliferator-activated receptor-γ 

(PPARγ). Accumulating data suggests that PPARγ plays a central role in the macrophage 

response to high extra cellular concentrations of oxLDL (Glass and Witztum 2001) (Tontonoz, 

Nagy et al. 1998). Several PPARγ target genes were identified in this work and in both studies 

we observed the effects of PPARγ on gene regulatory level including the up-regulation of the 

fatty acid binding protein, ferritin (light polypeptide), adipose differentiation-related protein 

(adipophilin) and CD36 (macrophage scavenger receptor) (Wang, Reape et al. 1999) (Jang, 

Choi et al. 1999) (Pelton, Zhou et al. 1999) (Nagy, Tontonoz et al. 1998; Tontonoz, Nagy et al. 

1998). The latter is considered to play a critical role in atherosclerotic foam cell formation by 

mediating the uptake of oxidised lipoproteins (Tontonoz, Nagy et al. 1998). The CD36 

promoter is a direct target for the PPAR: RXRa (retinoid x receptor alpha) heterodimer. 

 

In the global microarray screening we also observed differential regulation of several other 

members of the family of nuclear receptors (NR´s). The NR gene family members are ligand 

induced transcription factors several of which have been demonstrated to regulate different 

pathways involved in lipid homeostasis (Chawla, Repa et al. 2001) (Repa and Mangelsdorf 

2000) (Nagy, Tontonoz et al. 1998) (Tontonoz, Nagy et al. 1998). The role of the majority of 

these receptors in foam cell formation remains to be investigated yet.  It has been proposed that 

they are suitable targets for therapeutic treatment as they specifically affect different cellular 
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pathways in response to specific ligands. These results are exciting as these genes are likely to 

control the differential expression of many others and may be directly regulated by cholesterol 

stimuli rather than secondary effects.  

  

Finally, a few members of a group of transporter proteins, the ATP-binding cassette protein 

gene subfamily A (ABC1), some of which have been shown to carry out lipid efflux and influx 

in macrophages, were identified. This may be an important part of the explanation for the foam 

cell phenotype developed by the macrophages in these experiments. 

 

 
 

Figure 11. The monocytoid THP-1 cell line can be stimulated to differentiate into phenotypes 

mimicking macrophages in atherosclerosis. First, treatment with lipopolysaccaride (LPS) or a 

phorbolester (PMA) will elicit the differentiation of the monocytic cells into macrophage like 

cells (A). Subsequent treatment with the atherogenic substance oxidized LDL cholesterol (B) 

or an anti-atherogenic drug candidate (DiNAC) (C) will drive the cells to exhibit specific 

phenotypes and allow for the analysis of gene expression patterns correlated to these changes. 

 

9.3 Focal localization of atherosclerotic plaques (V) 

Atherosclerotic lesions develop primarily at branch points and curvatures of the artery (Figure 

12). The mechanical stress resulting from irregular and turbulent blood flow at such sites have 

been shown to play an important role in the vascular homeostasis and pathophysiology (Nagel, 

Resnick et al. 1999) (Gimbrone, Anderson et al. 1999) (Davies, Polacek et al. 1999). The gene 
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expression and functional phenotype of the vascular endothelium thus depends on both 

biochemical and biomechanical stimuli. It is well known that atherosclerotic tissue exhibits a 

variety of characteristic changes within the vessel wall during the chronic phase of the disease 

prior to clinical endpoints such as stroke and myocardial infarction (Ross 1993). However, 

even before the first detectable stage of atherosclerosis, i.e. the fatty streak, differential 

biochemical signals can be identified that are associated with non-uniform flow of the blood at 

plaque-prone regions of the vessel. The arterial endothelium at these sites show increased 

permeability to lipoproteins, endothelial cell damage and repair as well as the expression of 

leukocyte adhesion proteins (Topper and Gimbrone 1999). In contrast, the linear regions of the 

vasculature with more uniform flow, display little or no differential expression. 

 

 
 

 Figure 12. Atherosclerosis develops primarily at branch points and curvatures of the arteries. 

This figure shows sites of plaque development on an aorta stained with oil red-O for detection 

of fatty acids. 

 

For elucidation of the molecular mechanisms responsible for the transduction of biomechanical 

stresses into changes of endothelial structure we used a murine in vivo model of 

atherosclerosis. The ascending aorta and arch were removed from six week old Apo E -/- and 

LDLR-/- mice. This mouse strain develops advanced plaques before they are one year old but 

at six weeks, the plaque progression is assumed to be at an initial phase. The aorta was cleared 

of adipose tissue under a microscope and was dissected into plaque-prone parts (aortic arch 

and abdominal aorta proximal part) and less plaque-prone parts (descending thoracic aorta and 

abdominal aorta distal part). RNA from the two samples was extracted and used for two rounds 

 46



T. ANDERSSON  
 

of RDA subtraction and amplification using the protocol described in papers I and II. More 

than 400 clones were sequenced from each representation and difference product resulting in 

876 sequences from non-subtracted material (representations) and 1,901 sequences from 

potentially differentially expressed genes (DP1 and DP2). Assembly of all sequences for each 

data set again showed an efficient enrichment by RDA. Seven to nine percent of all contigs 

from the representations included more than one sequence compared to 32–35% of all contigs 

from DP2. Contigs were searched for sequence similarities in the mouse UniGene database 

(Build 100) using the cut-off E-value ≤ 10-20. Of all sequences, 52% gave a significant hit in 

UniGene. To focus on the sequences that are the most likely to be truly differentially expressed 

genes, only clusters containing more than one sequence that were cloned from DP2 were 

considered. A sub-set of these genes were chosen for real-time PCR using the RDA starting 

material and all but one of these genes (11 in 12) were confirmed to be differentially 

expressed, supporting the reliability of these RDA data. 

 

Among the transcripts, we found caveolin to be up-regulated in plaque-prone regions. This 

protein has been the subject of much discussion in relation to atherosclerosis. It is localized in 

(and named after) special invaginations, caveolae, on the surface of vascular endothelial cells 

that have been proposed to be central to the regulation of signal transduction. This protein 

binds to lipids and a wide variety of signalling molecules (Okamoto, Schlegel et al. 1998) 

many of which are thought to be involved in the transduction of mechanical forces to 

biochemical cell signalling (Alenghat and Ingber 2002).  

 

Proteoglycan accumulation has been implicated in atherosclerotic progression in human 

lesions. The proteoglycans biglucan and perlecan were recently found in atherosclerotic lesions 

of ApoE-/- and LDLR-/- mice (Kunjathoor, Chiu et al. 2002). Our finding of biglucan being 

over-expressed in plaque-prone regions supports this. 

 

A number of genes known to be expressed in macrophages rather than endothelial cells 

(although the possibility of endothelial expression cannot be excluded) were found. Among 

those are CD36 (the macrophage scavenger receptor) and cathepsin L.  This indicates that 

although no detectable sign of atherosclerosis can be observed in such young mice, the 

accumulation of macrophages has already been initiated and is more elevated in the plaque 

prone regions. 
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It should be noted that the “dilution” of gene expression differences in tissue samples which 

probably contain a mixture of cells with varying gene expressions has to be taken into account 

(Davies, Polacek et al. 1999). Gene expression alterations observed for whole tissue regions 

can be due to extremely high or low expression in a few cells. Relative differences in gene 

expression can therefore be difficult to obtain. The RDA method is in this respect very 

advantageous, as it will subtract all common sequences leaving only those genes that are 

unique in one tissue to be cloned and analysed. 

 

In conclusion, the data from this study indicates that there are important gene expression 

differences in plaque prone regions and less plaque-prone regions of arteries in an early phase 

of the disease. The genes found suggest a higher presence of macrophages in plaque prone 

regions than in less plaque prone regions indicating the initiation of plaques.  

 

10. Concluding remarks 

The objective of the work presented in this thesis has been to apply, combine and evaluate 

tools for analysis of differential gene expression using atherosclerosis as a model system. RDA 

was applied in two cell line experimental set-ups and in one in vivo study to clone genes with 

altered expression levels in response to (1) an anti-atherogenic candidate drug, (2) the 

atherogenic substance oxidized LDL cholesterol and (3) early mechanical stress in plaque 

prone and less plaque-prone regions of the aortic artery in mice.  

 

RDA products were cloned and sequenced in a large-scale shotgun-cloning fashion and this 

approach demonstrated the successful enrichment of relevant genes in the RDA process but 

also indicted a very high sequence diversity in the difference product. This was confirmed by 

combining microarray technology with RDA, indicating that the difference products indeed 

contain thousands of different gene fragments. 

 

A large number of differentially expressed clones were successfully sequenced and confirmed 

by real-time PCR. Screening with global microarrays identified many more genes although 

these data also seem to be more “noisy” which is a general problem using microarrays and 

should be compensated for by careful verification of the results. This noise could reflect subtle 

differences for genes involved in cell metabolism. Nevertheless, these screening procedures 

resulted in identifying quite a large number of candidate genes related to the atherosclerotic 
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processes. In particular the finding of several nuclear receptors with altered expression in 

response to oxidized LDL deserves further investigation.  The application of RDA alone and in 

combination with microarray analysis has proven suitable for gene expression analysis both in 

in vitro as well as in vivo experimental systems.  Raw data in terms of novel sequences and 

accession numbers of known sequences have been made publicly available through depositing 

sequences in GenBank and parts of the data are also available for interactive exploration on 

line through an interactive software tool. The data generated thus constitute a base for new 

hypotheses to be tested in the field of atherosclerosis. 
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 Abbreviations 

 
ABC1  ATP-binding cassette protein gene subfamily A 
BLAST  basic local alignment search tool. 
bp   base pair 
BSA   bovine serum albumin 
cDNA  complementary DNA 
Cy3/Cy5  cyanine 5/cyanine3 
DD   differential display 
DiNAC  N,N'-Diacetyl-L-cystine 
DMSO  dimethylsulfoxide 
DNA   deoxyribonucleic acid 
DP   difference product 
ds   double stranded  
EGAD  expressed gene anatomy database 
EST   expressed sequence tag 
FPP   farnesyl pyrophosphate synthase 
HGP   human genome project 
hnRNA  hetero nuclear RNA 
kb   kilo base pairs 
LDL   low density lipoprotein 
LOWESS  locally weighted scatter plot smoothing regression 
LPS   lipopolysaccaride 
µm   micrometer 
mRNA  messenger RNA 
NR   nuclear receptor 
PCR   polymerase chain reaction 
PMA   12-myristate-13 acetate (phorbolester) 
PPARγ  peroxisome proliferator-activated receptor γ 
RAP-PCR  RNA arbitrarily primed PCR 
RDA   representational difference analysis 
RNA   ribonucleic acid 
RXRa  retinoid x receptor alpha 
SAGE  serial analysis of gene expression 
SDS   sodium dodecyl sulfate 
SNP   single nucleotide polymorphism 
SSH   suppressive subtractive hybridization 
URL   uniform resource locator 
UTR   untranslated region 
WHHL  watanabe heritable hyperlipidemic 

 

 

 

 

 

 

 50



T. ANDERSSON  
 

 

Acknowledgements 

 
I would like to thank all people who contributed to this thesis one way or another.  
 
I am especially grateful to  
 
Joakim Lundeberg, my supervisor, for introducing me to good projects, for whole-hearted 
support in pursuing the scientific plans, for your contagious positive spirit and your genuine 
interest in the well being of your students. 
 
Mathias Uhlén for giving me the opportunity to work in your dynamic group and for equipping 
the lab with an endless row of expensive robots and a mission.  
 
Jacob Odeberg, my co-supervisor, for teaching me all I know about RDA and for always 
taking the time you don´t have to come up with solutions to problems and to share your deep 
knowledge about gene expression analysis and molecular pathways.  
 
Per Unneberg for your unselfish attitude and excellent help with all computer and 
bioinformatics related issues. Your support and ideas have been a great resource throughout 
this work, I would never have made it without you! 
 
The cDNA microarray team: Peter Nilsson, Anders Andersson, Valtteri Wirta, Anna 
Gustafsson, Annelie Johansson, Maria Sievertzon, Henric Aspeborg, Cecilia Laurell, Angela 
Fredin and Anna Westring for cheerful fighting spirit and for finally making the arrays work! 
 
Lotta Agaton, Stina Boräng and Maria Sievertzon, for being my close lab partners sharing 
good and bad in the Blåkulla lab when we were all new, and also Kicki, Anders, Lasse and 
Annika who moved in later, for all the crazy stuff and fun we had there that made work so 
much more than pipetting.  
 
Deirdre O´Meara for kindly reading and giving valuable comments on this thesis. 
 
Anders Holmberg and Michael Strömberg for PC emergency support 
 
Bahram Ahmini for kind help with sequencing 

 
My Hedhammar and Åsa Sievertzon for companionship during this last hectic summer of 
writing when everybody else was out in the sun… 
 
All colleagues and friends (the above and all others), former and present, at the Department 
of Biotechnology, and especially the division for Molecular Biotechnology, for all your 
different personalities, for support in moments of despair, for the atmosphere of generosity and 
willingness to help, for fun parties, lunches, the tennis course, music evenings, Lucia 
celebrations and journeys, for sharing your different perspectives on life and your ambitions. 
I want to thank all of you from my heart for letting me be part of DNAcorner . 

 51



APPROACHES TO DIFFERENTIAL GENE EXPRESSION ANALYSIS IN ATHEROSCLEROSIS 
 

 
 
John Q for bringing enthusiasm and hope to my first attempts with microarray analysis 
(Heidelberg) and for welcoming me to spend a summer in your lab. All TIGR colleagues and 
friends for helping me carry out the small summer project I came to do, which is now an 
important part of this thesis, and for making my stay in the U.S. a happy memory. 
 
Collaborators at AstraZeneca, Visual Bioinformatics and the Karolinska Institute for fruitful 
collaborations. 
 
Niklas Malmqvist for introducing me to Illustrator which has been a great help in drawing the 
pictures for the thesis. 
 
My friends in the real world for holding on to me and for being so understanding when I 
proudly bring you incomprehensible pictures from the lab to put on your walls. A special hug 
to Malin for taking care of my social life when I wrote this thesis, for all adventures and for 
always being there. 
 
My dear student jazz band Tupplurarna for all moments of boundless joy. 
 
My family in the dark woods of Sjömarken for unconditional support and for encouraging me 
to be who I am. 
 
Olof – my hero. 
 
This work was supported by funds from AstraZeneca, The Knut and Alice Wallenberg 
Foundation (KAW), the Foundation for Strategic Research (SSF) and the US national Heart 
Lung and Blood Institute. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

 52



T. ANDERSSON  
 

References 

 

 
 
Adams, M. D. (1996). "Serial analysis of gene expression: ESTs get smaller." Bioessays 

18(4): 261-2. 
Adams, M. D., S. E. Celniker, et al. (2000). "The genome sequence of Drosophila 

melanogaster." Science 287(5461): 2185-95. 
Adams, M. D., M. Dubnick, et al. (1992). "Sequence identification of 2,375 human brain 

genes." Nature 355(6361): 632-634. 
Adams, M. D., J. M. Kelley, et al. (1991). "Complementary DNA sequencing: expressed 

sequence tags and human genome project." Science 252(5013): 1651-6. 
Adams, M. D., A. R. Kerlavage, et al. (1993). "3,400 new expressed sequence tags 

identify diversity of transcripts in human brain." Nat Genet 4(3): 256-267. 
Aiello, L. P., G. S. Robinson, et al. (1994). "Identification of multiple genes in bovine 

retinal pericytes altered by exposure to elevated levels of glucose by using 
mRNA differential display." Proc Natl Acad Sci U S A 91(13): 6231-5. 

Alenghat, F. J. and D. E. Ingber (2002). "Mechanotransduction: all signals point to 
cytoskeleton, matrix, and integrins." Sci STKE 2002(119): PE6. 

Altschul, S. F., W. Gish, et al. (1990). "Basic local alignment search tool." J Mol Biol 
215(3): 403-10. 

Auwerx, J. (1991). "The human leukemia cell line, THP-1: a multifacetted model for the 
study of monocyte-macrophage differentiation." Experientia 47(1): 22-31. 

Bassett, D. E., Jr., M. B. Eisen, et al. (1999). "Gene expression informatics--it's all in 
your mine." Nat Genet 21(1 Suppl): 51-5. 

Bauer, D., P. Warthoe, et al. (1994). "Detection and differential display of expressed 
genes by DDRT-PCR." PCR Methods Appl 4(2): S97-108. 

Baxevanis, A. D. (2002). "The Molecular Biology Database Collection: 2002 update." 
Nucleic Acids Res 30(1): 1-12. 

Bittner, M., P. Meltzer, et al. (2000). "Molecular classification of cutaneous malignant 
melanoma by gene expression profiling." Nature 406(6795): 536-40. 

Boeckman, F., M. Brisson, et al. "Real-Time PCR: General consideration." Technote 
2593, BioRad Laboratories Inc. 

Boeuf, S., M. Klingenspor, et al. (2001). "Differential gene expression in white and 
brown preadipocytes." Physiol Genomics 7(1): 15-25. 

Borang, S., T. Andersson, et al. (2001). "Monitoring of the subtraction process in solid-
phase representational difference analysis: characterization of a candidate drug." 
Gene 271(2): 183-92. 

Bowler, L. D., M. Hubank, et al. (1999). "Representational difference analysis of cDNA 
for the detection of differential gene expression in bacteria: development using a 
model of iron-regulated gene expression in Neisseria meningitidis." 
Microbiology 145 ( Pt 12): 3529-37. 

Brazma, A., P. Hingamp, et al. (2001). "Minimum information about a microarray 
experiment (MIAME)-toward standards for microarray data." Nat Genet 29(4): 
365-71. 

Brazma, A., A. Robinson, et al. (2000). "One-stop shop for microarray data." Nature 
403(6771): 699-700. 

 53



APPROACHES TO DIFFERENTIAL GENE EXPRESSION ANALYSIS IN ATHEROSCLEROSIS 
 

Brisson, M., L. Tan, et al. "Identification of Nonspecific Products Using Melt-Curve 
Analysis on the iCycler iQ Detection System." Technote 2684, BioRad 
Laboratories Inc. 

Brown, M. P., W. N. Grundy, et al. (2000). "Knowledge-based analysis of microarray 
gene expression data by using support vector machines." Proc Natl Acad Sci U S 
A 97(1): 262-7. 

Brown, M. S. and J. L. Goldstein (1983). "Lipoprotein metabolism in the macrophage: 
implications for cholesterol deposition in atherosclerosis." Annu Rev Biochem 
52: 223-61. 

Carew, T. E., D. C. Schwenke, et al. (1987). "Antiatherogenic effect of probucol 
unrelated to its hypocholesterolemic effect: evidence that antioxidants in vivo can 
selectively inhibit low density lipoprotein degradation in macrophage-rich fatty 
streaks and slow the progression of atherosclerosis in the Watanabe heritable 
hyperlipidemic rabbit." Proc Natl Acad Sci U S A 84(21): 7725-9. 

Chao, A. A. and S. M. Lee (1992). "Estimating the number of classes via sample 
coverage." J. Am. Stat. Assoc. 87: 210-217. 

Chawla, A., J. J. Repa, et al. (2001). "Nuclear receptors and lipid physiology: opening 
the X-files." Science 294(5548): 1866-70. 

Chen, H., M. Centola, et al. (1998). "Characterization of gene expression in resting and 
activated mast cells." J Exp Med 188(9): 1657-68. 

Chen, Y., E. R. Dougherty, et al. (1997). "Ratio-based decisions and the quantitative 
analysis of cDNA microarray images." J Biomed Opt 24: 364-374. 

Cheung, V. G., M. Morley, et al. (1999). "Making and reading microarrays." Nat Genet 
21(1 Suppl): 15-9. 

Chu, C. C. and W. E. Paul (1997). "Fig1, an interleukin 4-induced mouse B cell gene 
isolated by cDNA representational difference analysis." Proc Natl Acad Sci U S 
A 94(6): 2507-12. 

Cleveland, W. S. and S. J. Devlin (1988). "Locally weighted regression: an approach to 
regression analysis by local fitting." Journal Am. Stat. Assoc. 83: 596-610. 

Crick, F. (1958). "The Biological Replication of Macromolecules." Symp. Soc. Exp. 
Biol. XII: 138. 

Danesh, J. (1999). "Coronary heart disease, Helicobacter pylori, dental disease, 
Chlamydia pneumoniae, and cytomegalovirus: meta-analyses of prospective 
studies." Am Heart J 138(5 Pt 2): S434-7. 

Datson, N. A., J. van der Perk-de Jong, et al. (1999). "MicroSAGE: a modified procedure 
for serial analysis of gene expression in limited amounts of tissue." Nucleic Acids 
Res 27(5): 1300-7. 

Davies, P. F., D. C. Polacek, et al. (1999). "A spatial approach to transcriptional 
profiling: mechanotransduction and the focal origin of atherosclerosis." Trends 
Biotechnol 17(9): 347-51. 

Debouck, C. (1995). "Differential display or differential dismay?" Current Opinion in 
Biotechnology(6): 597-599. 

DeRisi, J., L. Penland, et al. (1996). "Use of a cDNA microarray to analyse gene 
expression patterns in human cancer." Nat Genet 14(4): 457-60. 

Diatchenko, L., Y. F. Lau, et al. (1996). "Suppression subtractive hybridization: a 
method for generating differentially regulated or tissue-specific cDNA probes 
and libraries." Proc Natl Acad Sci U S A 93(12): 6025-30. 

Diehl, F., S. Grahlmann, et al. (2001). "Manufacturing DNA microarrays of high spot 
homogeneity and reduced background signal." Nucleic Acids Res 29(7): E38. 

 54



T. ANDERSSON  
 

Dorris, D. R., R. Ramakrishnan, et al. (2002). "A highly reproducible, linear, and 
automated sample preparation method for DNA microarrays." Genome Res 
12(6): 976-84. 

Drew, A. C. and P. J. Brindley (1995). "Female-specific sequences isolated from 
Schistosoma mansoni by representational difference analysis." Mol Biochem 
Parasitol 71(2): 173-81. 

Dron, M. and L. Manuelidis (1996). "Visualization of viral candidate cDNAs in 
infectious brain fractions from Creutzfeldt-Jakob disease by representational 
difference analysis." J Neurovirol 2(4): 240-8. 

Eberwine, J., H. Yeh, et al. (1992). "Analysis of gene expression in single live neurons." 
Proc Natl Acad Sci U S A 89(7): 3010-4. 

Eddy, S. R. (2001). "Non-coding RNA genes and the modern RNA world." Nat Rev 
Genet 2(12): 919-29. 

Edman, C. F., S. A. Prigent, et al. (1997). "Identification of ErbB3-stimulated genes 
using modified representational difference analysis." Biochem J 323 ( Pt 1): 113-
8. 

Eisen, M. B., P. T. Spellman, et al. (1998). "Cluster analysis and display of genome-wide 
expression patterns." Proc Natl Acad Sci U S A 95(25): 14863-8. 

Fodor, S. P., J. L. Read, et al. (1991). "Light-directed, spatially addressable parallel 
chemical synthesis." Science 251(4995): 767-73. 

Frazer, J. K., V. Pascual, et al. (1997). "RDA of lymphocyte subsets." J Immunol 
Methods 207(1): 1-12. 

Frohme, M., B. Scharm, et al. (2000). "Use of representational difference analysis and 
cDNA arrays for transcriptional profiling of tumor tissue." Ann N Y Acad Sci 
910: 85-104; discussion 104-5. 

Galas, D. J. (2001). "Sequence interpretation. Making sense of the sequence." Science 
291(5507): 1257-60. 

Geng, M., C. Wallrapp, et al. (1998). "Isolation of differentially expressed genes by 
combining representational difference analysis (RDA) and cDNA library arrays." 
Biotechniques 25(3): 434-8. 

Geschwind, D. H., J. Ou, et al. (2001). "A genetic analysis of neural progenitor 
differentiation." Neuron 29(2): 325-39. 

Gibson, U. E., C. A. Heid, et al. (1996). "A novel method for real time quantitative RT-
PCR." Genome Res 6(10): 995-1001. 

Gimbrone, M. A., Jr., K. R. Anderson, et al. (1999). "Special communicationthe critical 
role of mechanical forces in blood vessel development, physiology and 
pathology." J Vasc Surg 29(6): 1104-51. 

Glass, C. K. and J. L. Witztum (2001). "Atherosclerosis. the road ahead." Cell 104(4): 
503-16. 

Graveley, B. R. (2001). "Alternative splicing: increasing diversity in the proteomic 
world." Trends Genet 17(2): 100-7. 

Gress, T. M., C. Wallrapp, et al. (1997). "Identification of genes with specific expression 
in pancreatic cancer by cDNA representational difference analysis." Genes 
Chromosomes Cancer 19(2): 97-103. 

Griffin, T. J., S. P. Gygi, et al. (2002). "Complementary Profiling of Gene Expression at 
the Transcriptome and Proteome Levels in Saccharomyces cerevisiae." Mol Cell 
Proteomics 1(4): 323-33. 

Gurskaya, N. G., L. Diatchenko, et al. (1996). "Equalizing cDNA subtraction based on 
selective suppression of polymerase chain reaction: cloning of Jurkat cell 

 55



APPROACHES TO DIFFERENTIAL GENE EXPRESSION ANALYSIS IN ATHEROSCLEROSIS 
 

transcripts induced by phytohemaglutinin and phorbol 12-myristate 13-acetate." 
Anal Biochem 240(1): 90-7. 

Hacia, J. G. (1999). "Resequencing and mutational analysis using oligonucleotide 
microarrays." Nat Genet 21(1 Suppl): 42-7. 

Hansen-Hagge, T. E., U. Trefzer, et al. (2001). "Identification of sample-specific 
sequences in mammalian cDNA and genomic DNA by the novel ligation-
mediated subtraction (Limes)." Nucleic Acids Res 29(4): E20. 

Hara, E., T. Kato, et al. (1991). "Subtractive cDNA cloning using oligo(dT)30-latex and 
PCR: isolation of cDNA clones specific to undifferentiated human embryonal 
carcinoma cells." Nucleic Acids Res 19(25): 7097-104. 

Hashimoto, S., T. Suzuki, et al. (1999). "Serial analysis of gene expression in human 
monocyte-derived dendritic cells." Blood 94(3): 845-52. 

Hashimoto, S., T. Suzuki, et al. (1999). "Serial analysis of gene expression in human 
monocytes and macrophages." Blood 94(3): 837-44. 

Hedrick, S. M., D. I. Cohen, et al. (1984). "Isolation of cDNA clones encoding T cell-
specific membrane-associated proteins." Nature 308(5955): 149-53. 

Hegde, P., R. Qi, et al. (2000). "A concise guide to cDNA microarray analysis." 
Biotechniques 29(3): 548-50, 552-4, 556 passim. 

Heid, C. A., J. Stevens, et al. (1996). "Real time quantitative PCR." Genome Res 6(10): 
986-94. 

Hertzberg, M., H. Aspeborg, et al. (2001). "A transcriptional roadmap to wood 
formation." Proc Natl Acad Sci U S A 98(25): 14732-7. 

Hertzberg, M., M. Sievertzon, et al. (2001). "cDNA microarray analysis of small plant 
tissue samples using a cDNA tag target amplification protocol." Plant J 25(5): 
585-91. 

Hibi, K., Q. Liu, et al. (1998). "Serial analysis of gene expression in non-small cell lung 
cancer." Cancer Res 58(24): 5690-4. 

Hu, L., J. Wang, et al. (2002). "Obtaining reliable information from minute amounts of 
rNA using cDNA microarrays." BMC Genomics 3(1): 16. 

Hubank, M. and D. G. Schatz (1994). "Identifying differences in mRNA expression by 
representational difference analysis of cDNA." Nucleic Acids Res 22(25): 5640-
8. 

Hubank, M. and D. G. Schatz (1999). "cDNA representational difference analysis: a 
sensitive and flexible method for identification of differentially expressed genes." 
Methods Enzymol 303: 325-49. 

Hughes, T. R., M. Mao, et al. (2001). "Expression profiling using microarrays fabricated 
by an ink-jet oligonucleotide synthesizer." Nat Biotechnol 19(4): 342-7. 

Ihaka, R. and R. Gentleman (1996). "R: A language for data analysis and graphics." 
Journal of Computational and Graphical statistics 5: 299-314. 

Inoue, H., M. Sawada, et al. (1999). "Serial analysis of gene expression in a microglial 
cell line." Glia 28(3): 265-71. 

Ishii, M., S. Hashimoto, et al. (2000). "Direct comparison of GeneChip and SAGE on the 
quantitative accuracy in transcript profiling analysis." Genomics 68(2): 136-43. 

Jacob, A. N., N. Baskaran, et al. (1997). "Isolation of human ear specific cDNAs and 
construction of cDNA libraries from surgically removed small amounts of inner 
ear tissues." Somat Cell Mol Genet 23(2): 83-95. 

Jang, M. K., M. S. Choi, et al. (1999). "Regulation of ferritin light chain gene expression 
by oxidized low-density lipoproteins in human monocytic THP-1 cells." Biochem 
Biophys Res Commun 265(2): 577-83. 

 56



T. ANDERSSON  
 

Kane, M. D., T. A. Jatkoe, et al. (2000). "Assessment of the sensitivity and specificity of 
oligonucleotide (50mer) microarrays." Nucleic Acids Res 28(22): 4552-7. 

Karsten, S. L., V. M. Van Deerlin, et al. (2002). "An evaluation of tyramide signal 
amplification and archived fixed and frozen tissue in microarray gene expression 
analysis." Nucleic Acids Res 30(2): E4. 

Kerr, M. K. and G. A. Churchill (2001). "Statistical design and the analysis of gene 
expression microarray data." Genet Res 77(2): 123-8. 

Kilty, I. C. and P. J. Vickers (1999). "Studies of differential gene expression in clinically 
derived eosinophil populations." Clin Exp Allergy 29(12): 1671-80. 

Kim, S. K., J. Lund, et al. (2001). "A gene expression map for Caenorhabditis elegans." 
Science 293(5537): 2087-92. 

Kita, T., Y. Nagano, et al. (1987). "Probucol prevents the progression of atherosclerosis 
in Watanabe heritable hyperlipidemic rabbit, an animal model for familial 
hypercholesterolemia." Proc Natl Acad Sci U S A 84(16): 5928-31. 

Kunjathoor, V. V., D. S. Chiu, et al. (2002). "Accumulation of biglycan and perlecan, but 
not versican, in lesions of murine models of atherosclerosis." Arterioscler 
Thromb Vasc Biol 22(3): 462-8. 

Lander, E. S., L. M. Linton, et al. (2001). "Initial sequencing and analysis of the human 
genome." Nature 409(6822): 860-921. 

Larsson, M., S. Ståhl, et al. (2000). "Expression Profile Viewer (ExProView); a Software 
Tool for Transcriptome Analysis." Genomics 63: 341-353. 

Lawson, N. D. and N. Berliner (1998). "Representational difference analysis of a 
committed myeloid progenitor cell line reveals evidence for bilineage potential 
[In Process Citation]." Proc Natl Acad Sci U S A 95(17): 10129-33. 

Lee, M. L., F. C. Kuo, et al. (2000). "Importance of replication in microarray gene 
expression studies: statistical methods and evidence from repetitive cDNA 
hybridizations." Proc Natl Acad Sci U S A 97(18): 9834-9. 

Lee, P. H., S. P. Sawan, et al. (2002). "An efficient binding chemistry for glass 
polynucleotide microarrays." Bioconjug Chem 13(1): 97-103. 

Lennon, G., C. Auffray, et al. (1996). "The I.M.A.G.E. Consortium: an integrated 
molecular analysis of genomes and their expression." Genomics 33(1): 151-2. 

Lerner, A., L. K. Clayton, et al. (1996). "Cross-linking of T-cell receptors on double-
positive thymocytes induces a cytokine-mediated stromal activation process 
linked to cell death." Embo J 15(21): 5876-87. 

Liang, P. and A. B. Pardee (1992). "Differential display of eukaryotic messenger RNA 
by means of the polymerase chain reaction." Science 257(5072): 967-71. 

Liang, P. and A. B. Pardee (1995). "Recent advances in differential display." Curr Opin 
Immunol 7(2): 274-80. 

Lipshutz, R. J., S. P. Fodor, et al. (1999). "High density synthetic oligonucleotide 
arrays." Nat Genet 21(1 Suppl): 20-4. 

Lisitsyn, N., N. Lisitsyn, et al. (1993). "Cloning the differences between two complex 
genomes." Science 259(5097): 946-51. 

Lisitsyn, N. and M. Wigler (1995). "Representational difference analysis in detection of 
genetic lesions in cancer." Methods Enzymol 254: 291-304. 

Lisitsyn, N. A., N. M. Lisitsina, et al. (1995). "Comparative genomic analysis of tumors: 
detection of DNA losses and amplification." Proc Natl Acad Sci U S A 92(1): 
151-5. 

Lockhart, D. J., H. Dong, et al. (1996). "Expression monitoring by hybridization to high-
density oligonucleotide arrays." Nat Biotechnol 14(13): 1675-80. 

 57



APPROACHES TO DIFFERENTIAL GENE EXPRESSION ANALYSIS IN ATHEROSCLEROSIS 
 

Lukyanov, K. A., G. A. Launer, et al. (1995). "Inverted terminal repeats permit the 
average length of amplified DNA fragments to be regulated during preparation of 
cDNA libraries by polymerase chain reaction." Anal Biochem 229(2): 198-202. 

Luo, L., R. C. Salunga, et al. (1999). "Gene expression profiles of laser-captured adjacent 
neuronal subtypes." Nat Med 5(1): 117-22. 

Lusis, A. J. (2000). "Atherosclerosis." Nature 407(6801): 233-41. 
Mathieu-Daude, F., T. Trenkle, et al. (1999). "Identification of differentially expressed 

genes using RNA fingerprinting by arbitrarily primed polymerase chain 
reaction." Methods Enzymol 303: 309-24. 

Matsubara, K. and K. Okubo (1993). "cDNA analyses in the human genome project." 
Gene 135(1-2): 265-74. 

Matsumura, H., S. Nirasawa, et al. (1999). "Technical advance: transcript profiling in 
rice (Oryza sativa L.) seedlings using serial analysis of gene expression (SAGE)." 
Plant J 20(6): 719-26. 

Mattick, J. S. (2001). "Non-coding RNAs: the architects of eukaryotic complexity." 
EMBO Rep 2(11): 986-91. 

Meijerink, J., C. Mandigers, et al. (2001). "A novel method to compensate for different 
amplification efficiencies between patient DNA samples in quantitative real-time 
PCR." J Mol Diagn 3(2): 55-61. 

Miki, R., K. Kadota, et al. (2001). "Delineating developmental and metabolic pathways 
in vivo by expression profiling using the RIKEN set of 18,816 full-length 
enriched mouse cDNA arrays." Proc Natl Acad Sci U S A 98(5): 2199-204. 

Modrek, B. and C. Lee (2002). "A genomic view of alternative splicing." Nat Genet 
30(1): 13-9. 

Muller, K., H. Heller, et al. (2001). "Foreign DNA integration. Genome-wide 
perturbations of methylation and transcription in the recipient genomes." J Biol 
Chem 276(17): 14271-8. 

Nagel, T., N. Resnick, et al. (1999). "Vascular endothelial cells respond to spatial 
gradients in fluid shear stress by enhanced activation of transcription factors." 
Arterioscler Thromb Vasc Biol 19(8): 1825-34. 

Nagy, L., P. Tontonoz, et al. (1998). "Oxidized LDL regulates macrophage gene 
expression through ligand activation of PPARgamma." Cell 93(2): 229-40. 

Newton, M. A., C. M. Kendziorski, et al. (2001). "On differential variability of 
expression ratios: improving statistical inference about gene expression changes 
from microarray data." J Comput Biol 8(1): 37-52. 

Odeberg, J., T. Wood, et al. (2000). "A cDNA RDA protocol using solid-phase 
technology suited for analysis in small tissue samples." Biomol Eng 17(1): 1-9. 

Okamoto, T., A. Schlegel, et al. (1998). "Caveolins, a family of scaffolding proteins for 
organizing "preassembled signaling complexes" at the plasma membrane." J Biol 
Chem 273(10): 5419-22. 

Okamoto, T., T. Suzuki, et al. (2000). "Microarray fabrication with covalent attachment 
of DNA using bubble jet technology." Nat Biotechnol 18(4): 438-41. 

Pastorian, K., L. Hawel, 3rd, et al. (2000). "Optimization of cDNA representational 
difference analysis for the identification of differentially expressed mRNAs." 
Anal Biochem 283(1): 89-98. 

Pease, A. C., D. Solas, et al. (1994). "Light-generated oligonucleotide arrays for rapid 
DNA sequence analysis." Proc Natl Acad Sci U S A 91(11): 5022-5026. 

Pelton, P. D., L. Zhou, et al. (1999). "PPARgamma activation induces the expression of 
the adipocyte fatty acid binding protein gene in human monocytes." Biochem 
Biophys Res Commun 261(2): 456-8. 

 58



T. ANDERSSON  
 

Perou, C. M., S. S. Jeffrey, et al. (1999). "Distinctive gene expression patterns in human 
mammary epithelial cells and breast cancers." Proc Natl Acad Sci U S A 96(16): 
9212-7. 

Peters, D. G., A. B. Kassam, et al. (1999). "Comprehensive transcript analysis in small 
quantities of mRNA by SAGE-lite." Nucleic Acids Res 27(24): e39. 

Phillips, J. and J. H. Eberwine (1996). "Antisense RNA Amplification: A Linear 
Amplification Method for Analyzing the mRNA Population from Single Living 
Cells." Methods 10(3): 283-8. 

Quackenbush, J. (2001). "Computational analysis of microarray data." Nat Rev Genet 
2(6): 418-27. 

Randolph, J. B. and A. S. Waggoner (1997). "Stability, specificity and fluorescence 
brightness of multiply-labeled fluorescent DNA probes." Nucleic Acids Res 
25(14): 2923-9. 

Relogio, A., C. Schwager, et al. (2002). "Optimization of oligonucleotide-based DNA 
microarrays." Nucleic Acids Res 30(11): E51-1. 

Repa, J. J. and D. J. Mangelsdorf (2000). "The role of orphan nuclear receptors in the 
regulation of cholesterol homeostasis." Annu Rev Cell Dev Biol 16: 459-81. 

Riggins, G. J. and R. L. Strausberg (2001). "Genome and genetic resources from the 
Cancer Genome Anatomy Project." Hum Mol Genet 10(7): 663-7. 

Rodgers, N. D., X. Jiao, et al. (2002). "Identifying mRNAs bound by RNA-binding 
proteins using affinity purification and differential display." Methods 26(2): 115-
22. 

Ross, D. T., U. Scherf, et al. (2000). "Systematic variation in gene expression patterns in 
human cancer cell lines." Nat Genet 24(3): 227-35. 

Ross, J. (1995). "mRNA stability in mammalian cells." Microbiol Rev 59(3): 423-50. 
Ross, R. (1993). "The pathogenesis of atherosclerosis: a perspective for the 1990s." 

Nature 362(6423): 801-9. 
Ross, R. (1999). "Atherosclerosis is an inflammatory disease." Am Heart J 138(5 Pt 2): 

S419-20. 
Ryo, A., N. Kondoh, et al. (2000). "A modified serial analysis of gene expression that 

generates longer sequence tags by nonpalindromic cohesive linker ligation." Anal 
Biochem 277(1): 160-2. 

Ryo, A., Y. Suzuki, et al. (1999). "Serial analysis of gene expression in HIV-1-infected T 
cell lines." FEBS Lett 462(1-2): 182-6. 

Røsok, Ø., J. Odeberg, et al. (1996). "Solid-phase method for differential display of 
genes expressed in hematopoietic stem cells." BioTechniques 21(1): 114-121. 

Sargent, T. D. and I. B. Dawid (1983). "Differential gene expression in the gastrula of 
Xenopus laevis." Science 222(4620): 135-9. 

Sarnstrand, B., A. H. Jansson, et al. (1999). "N,N'-Diacetyl-L-cystine-the disulfide dimer 
of N-acetylcysteine-is a potent modulator of contact sensitivity/delayed type 
hypersensitivity reactions in rodents." J Pharmacol Exp Ther 288(3): 1174-84. 

Schena, M., D. Shalon, et al. (1995). "Quantitative monitoring of gene expression 
patterns with a complementary DNA microarray." Science 270(5235): 467-470. 

Scherf, U., D. T. Ross, et al. (2000). "A gene expression database for the molecular 
pharmacology of cancer." Nat Genet 24(3): 236-44. 

Schroeder, B. G., L. M. Peterson, et al. (2002). "Improved quantitation and 
reproducibility in Mycobacterium tuberculosis DNA microarrays." J Mol 
Microbiol Biotechnol 4(2): 123-6. 

Shoemaker, D. D. and P. S. Linsley (2002). "Recent developments in DNA microarrays." 
Curr Opin Microbiol 5(3): 334-7. 

 59



APPROACHES TO DIFFERENTIAL GENE EXPRESSION ANALYSIS IN ATHEROSCLEROSIS 
 

Shoemaker, D. D., E. E. Schadt, et al. (2001). "Experimental annotation of the human 
genome using microarray technology." Nature 409(6822): 922-7. 

Sompayrac, L., S. Jane, et al. (1995). "Overcoming limitations of the mRNA differential 
display technique." Nucleic Acids Res 23(22): 4738-9. 

Southern, E., K. Mir, et al. (1999). "Molecular interactions on microarrays." Nat Genet 
21(1 Suppl): 5-9. 

Stears, R. L., R. C. Getts, et al. (2000). "A novel, sensitive detection system for high-
density microarrays using dendrimer technology." Physiol Genomics 3(2): 93-9. 

Strausberg, R. L., A. A. Camargo, et al. (2002). "An international database and 
integrated analysis tools for the study of cancer gene expression." 
Pharmacogenomics J 2(3): 156-64. 

Strausberg, R. L. and G. J. Riggins (2001). "Navigating the human transcriptome." Proc 
Natl Acad Sci U S A 98(21): 11837-8. 

Tontonoz, P., L. Nagy, et al. (1998). "PPARgamma promotes monocyte/macrophage 
differentiation and uptake of oxidized LDL." Cell 93(2): 241-52. 

Topper, J. N. and M. A. Gimbrone, Jr. (1999). "Blood flow and vascular gene 
expression: fluid shear stress as a modulator of endothelial phenotype." Mol Med 
Today 5(1): 40-6. 

Trenkle, T., J. Welsh, et al. (1998). "Non-stoichiometric reduced complexity probes for 
cDNA arrays." Nucleic Acids Res 26(17): 3883-91. 

Tsuchiya, S., Y. Kobayashi, et al. (1982). "Induction of maturation in cultured human 
monocytic leukemia cells by a phorbol diester." Cancer Res 42(4): 1530-6. 

Ushijima, T., K. Morimura, et al. (1997). "Establishment of methylation-sensitive-
representational difference analysis and isolation of hypo- and hypermethylated 
genomic fragments in mouse liver tumors [see comments]." Proc Natl Acad Sci 
U S A 94(6): 2284-9. 

Wagberg, M., A. H. Jansson, et al. (2001). "N,N'-diacetyl-L-cystine (DiNAC), the 
disulphide dimer of N-acetylcysteine, inhibits atherosclerosis in WHHL rabbits: 
evidence for immunomodulatory agents as a new approach to prevent 
atherosclerosis." J Pharmacol Exp Ther 299(1): 76-82. 

Valtonen, V. V. (1999). "Role of infections in atherosclerosis." Am Heart J 138(5 Pt 2): 
S431-3. 

Van Gelder, R. N., M. E. von Zastrow, et al. (1990). "Amplified RNA synthesized from 
limited quantities of heterogeneous cDNA." Proc Natl Acad Sci U S A 87(5): 
1663-7. 

Wang, E., L. D. Miller, et al. (2000). "High-fidelity mRNA amplification for gene 
profiling." Nat Biotechnol 18(4): 457-9. 

Wang, X., T. J. Reape, et al. (1999). "Induced expression of adipophilin mRNA in 
human macrophages stimulated with oxidized low-density lipoprotein and in 
atherosclerotic lesions." FEBS Lett 462(1-2): 145-50. 

Wang, Y., C. L. Liu, et al. (2002). "Precision and functional specificity in mRNA 
decay." Proc Natl Acad Sci U S A 99(9): 5860-5. 

Vargas, C., A. Lopes, et al. (1999). "Adaptation of the differential display RT-PCR 
technique to isolate sugarcane genes induced by plant association with 
endophytic nitrogen-fixing bacteria." An Acad Bras Cienc 71(3 Pt 2): 515-20. 

Velculescu, V. E., L. Zhang, et al. (1995). "Serial analysis of gene expression." Science 
270(5235): 484-7. 

Velculescu, V. E., L. Zhang, et al. (1997). "Characterization of the yeast transcriptome." 
Cell 88(2): 243-51. 

 60



T. ANDERSSON  
 

Welford, S. M., J. Gregg, et al. (1998). "Detection of differentially expressed genes in 
primary tumor tissues using representational differences analysis coupled to 
microarray hybridization." Nucleic Acids Res 26(12): 3059-65. 

Welsh, J., K. Chada, et al. (1992). "Arbitrarily primed PCR fingerprinting of RNA." 
Nucleic Acids Res 20(19): 4965-70. 

Welsh, J. and M. McClelland (1991). "Genomic fingerprinting using arbitrarily primed 
PCR and a matrix of pairwise combinations of primers." Nucleic Acids Res 
19(19): 5275-9. 

Venter, J. C., M. D. Adams, et al. (2001). "The sequence of the human genome." Science 
291(5507): 1304-51. 

Wheeler, D. L., D. M. Church, et al. (2001). "Database resources of the National Center 
for Biotechnology Information." Nucleic Acids Res 29(1): 11-6. 

Wildsmith, S. E., G. E. Archer, et al. (2001). "Maximization of signal derived from 
cDNA microarrays." Biotechniques 30(1): 202-6, 208. 

Williamson, A. R. (1999). "The Merck Gene Index project." Drug Discov Today 4(3): 
115-122. 

Virlon, B., L. Cheval, et al. (1999). "Serial microanalysis of renal transcriptomes." Proc 
Natl Acad Sci U S A 96(26): 15286-91. 

Witting, P., K. Pettersson, et al. (1999). "Dissociation of atherogenesis from aortic 
accumulation of lipid hydro(pero)xides in Watanabe heritable hyperlipidemic 
rabbits." J Clin Invest 104(2): 213-20. 

Yamamoto, M., T. Wakatsuki, et al. (2001). "Use of serial analysis of gene expression 
(SAGE) technology." J Immunol Methods 250(1-2): 45-66. 

Yang, G. P., D. T. Ross, et al. (1999). "Combining SSH and cDNA microarrays for rapid 
identification of differentially expressed genes." Nucleic Acids Res 27(6): 1517-
23. 

Yang, Y. H., M. J. Buckley, et al. (November 2000). "Comparison of methods for image 
analysis on cDNA microarray data." Technical report #584, University of 
California, Berkeley. 
http://www.stat.berkeley.edu/users/terry/zarray/Html/image.html. 

Yang, Y. H., P. L. Dudoit, et al. (2001). "Normalization for cDNA microarray data: a 
robust composite method addressing single and multiple slide systematic 
variation." Nucleic Acids Res 30(4e15). 

Yu, J., S. Hu, et al. (2002). "A draft sequence of the rice genome (Oryza sativa L. ssp. 
indica)." Science 296(5565): 79-92. 

Yue, H., P. S. Eastman, et al. (2001). "An evaluation of the performance of cDNA 
microarrays for detecting changes in global mRNA expression." Nucleic Acids 
Res 29(8): E41-1. 

Zhang, L., W. Zhou, et al. (1997). "Gene expression profiles in normal and cancer cells." 
Science 276(5316): 1268-72. 

Zhang, Y., B. D. Price, et al. (2001). "Reproducible and inexpensive probe preparation 
for oligonucleotide arrays." Nucleic Acids Res 29(13): E66-6. 

Zimmermann, J. W. and R. M. Schultz (1994). "Analysis of gene expression in the 
preimplantation mouse embryo: use of mRNA differential display." Proc Natl 
Acad Sci U S A 91(12): 5456-60. 

 

 61

http://www.stat.berkeley.edu/users/terry/zarray/Html/image.html

	Abstract
	List of papers
	Table of contents
	Summary
	Introduction
	1: Genome, transcriptome and proteome
	2: Eucaryotic gene expression
	3: Global approaches to gene expression analysis
	4: Selective approaches to gene expression analysis
	5: Verification strategies
	6: Genetics in atherosclerosis

	Present investigation
	7: Investigation of the RDA enrichment and depletion procedure by shotgun cloning of successive difference products
	8: Characterization of RDA products by global cDNA microarray analysis
	9: Identification of genes involved in atherosclerosis
	10: Condluding remarks

	Abbreviations
	Acknowledgements
	References


