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ABSTRACT

DNA microarray technology has proven to be a very useful and important tool in the field of molecular biology.
The possibility to measure expression levels of thousands of genes simultaneously has facilitated the research of
polygenic diseases. Vascular diseases are the main cause of mortality and morbidity in the western world.
Therefore it is necessary to clarify the mechanisms of pathogenesis of these diseases. Large scale gene expression
profiling will enhance the development of therapeutic strategies for the treatment of vascular diseases.

Vascular endothelial growth factors (VEGFs) have important roles in the growth, differentiation, and
maintenance of blood vessels. They are also involved in many pathological conditions such as in atherosclerosis.
The endothelium is a major regulator of vascular tone and remodelling as well as arterial inflammation and
thrombosis. Endothelial dysfunction in considered as an early sign of atherosclerosis. In this study the effects of
overexpression of one important human VEGF, VEGF-D*N*C, was studied in human vascular endothelial cells
(HUVECS) to elucidate the role and significance of VEGF-D*NC in vascular biology. Intracranial aneurysm (IA)
is a life-threatening condition. Rupture of IA causes subarachnoid hemorrhage which is associated with high
mortality. It is not known why aneurysms rupture. In this study Affymetrix microarrays was used to analyze the
difference in the gene expression of ruptured and unruptured intracranial aneurysms.

Overexpression of VEGF-D*N*C caused activation of three signalling cascades downstream from VEGFR-2
(vascular endothelial growth factor receptor -2) which induces vasodilatation and endothelial survival. Also,
upregulation of VEGF-A, neuropilin 2 (NRP2) and stanniocalcin 1(STC1) was evident and it seemed to regulate
and amplify the effects of VEGF-D*N*C. In the aneurysm study there was significant upregulation of 686 genes
and downregulation of 740 genes in the ruptured aneurysms. Significantly upregulated biological processes
included: chemotaxis, leukocyte migration, oxidative stress, vascular remodelling, and extracellular matrix
(ECM) degradation.

In HUVECs possible mechanism for VEGF-D*N*C regulation was found that will increase understanding about
the biology of VEGF-D*NC, Especially VEGF-A, NRP2 and STC1 particularly seem to have key roles in VEGF-
D*N*C signalling and regulation. In the aneurysm expression analysis, pathways and candidate genes associated
to the rupture of human saccular IA (sIA) was identified. The results provide clues to the molecular mechanisms
in sIA wall rupture and insight for novel therapeutic strategies to prevent rupture. Gene expression profiling is a
convenient and modern research tool that will help us to understand mechanisms behind complex diseases.

National Library of Medicine Classification: QS 532.5.E7, QU 58.5, QU 107, QU 450,QU 475, WG 500, WL 355

Medical Subject Headings: Genomics; Gene Expression; Gene Expression Profiling; Gene Expression Regulation; Blood
Vessels; Endothelial Cells; Endothelium, Vascular/pathology; Cerebrovascular Disorders; Atherosclerosis; Vascular
Endothelial Growth Factors; Microarray Analysis; Signal Transduction; Intracranial Aneurysm; Rupture, Spontaneous;
Inflammation; Cell Movement; Leukocytes; Chemotaxis; Extracellular Matrix/pathology; Oxidative Stress
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TIIVISTELMA

Mikrosiruteknologia on osoittautunut hyvin hyodylliseksi ja tarkedksi menetelméksi molekyylibiologisessa
tutkimuksessa. Mahdollisuus tutkia kymmenien tuhansien geenien ilmentymista yhdellad kertaa on nopeuttanut
monigeenisten tautien tutkimista. Erilaiset verisuonisairaudet ovat suurin sairastuvuuden ja kuolleisuuden
aiheuttaja lansimaissa. Siksi on tarkeda selvittda naiden tautien syntymisen mekanismeja. Laaja-alainen geenien
ilmentymisen tutkiminen tulee nopeuttamaan kaikentyypisten verisuonisairauksien terapeuttisten strategioiden
kehittamista.

Verisuonen endoteelikasvutekijoilld (vascular endothelial growth factor, VEGF) on tdrked rooli verisuonten
muodostumisessa, erilaistumisessa ja ylldpidossa. Niilld on vaikutusta myos useisiin sairauksiin kuten
valtimonkovettumatautiin. Endoteelilli on tidrked rooli verisuonen paineen s&dtelyssd ja uudelleen
muodostumisessa sekd valtimon tulehduksessa ja verisuonitukoksissa. Endoteelin toimintah&iriota pidetdan
valtimonkovettumataudin varhaisena merkkind. Téssa tutkimuksessa tutkittiin yhden tarkein VEGF:n, VEGF-
D*N“Cin, yli-ilmentymisen vaikutuksia ihmisen endoteelisolulinjassa (HUVEC) VEGF-D"N*Cn verisuonibiologian
kannalta keskeisen roolin ja merkityksen selventamiseksi. Aivovaltimoaneurysma (IA) puolestaan on
verisuonen seindman sairaus, joka puhjetessaan subaraknoidaalitilaan aiheuttaa hengenvaarallisen tilan, jolla on
suuri kuolleisuusriski. Syytd aneurysmien puhkeamiseen ei tiedetd. Tassd tutkimuksessa analysoitiin
puhjenneiden ja puhkeamattomien aivovaltimoanerysmien geenien ilmentymisten eroja Affymetrix:in
mikrosiruilla.

VEGF-D*N*c¢n yli-ilmentyminen aiheutti kolmen signalointireitin aktivoitumisen VEGFR-2:n (verisuonen
endoteelikasvutekijd reseptori -2) alajuoksussa, jotka saavat aikaan verisuonten laajenemista ja parantaa
endoteelin eloonjaamistd. Lisdksi havaittiin VEGF-A:n, neuropiliini-2:n (neuropilin-2, NRP2) ja stanniokalsiini-
1:n (stanniocalcin-1, STC1) ilmentymisen lisi&ntyminen, mika néyttdisi sddtelevin ja lisddvan VEGF-D*N“C:n
vaikutuksia. Aneurysmatutkimuksessa havaittiin 686 geenin ilmentymisen lisddntyneen ja 740 geenin
ilmentymisen vidhentyneen puhjenneissa aneurysmissa. Merkittavasti ilmentyminen oli lisadntynyt seuraavissa
biologisissa prosesseissa: kemotaksis, leukosyyttien migraatio, oksidatiivinen stressi, verisuonen uudelleen
muokkautuminen ja ekstrasellulaarimatriksin hajoaminen.

Tutkimuksessa 16ydettiin VEGF-D*N*C:n siédtelyn mahdollinen mekanismi ihmisen endoteelisoluissa, joka auttaa
meitd ymmartiméaan paremmin VEGF-D*N“Cin biologiaa. Erityisesti VEGF-A:lla, NRP2:1la ja STC1:1l4 nayttaisi
olevan tirked rooli VEGF-D*N“Cin signaloinnissa ja sdételyssd. Aneurysmien geenien ilmentymisen analyysissa
Ioydettiin reittejd ja kandidaattigeenejd, joilla voi olla vaikutusta IA:n puhkeamiseen. Tulokset auttavat
selvittimadn IA:n puhkeamisen molekulaarisia mekanismeja ja parantavat merkittdvasti mahdollisuuksia
uusien terapeuttisten puhkeamista estavien menetelmien kehittamiseen.

Yleinen suomalainen asiasanasto: genomiikka; geenitutkimus; geenit; endoteeli; verisuonet; verisuonitaudit; ateroskleroosi;
aneurysma; kasvutekijat; DNA-sirut; tulehdus; valkosolut; sidekudokset - - hajoaminen; hapettuminen
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"If you can't convince them, confuse them."

- Harry S. Truman
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1 Introduction

Vascular diseases are caused mainly by pathological changes that take place in the vascular walls. Two common
vascular diseases, atherosclerosis and aneurysm, are both diseases of blood vessel wall. Great emphasis has been
placed in the role of the endothelium in the triggering and development of vascular diseases. VEGFs are
important for endothelial integrity and thus for vascular function. The role of VEGFs, especially VEGF-D, in
atherosclerosis has not been extensively studied. They are important factors in proliferation, migration and
survival of endothelial cells (Breen, 2007) and thus they might prevent endothelial dysfunction. Dilatation of the
vessels can cause weakening of the wall leading to aneurysm formation and even to rupture. The presence of
endothelial dysfunction also in aneurysms has been shown (Libby et al., 1995). Several risk factors promote the
development and progression of vascular diseases and aneurysms but the significance of genes in disease
pathology is considered highly important. Although in vivo studies of the risk factors are essential effects of

different factors are generally easier to study in vitro as the conditions are easier to control.

Vascular diseases are polygenic diseases. Therefore to study the pathology, advanced methods are needed.
Microarrays can be used to study gene expression of tens of thousands of genes at the same time. The method
can help to clarify mechanisms of regulation, biochemical pathways and wider connections between cells. The
completion of human genome project has made it possible to study the whole human genome in a single
experiment. Microarrays have been utilized in disease diagnostics, novel gene identification, drug discovery and
understanding complex biological systems. So far, microarrays are perhaps the most successful and mature
technologies for high-throughput and large-scale genomic analyses. The real challenge for research is how to
process the large data amount obtained from the experiments that might help to understand pathogenesis of the

disease and identify potential therapeutic targets (Clarke et al., 2001).



2 Review of the literature

2.1 GENOMICS

Genomics is the study of the molecular characteristics of the whole genome. It aims to understand the structure
and function of the genome, including mapping genes and sequencing the deoxyribonucleic acid (DNA).
Genomics examines the molecular mechanisms and the interplay of genetic and environmental factors in
disease. It includes functional genomics, which is the characterization of genes and their messenger ribonucleic
acid (mRNA) and protein products. Structural genomics focuses on the dissection of the architectural features of
genes and chromosomes. In comparative genomics the evolutionary relationships between the genes and
proteins of different species are studied. Epigenomics or epigenetics is the study of DNA methylation patterns,
imprinting, DNA packaging and histone modification. In pharmacogenomics new biological targets and new

ways to design drugs and vaccines are discovered (Devlin, 2010).

211 Genome

The genome is the organism’s complete set of hereditary information either in DNA or RNA form. Genomes
differ widely in size and they include both genes and non-coding sequences of DNA. The smallest known
genome for a free-living organism, (a bacterium) contains about 600,000 DNA base pairs (Fadiel et al., 2007),
while human and mouse genomes consist of about 3 milliard base pairs (Mouse Genome Sequencing
Consortium et al., 2002). In humans the DNA is packed in 46 chromosomes forming 23 chromosome pairs

containing the entirety of hereditary information (Devlin, 2010).

2.1.1.1 Human Genome Organization (HUGO)

Human Genome Organization (http://www.hugo-international.org/) is an organization involved in the Human
Genome Project which has the global initiative to map and sequence the human genome (Fig 1). HUGO was
established in 1989 as an international organization, primarily to promote collaboration between genome
scientists around the world. HUGO has many activities ranging from support of data collation for constructing
genetic and physical maps of the human genome, to the organization of workshops to promote the consideration
of a wide range of ethical, legal, social and intellectual property issues. HUGO provides an interface between the
Human Genome Project and groups and organizations interested or involved in the human genome initiative. A
working draft of the Human Genome Project was announced in 2000 (Lander et al., 2001; Venter et al., 2001) and
the complete one in 2003. It was a huge collaboration between publicly and privately funded research teams. It
was considered the first large scale project of biology and had a huge impact on development of an array of new
technologies microarrays being one of them (Collins et al., 2003).
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2.1.2  Gene expression

Gene expression is the process where information from a gene is used in the synthesis of a functional gene
product (protein or RNA). Expressed genes include genes that are transcribed into mRNA and then translated
into protein as well as genes that are transcribed into different kinds of RNAs such as transfer RNA (tRNA),
ribosomal RNA (rRNA), short non-coding RNA and microRNA (miRNA) that are not translated into proteins.
Gene expression is a highly regulated process where genes are switched on and off at certain times which leads
to changes in the amounts of corresponding gene products. The process of gene expression is used by almost all
known life to generate the macromolecular machinery of life. Gene expression is regulated at many different
levels in transcription, RNA splicing, translation and post-translational modification of a protein. Gene
regulation is a way of controlling different biological mechanisms. It is involved in cellular differentiation and
morphogenesis and it is the basis of the versatility and adaptability of organisms (Devlin, 2010).

2121 Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)

DNA is located in the nucleus as a DNA-protein complex, chromatin, which is organized into chromosomes and
it contains all the genetic information. DNA consists of two long chains of nucleotides in a double-helical
structure joined together by hydrogen bonds. Each nucleotide is composed of a deoxyribose sugar, a phosphate
and a nitrogenous base. RNA differs to DNA by being single-stranded, containing ribose instead of deoxyribose
and having a uracil as a base rather than thymine which is present in DNA. RNA is transcribed from DNA and



there are different types of RNAs which have their own roles in gene expression, gene regulation and protein
synthesis (Devlin, 2010).

2.1.2.2  Transcription

Transcription is the process where information is transferred from the DNA to the messenger RNA after which
the RNA’s information is translated into specific proteins. The DNA is made up of two strands, linked together
in the shape of a double helix (Watson and Crick, 1953). When the transcription starts, the two strands separate,
and a strand of mRNA forms with the help of RNA polymerase. Transcription starts from the promoter
sequence which has to be accessible to the transcription machinery. For a gene to be active, it needs binding of
transcription factors to DNA sequences in the promoter region. Also, enhancers and other cis-acting
transcriptional control elements need to bind other factors in order to stimulate transcription. Transcription
factors bound to DNA recruit RNA polymerase II to the promoter and the forming of mRNA begins. RNA
copies the information into its own system of bases. The new mRNA then moves on to the ribosome area of the

cell where translation will take place (Devlin, 2010).

2.1.2.3 Translation

The mRNA translates the information it has gleaned from the DNA into amino acid sequence and then proteins
at the ribosomes in the cell's cytoplasm. The mRNA, as well as DNA, is divided into codons, three-letter
combinations made up of nucleotide bases and each codon matches up with a particular tRNA. The tRNA then
takes the codon carrying the corresponding amino acid and links it together with other amino acids in a protein
chain. Initiation requires bringing together a small (40S) ribosomal subunit, mRNA and tRNA complex, all in
proper orientation. Association of the large (60S) subunit to the complex forms a completed initiation complex.
The process starts when eukaryotic initiation factor 2 binds to GTP and forms a complex with the initiator tRNA,
Met-tRNAimet. The order of the amino acids in the chain is dictated by the sequence of codons in the mRNA.
Amino acids are linked together by peptide bonds. When the protein is complete, a stop codon will indicate that

the protein chain can detach from the ribosome making it a fully functioning molecule of protein (Devlin, 2010).

2.2 DNA MICROARRAYS

DNA microarray technology allows simultaneous measurement of the mRNA levels of thousands of genes.
Microarray based expression profiling is a powerful technology for studying biological mechanisms and for
developing valuable predictive classifiers. Microarrays can be used to study a wide variety of objectives that can
be categorized into one of three broad categories: class comparison, class prediction, and class discovery
(Ballman, 2008). Class comparison is also known as differential analysis and it involves the comparison of gene
expression profiles of predefined and dissimilar sample groups to identify the genes that are differentially
expressed among the groups. In class prediction the objective is to find genes that differ across predefined
classes. The aim is to identify a small set of genes able to accurately distinguish among the distinct groups. Class
discovery studies try to determine whether subsets of samples with seemingly homogenous phenotypes can be

detected on the basis of differences in their gene expression profiles.

2.21 History

Microarray technology evolved from Southern blotting where a mixed pool of DNA sequences is immobilised

on a membrane and then probed with a known gene or fragment (Southern, 1975). It is difficult to establish an



exact and uncontroversial origin for microarray technology but the first described use of a collection of distinct
DNAs for expression profiling was in 1987 by Kulesh et al (Kulesh et al., 1987) where they identified genes
whose expression was modulated by interferon. The gene arrays used in the experiment were made by spotting
complementary DNA (cDNA) onto filter-paper with a pin-spotting device. The use of miniaturized microarrays
for gene expression profiling was first reported in 1995 (Schena et al., 1995) and a complete eukaryotic genome
(Saccaharomyces cerevisiae) on a microarray was published in 1997 (Lashkari et al., 1997). Technological
improvements have been essential for the production of convenient and reproducible microarrays. These
include the use of a nonporous solid support, usually glass, enabling array miniaturization, the development of
fluorescence-based detection (Lockhart et al,, 1996), and the introduction of high-speed spatial synthesis of
oligonucleotides, allowing simultaneous synthesis of thousands of probes in situ on arrays (Fodor et al., 1991;
Lipshutz et al., 1999).

2.22  Principles

Microarrays are based on the ability of nucleic acids to specifically pair with each other by forming hydrogen
bonds between complementary nucleotide acid pairs allowing the hybridization between two DNA strands.
Hybridization occurs on a solid support where a probe (cDNA or oligonucleotides) forms a pair with its
complementary sample RNA which is labelled with fluorescence. The level of binding between a probe and its
target is quantified by emitted fluorescence from the hybridized target when scanned (Coppee, 2008). DNA
microarrays can be small custom arrays designed to monitor expression of a few hundred genes, very large
arrays that represent tens of hundreds of genes, or arrays that represent the entire genome (Katagiri and
Glazebrook, 2009a). There are many different types of arrays and the most distinct difference between the arrays

is whether they are spatially arranged on a surface or on coded beads.

2.22.1 Solid-phase arrays

In solid-phase arrays, nucleic acid samples (probes) are attached on a solid support such as glass, plastic or

silicon biochip. Several thousands of targets can be attached on a single DNA microarray in known locations.

22211 Spotted

Spotted arrays are usually printed directly onto a glass slide (Fig 2). The spotted probes can be cDNA or oligos
(approximately 30-70 basepairs). Array printers required for manufacturing are widely available making this
technology also suitable for custom array printing in academic laboratories (Elvidge, 2006). Although the quality
and the probe density is quite limited compared to commercial arrays the advantages of this technology,
flexibility and relatively low cost, are making them rather attractive for academic laboratories. However,
commercial arrays have become less expensive and availability of made-to-order custom arrays might diminish
the advantage of in-house spotted arrays (Katagiri and Glazebrook, 2009a).

2.22.1.2 In situ synthesised

In situ synthesised arrays are manufactured by synthesising a sequence designed to represent a single gene or a
family of gene splice-variants directly on the array surface. The synthesized oligonucleotides can be long (50 to
70 mer) or short (about 25 mer) depending on the desired purpose. Longer probes are said to be more specific to
individual target genes whereas shorter probes may be spotted in higher density across the array and are
cheaper to manufacture. Agilent uses longer oligonucleotide probes (60 mer) which are manufactured in situ



using ink-jet technology in their arrays and it allows great flexibility in the design of each array (Katagiri and
Glazebrook, 2009a). Affymetrix uses a photolithographic method with masks to manufacture their arrays
(GeneChips) (Fig 2). Light-directed synthesis is employed by passing adenosine, guanine, cytosine or thymine
nucleotides that contain a light-sensitive protecting group over a quartz wafer. Lithographic masks are used to
either block or transmit light onto specific locations on the array and the coupling of the nucleotide will happen
only in the illuminated areas. This process is repeated with different nucleotides so that the sequences are built
by one base per round. The standard design of GeneChip has multiple (at least 11) short (about 25 mer)
sequences matching perfectly to target sequences per gene. There also are 11 probes that have one basepair
change in the centre of the probe known as mismatch probes. Intensity readings from multiple probes are used
to detect each transcript and the degree of nonspecific hybridization can be estimated from the mismatch probes
(Rattray et al., 2006).
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Figure 2. Microarray technologies. Photolitography (top) is a process by which oligonucleotides are
synthesized directly on the surface. A photomask (M1) protects some of the reactive groups but leaves
others exposed to ultraviolet light, allowing for coupling of photoprotected nucletotides (X, A) on the chip
surface. In the next step, a second photomask protects other reactive groups and unprotects the formerly
shielded ones, allowing for another round of synthesis. The step is repeated until the wanted length of the
oligonucleotides is achieved. This technique is used by Affymetrix. Mechanical microspotting (middle): a
biochemical sample is loaded into spotting pin by capillary action, and a small volume is transferred to a solid
surface by physical contact between the pin and the solid substrate. Robotic control systems and multiplexed
printheads allow automated microarray fabrication. Ink jetting (bottom): releases cDNA by employing electric
current delivered by a piezoelectric element onto the platform without touching it. A repeated series of cycles
with multiple jets enables rapid microarray production. This technique is used in making of Agilent arrays.
Modified from Schena et al. (Schena et al., 1998).

2.22.1.3 Two-channel and one-channel detection

Methods that analyze two RNA samples on a single array are called two channel methods. Two RNA samples
are labelled with different coloured dyes and cohybridized to the array to obtain the ratio of the mRNA levels
for each probe between the two samples. Because the array must be scanned at two wavelength channels for two
colours, the method is called two-channel and it is mostly used with spotted arrays. Several different dyes are
used for labelling, the most popular being the Cy-dyes or Alexa-dyes. With two colour labelling various
different labelling methods and colours can be used but the disadvantage of these methods are that a large
amount of total RNA is needed and incorporation of bulky dye-tagged nucleotides into the growing cDNA
chain is inefficient. In one-channel method one mRNA sample is labelled with one dye and the labelled sample

is hybridized to obtain the mRNA amount for each probe. It is the most popular method for both spotted and



one colour commercial arrays and it is based in the in vitro transcription (IVT) described by Eberwine
(Eberwine, 1996). During cDNA synthesis modified nucleotides are incorporated in the strand that enables the
detection which can be direct detection of the amplified RNA, for example using fluorescence tagged
nucleotides or indirect detection by afterwards coupling dye molecules. Advantages of this method are a

relative low amount of starting material and a standardized protocol.

2.22.2 Bead array

Bead arrays are created by either impregnating beads with different concentrations of fluorescent dye, or by a
type of barcoding technology. The beads are addressable and used to identify specific binding events that occur
on their surface. Illumina is the best known manufacturer of bead arrays (BeadChip). In BeadChips a multicore
optical 'imaging' fiber is etched so that a bead can fit into the resulting micron-sized etched wells on the tip of
the fiber. Different oligonucleotide sequences are attached to each bead and thousands of beads can be self-
assembled on the fiber bundle. A subsequent decoding process is carried out to determine which bead occupies
which well. Complementary oligonucleotides present in the sample bind to the beads, and bound
oligonucleotides are measured by using a fluorescent label (Elvidge, 2006; Gunderson et al., 2004). The biggest
current advantage of the BeadChip is the lower costs compared with e.g. Affymetrix and the ability to process
more samples in parallel.

2.2.3  Gene expression profiling using Affymetrix GeneChip

Within the commercial one-channel microarray platforms available on the market, Affymetrix is the oldest, with
the largest panel of microarrays (GeneChips) designed for a variety of different organisms and the highest

number of publicly available data sets (Cordero et al., 2007).

2.23.1 Experimental design

Effective use of microarrays requires clear objectives and a well constructed design. Clearly stated study
objectives are needed to determine the appropriate type of specimens, an adequate sample size, and a suitable
analysis plan (Ballman, 2008). Good experimental design minimizes potential bias. Study groups should be
created, if possible, so that they differ only with respect to the variable of interest and all other variables should
be as similar as possible. Consideration should be taken to the equality of the characteristics of individuals,
specimen or sample collection, isolation, handling, and storage. Throughout the experiment the protocols should
be similar to all study groups. One very important aspect in the study design is determining an adequate sample
size to address the question of interest. The large cost of arrays is the most common reason for having too few
samples in the experiment. However, having enough arrays is essential to obtain reliable and accurate results
from the microarray experiment. Several different statistical analyses can be used to determine the adequate
sample size for each experiment (Simon et al., 2002) where source of the samples and the objectives of the study
are the most influential factors. Technical replication where the same biological material is hybridized
independent times are generally no longer performed as the analyses have shown that the results will be
relatively consistent overall (MAQC Consortium et al., 2006).

2.23.11 Probe preparation, hybridization, washing and scanning
Messenger RNA is isolated from a specimen which can be for example, cultured cells, tissue from animal
models, or human tissue. The mRNA is converted to cDNA, labelled with biotin, and hybridized to the chosen



Affymetrix GeneChip. After hybridization GeneChip is washed with two different types of buffers to remove
unbound probes and stained with streptavidin phycoerythrin conjugate in GeneChip Fluidics Station and
scanned with GeneChip Scanner. The level of gene expression is estimated from the raw intensities of the
streptavidin phycoerythrin conjugate emitted by the labelled sequence which is bound to probes representing

genes from which mRNAs were transcribed.

2.2.4 Standardization

After the new microarray technology had become more widely used, the research community faced a new big
problem which was the wide scale of parameters involved in interpreting a microarray experiment and the lack
of global comparability of results. The microarray datasets cannot be compared meaningfully if the signals
associated with related array elements are not on equal footing. It became evident that there was a need for
standards for microarray analysis in order to solve the problem of comparability (Bammler et al., 2005; Brazma,
2001; Star and Rasooly, 2001). Extremely large data sets produced from a single experiment make it difficult to
get reliable, reproducible, and comparable results. The enormous matrices produced by each array inevitably

contain noise and uncertainty which will complicate analysis of results (Rogers and Cambrosio, 2007).

2.24.1 Microarray Gene Expression Data Society (MGED)

In order to bring scientists closer to understanding and comparing microarray data a movement called
Microarray Gene Expression Data Society was founded in November 1999. The founders of the society were
European Bioinformatics (EBI), Affymetrix and Stanford University who were at the time the leading players in
microarray field (Brazma, 2001). The basic aim was to standardize the field. In the first meeting of the society,
the frames for “Minimum Information About a Microarray Experiment” (MIAME) were agreed. In July 2010, the
name of the group was changed to Functional Genomics Data Society (FGED) to reflect its current mission
which  embraces functional genomics and not just microarrays or gene  expression

(http://www.mged.org/index.html).

2.24.2 Minimum Information About Microarray Experiment (MIAME)

In December 2001 MIAME was completed and published (Brazma et al., 2001). The aim was to describe the
information that researchers should provide to explain the procedures and biological purpose of their
microarray data in adequate detail. The data received from microarray experiments is highly context-dependent.
To understand the data, experimental information must be provided, including what transcripts are
represented, the details of the sample and any treatments, and information on other factors which might have
influenced the results. Information about the data processing must be also provided. The complication is that
each study has different types of associated information that are relevant and judgements must be made about
what is relevant (Stoeckert et al., 2002). The original version of MIAME has been updated several times allowing
for more detailed specifications of the software and tools which support it as well as for more precise

experimental descriptions (Rogers and Cambrosio, 2007).

2.24.3 MicroArray Quality Control (MAQC)

Serious concerns about reproducibility and accuracy of microarrays were raised in publications reporting a lack
of concordance in lists of differentially expressed genes that were obtained at different laboratories or using
different platforms (Tan et al., 2003). Microarray technology was no longer considered very reliable and this

motivated the Food and Drug Administration to launch the MicroArray Quality Control (MAQC) project
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(MAQC Consortium et al., 2006). It involved researchers from government, academia, and industry who
established strictly controlled standard comparisons of microarray systems. The MAQC project demonstrated
that the key factors influencing variations are biological samples and human factors rather than technical
diversity (Shi et al., 2008).

2.25  Statistical analysis

Proper statistical analysis is vital to the successful use of arrays. Because microarray datasets are very large,
statistical analysis is influenced by a number of variables. Variations of experimental conditions inherent
systematic biases and the microarray outputs are associated with distinguishing features like high
dimensionality (making simultaneous inferences on thousands of genes) and scarcity (only a small fraction of

genes are statistically differentially expressed) (Fan and Ren, 2006).

2.25.1 Image analysis

After hybridization of the fluorescence-labelled targets on microarrays, the fluorescence image of the array is
scanned and the fluorescence image data are generated (Katagiri and Glazebrook, 2009a). The goal is to identify
the spots in the microarray image, quantify the signal, and record the quality of each spot. The digital images are
analyzed by specialized software with a pre-loaded design of the microarray and grid layout, which instructs
the software to consider number, position, shape and the dimension of each spot. With the help of the grid, fine
tuning can be done as well as finding possible artefacts like bubbles or scratches which are quite

common.(Trevino et al., 2007).

2.25.2 Data processing

Automated integration function of the software is used to convert the actual spot readings to a numerical value.
The integration function considers the signal and background noise for each spot. Background is caused by
optical noise, non-specific hybridization, probe-specific effects, and measurement errors. The output file is
commonly a tab-limited text file or a specific file format ((Katagiri and Glazebrook, 2009a; Trevino et al., 2007).
Data from different arrays are usually not directly comparable even after background adjustment. Systematic
errors will occur in labelling, hybridization, and scanning procedures. Normalization is used to correct these
errors, preserving the biological information and to generate values that can be compared between experiments
when they are generated in and with different places, times, technicians, reagents and arrays. Also controls used

in different steps of probe preparation help to evaluate the consistency of the process.

2.25.3 Identification of statistically significant changes

After data normalization, the levels of gene expression can be compared between samples to identify genes that
are differentially expressed. Usually, differentially expressed genes are inferred by a fixed threshold cut off
method (for example a two-fold increase or decrease) but it is statistically inefficient, the main reason being that
there are numerous systemic and biologic variations that occur during microarray experiments. Because of the
variations, merely using a fixed threshold to infer the significance might increase the proportion of false
positives or false negatives. A better framework of significance includes statistics based on replicate array data
for ranking genes according to their possibility of differential expression and selection cut-off value for rejecting
the null-hypothesis that the gene is not differentially expressed (Leung and Cavalieri, 2003). Several different
statistical methods can be used such as Student’s t-test and its variants (Baldi and Long, 2001) , ANOVA (Kerr et
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al.,, 2000), Bayesian method (Baldi and Long, 2001; Long et al., 2001) , and Mann-Whitney test (Wu, 2001) which

take into account multiple comparisons.

2254 Network-based methods

Exploratory data analysis does not require the incorporation of any prior knowledge of the process. It is a
grouping technique aiming to find genes with similar expression profiles (behaving similarly) (Katagiri and
Glazebrook, 2009b). Some commonly used methods include principal component analysis (PCA) (Raychaudhuri
et al., 2000) or singular value decomposition (SVD) (Alter et al., 2000) for dimensionality reduction, as well as
hierarchical clustering (Eisen et al., 1998), K-means clustering (Tavazoie et al., 1999) and self organizing maps
(SOMs) (Tamayo et al., 1999) for clustering. There is no exploratory data analysis that will suit all situations.

Different analysis or even different parameters of the same analysis can reveal unique aspects of the same data.

2.2.6  Advantages and disadvantages

DNA microarray is a powerful, mature, versatile, and easy-to-use genomic tool that can be applied to
biomedical and clinical research. It has shown its usefulness in drug discovery e.g. in profiling transcriptional
responses after different drug analogues (Elmouelhi et al., 2009), disease diagnosis e.g. in characterization of
gene expression in B-cell malignancies (Alizadeh et al.,, 2000), disease characterization e.g. analyzing the
autoimmune process characterizing child’s progression toward type 1 diabetes (Elo et al., 2010), novel gene
identification e.g. finding novel cytokine-induced genes in pancreatic beta-cells (Cardozo et al, 2001), and
understanding complex biological systems e.g. carcinogen identification (Afshari et al, 1999). There are
however several limitations related to microarray technology (Table 1). DNA microarrays detect changes in
mRNA levels which are rapidly changeable in response to different stimuli and are also prone to rapid
degradation. Messenger RNA levels do not always reflect protein concentrations and microarrays cannot detect
the post-translational modifications or the function of the protein after that (Ewis et al, 2005), therefore
differential RNA expression may not always lead to biological differences. Several replicate microarray
measurements are required to obtain accurate results but the cost of extensive replicates is too high for many
academic laboratories. General consensus is that at least three replicates have to be used when gene expression
data from single specimens are being analyzed (Lee et al., 2000), although more replicates are necessary when
studying for example clinically heterogeneous diseases. Although the research community has formed with
great effort guidelines to standardize microarray experiments, comparison of different studies is still quite
challenging. One of the most important problems that arose already during early microarray studies was
incorrect annotation of probes on the various microarray platforms. For many cDNA platforms, sequencing of
clones revealed that many of them were incorrect or contaminated (Halgren et al.,, 2001; Taylor et al., 2001).
Closer examination of mammalian Affymetrix microarray revealed that greater than 19 % of the probes on each
platform did not correspond to their appropriate mRNA reference sequence (Mecham et al., 2004). Several other
studies about incorrect probe information or annotation of Affymetrix microarrays has been published (Dai et
al., 2005; Harbig et al., 2005). These findings reveal that many of the conclusions derived from the earlier
microarray studies could be significantly flawed. Major improvements have been made as more sequence
information is created, validated, and annotated in high-quality data-bases. Improvements have been made in
annotation and subsequent probe refinement. Fewer probes on commercial arrays will hybridize to multiple
splice variants, show cross-hybridization to other genes in the same family and hybridize to non-specific probes

(Yauk and Berndt, 2007). Interpreting microarray experiments is very taxing because of large data sets created
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within the studies and the lack of easy-to-use bioinformatics tools. Existing statistical problems range from
image analysis to pattern discovery and classification. Several different commercial and non-commercial
bioinformatics tools have been developed during the years to help with interpretation of the results. Still after all
the data analyses have been done, remains the question: do the results have real biological significance? It has
been speculated that microarray technology will soon be replaced by next generation sequencing in which the
transcripts are directly sequenced by low cost, high-throughput sequencing technologies (Wang et al., 2009).
Though at the moment the technology is still quite expensive and in its relative infancy. Thus, until sequencing
based methods become more cost-effective and easy to use microarrays will remain a desirable method for gene

expression profiling for many researchers.

Table 1. Advantages and disadvantages of microarrays

ADVANTAGES DISADVANTAGES

Powerful Fast degradation of starting material

Highly developed Not measuring the real biological function

Versatile Technical variation

Easy-to-use Problems in standardization

Many applications Problems in validation

Accessibility Problems in data analysis

Large amount of data obtainable Problems in comparison between different experiments
Lots of users Expensive

2.3 BLOOD VESSELS

Blood vessels are complex networks of hollow tubes that transport blood throughout the entire body. Blood
vessels carry blood from the heart to all areas of the body. The blood travels from the heart via arteries to smaller
arterioles, then to capillaries, to venules, to veins and back to the heart. Lymph vessels distribute lymph fluid
back from the tissues to the circulatory system (Gray, 2003).

231  Structure and function

Circulatory network maintain cellular function, absorption of essential nutrients and removal of cellular and
metabolic waste (Pugsley and Tabrizchi, 2000). The structure of vasculature varies and reflects distinct
functional requirements at different locations. Arterial walls are thick because of constant pulsatile and high
blood pressure. The thickness of arterial wall diminishes gradually as the vessels become smaller but the ratio of
wall thickness to lumen diameter becomes greater. Veins are larger in diameter, have larger lumen and a thinner
wall than corresponding arteries and they contain valves. Lymph vessels are thin walled and also valved
structures. (Robbins et al., 2010; Vito and Dixon, 2003). The arteries are divided into three types based on their
size and structural features: 1) large or elastic arteries, including the aorta and its large branches; 2) medium-
sized or muscular arteries comprising other branches of the aorta; and 3) small arteries that deliver for the most

part blood to the tissues.

2.3.1.1 Anatomy
The arterial wall (Fig 3A) is a layered structure with distinct sections known as the intima, media and adventitia.

The innermost layer, called the tunica intima, is composed of a monolayer of endothelial cells called the
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endothelium. The tunica intima helps to restrict the entry of substances into the vascular wall, control blood
vessel diameter, and regulate coagulation. The middle layer is called the tunica media and is separated from the
tunica intima by a dense elastic membrane called the internal elastic lamina. The tunica media is composed of a
circular arrangement of smooth muscle cells (SMC), collagen, and elastic fibers; it composes the bulk of the wall
of most arteries but in veins is thinner and contains fewer SMCs. Smooth muscle contains contractile elements
that are responsible for contraction and relaxation (vasodilation). They also produce collagen and elastin. The
tunica media imparts strength, elasticity, and contractile abilities to the vessel wall. Surrounding the tunica
media is the tunica adventitia. The two layers are separated by the external elastic lamina. This outermost layer
contains a matrix of collagen and elastic fibers that support fibroblasts, the cells that secrete the fibrous proteins
collagen and elastin, nerves, and vasa vasorum, which are small blood vessels that supply the walls of large
arteries and veins with oxygen and nutrients. Veins (Fig 3B) are large-calibre but thin-walled vessels with a
poorly defined internal elastic membrane and tunica media not as well developed as that of arteries. Lymph
vessels are lined by endothelial cells under which they have a thin layer of smooth muscle and adventitia that

bind the lymph vessel to the surroundings (Borysenko and Beringer, cop. 1989; Robbins et al., 2010).

A B

Figure 3: Histological sections of normal human artery (A) and vein (B). Staining hematoxylin-eosin,
magnification 40x E = endothelium, I = intima, M = media, A = adventitia, * = internal elastic lamina,

** = external elastic lamina.

2.3.1.2 Physiology

Blood vessels do not actively transport blood because they have no appreciable peristalsis but arteries, and also
veins to a degree can regulate their inner diameter by contraction of the muscular layer. This changes the blood
flow to downstream organs and is determined by the autonomic nervous system and hormones. Oxygenated
blood returning from the lungs, flows from the left ventricle of the heart into large network of arteries starting
from larger arteries moving to low-resistance conducting vessels to small arteries and arterioles, which lower
blood pressure and protect the capillaries. The arterial vascular system transitions to the venous system through
a capillary network where the exchange of nutrients and waste products takes place between tissue and blood, a
process that requires a very large surface area. The return of blood to the heart via the venous system begins
with its movement into postcapillary venules which connect to form larger veins. They provide a volume buffer

that acts as a capacitance for the vascular circuit. Lymph vessels act as a reservoir for plasma and other
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substances including cells that leaked from the vascular system and transport lymph fluid back from the tissues

to the circulatory system (Guyton and Hall, 2006).

2.3.1.3 Endothelial dysfunction

Endothelium is the monolayer covering the inner surface of blood vessels. Normal functions of endothelium
include regulation of vascular tone and structure, mediation of coagulation, platelet adhesion and immune
function. Endothelial dysfunction has been identified as a hallmark of vascular diseases and it is regarded as the
early step in the development of atherosclerosis as well as being fundamental in maintaining vascular
inflammation. Thus the integrity of the endothelial monolayer plays an important role in counteracting such
inflammatory events (Deanfield et al., 2005). There are several mechanisms behind endothelial dysfunction, the
most prevailing being the diminishing of nitric oxide (NO) and an increase in reactive oxygen species (ROS).
Endothelial cells release NO in response to mechanical stress, causing vasodilatation which is impaired in
vascular inflammation in part due to increased vascular oxidant stress. It has been shown to promote a pro-
inflammatory and prothrombotic phenotype of the endothelium (Azuma et al., 1986; De Caterina et al., 1995).
ROS contributes to endothelial dysfunction in several ways such as upregulation of adhesins and cytokines,
reducing NO synthase activity and increasing NO breakdown, thereby reducing the bioactivity of NO
(Deanfield et al., 2005). VEGFs in low physiological concentrations are endothelium and vasculoprotective
because they induce constitutive NO production (Yla-Herttuala et al., 2007).

2.31.4 VEGFs

There are several factors that are involved in the regulation of the vascular system. The VEGF family members
VEGF-A, -B, -C, -D and placental growth factor (PIGF) and their receptors VEGFR-1, -2 and -3 are important
factors in vasculogenesis and angiogenesis (Fig 4). VEGF-A binds to VEGFR-1 and -2 as well as neuropilin-1 and
-2. It induces proliferation, sprouting, migration and tube formation of endothelial cells (Ferrara et al., 2003).
VEGE-B is a ligand for VEGFR-1 and Nrp-1 and its precise role in vivo is not known but it seems to induce
myocardium specific angiogenesis and arteriogenesis. It might also have a role in cellular energy metabolism
(Lahteenvuo et al., 2009). Binding of PIGF to its receptors, VEGFR-1 and Nrp-1, induces angiogenesis but its role
is still controversial (Nagy et al.,, 2008). The unprocessed forms of VEGF-C and -D bind to and activate
preferably VEGFR-3 and they have lymphangiogenic effects, but after proteolytic cleavage the binding affinity
to the VEGFR-2 is notably increased (Achen et al, 1998) inducing mitogenesis, migration and survival of
endothelial cells (Saharinen et al., 2004). The role of a novel member of the VEGF family, VEGF-D, has not yet
been fully elucidated. The processed form of VEGF-D (VEGF-D*N*C) has been shown to be an effective factor in
inducing capillary enlargement and vascular permeability in vivo (Rissanen et al, 2003b). In human arteries,
VEGF-D is mainly expressed in SMCs in large arteries and in macrophages in complicated lesions. VEGF-D has
also been shown to have vascular protective features that participate in vascular maintenance (Rutanen et al.,
2003). Recently found VEGF homologues VEGF-E, produced by Orf viruses, and VEGF-F, isolated from snake
venom, bind only to VEGFR-2 and their role in vascular biology is still unclear (Ogawa et al., 1998; Yamazaki et
al., 2003).



15

VEGE-E )
VEGF-A VEGF-F yEGF-C
PIGF VEGF-D
VEGE-B
v

,, N\

VEGFR-1 NRP-1 VEGFR-2 NRP-2 VEGFR-3

i

SS 4SS
—
Y1175 ;;
Y1214(P B x
’/ Sa PLC"Y
FAK N Cdc42 AELS v PRy
\‘ ¥ Src v ~ ¥
Paxillin IP3
: p38 MAPK Akt Raf
Focal adhesi 4 l :
ocal adhesion eNOS COX2 MEK
assembly Actin { *
reorganization NO production
/ / COX1 <« ERK
Migration Vascular permeability Survival Proliferation

Figure 4. Schematic illustration of receptor binding specificity and VEGF family members and the VEGFR-2
signalling pathway modified from (Takahashi and Shibuya, 2005).

2.3.2 Diseases of blood vessels

Blood vessels play a huge role in virtually every medical condition. Diseases of the blood vessels are primarily
the result of adverse changes in the vessel walls, such as hardening of the arteries, aneurysms, vasculitis,
malformations, stroke, and varicose veins. A healthy circulation depends to a large extent not only on the
condition of the blood-forming organs but on the pipelines through which blood flows. Blood vessels may
become inflamed, as in the case of vasculitis, phlebitis, and varicose veins; or they may become clogged,
especially the arteries, as a result of atherosclerosis (hardening of the arteries) or blood clots (thrombosis and
embolism), which can prevent the blood from reaching a vital organ; or they may weaken resulting the dilation

of the vessel wall (aneurysm), high blood pressure, or congenital defects (Robbins et al., 2010).

2.32.1  Atherosclerosis
Atherosclerosis is a disease which affects large and medium-sized arteries. Typical features of atherosclerosis are

accumulation of intra- and extracellular lipids, foam cell formation, proliferation of SMCs and accumulation of
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connective tissue. Atherosclerosis plays a major role in the development of myocardial infarction, stroke,
claudication, gangrene and aneurysms. Epidemiological studies have revealed several important environmental
and genetic risk factors associated with atherosclerosis such as age, male sex, high plasma low density
lipoprotein (LDL) level, low plasma high density lipoprotein (HDL) level, high blood pressure, smoking and
diabetes. Development of lesions is the pivotal factor in atherogenesis. Atherosclerosis is not simply an
inevitable degenerative consequence of aging but rather a chronic inflammatory condition that can convert into

an acute clinical event by plaque rupture and thrombosis (Lusis, 2000; Ross, 1999).

2.3.211 Pathogenesis of atherosclerosis

There have been several different hypotheses for the development of atherosclerosis. The most accepted theories
for the pathogenesis of atherosclerosis are the lipid hypothesis (Steinberg et al., 1989), the monoclonal
hypothesis (Benditt and Benditt, 1973; Schwartz et al., 1995), and the response-to-injury hypothesis (Ross, 1986).
The lipid hypothesis underlines the importance of lipids, especially LDL, in the development of atherosclerosis
(Steinberg et al., 1989). In the monoclonal hypothesis, the clonal expansion of SMC in developing plaques is
considered significant (Schwartz et al., 1995). Response-to-injury hypothesis reviews atherosclerosis to be a
chronic inflammatory response of the arterial wall initiated by some form of injury to the endothelium (Ross and
Glomset, 1976). The endothelial dysfunction that results from the injury leads to compensatory responses that
alter the normal homeostatic properties of the endothelium. The injuries increase the adhesion of blood
monocytes, T-lymphocytes, and platelets as well as permeability (Ross, 1999). Monocytes and T-lymphocytes
attach to specific adhesive glycoproteins that appear on the surface of the endothelial cells and migrate between
the cells under the influence of growth-regulatory molecules and chemoattractants released both by the altered
endothelium, its adherent leukocytes, and possibly by underlying SMCs. Migrating cells reach further beneath
the arterial surface where the monocytes become macrophages, accumulate lipid, become foam cells, and
together with the accompanying lymphocytes, become the fatty streak. (Ross, 1993). Fatty streak is the earliest
form of atherosclerotic lesion (Stary, 1992). They precede intermediate lesions, which are composed of
macrophages and SMC. They tend to form a fibrous cap that walls of the lesion from the lumen. The fibrous cap
covers a mixture of leukocytes, lipid and depris, which form a necrotic core. These lesions expand at their
shoulders by means of continued leukocyte adhesion and entry of adhesion molecules and growth factors.
Lesions proceed to develop to more advanced, complex occlusive plaques that contain macrophages, SMCs, T-
cells, atheromatous core and calcium (Fig 5). Complicated lesions occlude the artery and may be ruptured
resulting in thrombus formation. The rupture usually occurs at sites of thinning of the fibrous cap that covers the
advanced lesion. Thinning of the fibrous cap might be due to the continuing influx and activation of
macrophages which release metalloproteinases and other proteolytic enzymes at these sites. These enzymes
cause degradation of the matrix which can lead to haemorrhage from the lumen of the artery. Also, intraplaque
angiogenesis often occurs in these regions which might make the plaque even more fragile (Lusis, 2000; Ross,
1993; Ross, 1999).
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Figure 5. Development of atherosclerotic lesion. A) Normal artery with intact endothelial cell lining (upper cell
layer) and organized medial layer composed of SMC. C) Medial SMCs migrate toward intima and start to
proliferate. Monocytes migrate between endothelial cells to intima from the lumen and become activated. E)
SMCs continue proliferation and synthesize ECM. Plaque now contains lipid debris from dying macrophages
with necrotic compartments and inflammatory cells. B, D and F, histological sections of normal human artery,
intermediate lesion and complicated lesion, respectively. Staining hematoxylin-eosin, magnification 40x.

2.3.2.1.2  Gene expression in atherosclerosis

Atherosclerotic lesions consist of different cell types which produce many proteins that are involved in
atherogenesis. These proteins include lipoprotein receptors, growth factors, cytokines, matrix metalloproteinases
(MMPs), and cell adhesion molecules. Macrophage scavenger receptors are membrane glycoproteins that are
involved in internalisation of unmodified and modified LDL. They mediate accumulation of modified
lipoproteins in macrophages and participate in foam cell formation in atherosclerotic lesions (Yla-Herttuala et
al.,, 1991; Kodama et al., 1990). They are involved in cell adhesion and recognition of glycosylation end products,
apoptotic cells and bacteria (Yamada et al,, 1998). Growth factors can stimulate cell proliferation and act as
chemoattractants. Platelet derived growth factors (PDGFs), fibroblast growth factors (FGFs), VEGFs and insulin
like growth factor-1 (IGF-1) are involved in several important cellular processes in atherogenesis. They can
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induce SMC proliferation and are generally expressed in normal arteries whereas they are upregulated in
atherosclerotic lesions (Ross, 1993; Waltenberger, 1997). In chemotaxis, leukocytes move into the artery wall and
SMC from the media to intima. Leukocyte chemotaxis can be induced by colony stimulating growth factors
(CSFs) (Rosenfeld et al., 1992) and SMC chemotaxis by PDGF and IGF-1 (Gerszten et al., 2000). Chemokines are
activators and attractants to leukocytes and their expression is induced by a number of atherogenic stimuli such
as oxidized LDL (oxLDL), vascular injury, growth factors and cytokines (Gerszten et al, 2000). Monocyte
chemoattractant protein-1 (MCP-1) is a chemokine expressed in macrophage-rich areas and SMCs in
atherosclerotic lesions and is actively involved in the recruitment of new monocytes into lesions (Yla-Herttuala
et al.,, 1991). Cellular adhesion molecules mediate the interaction between endothelium and blood cells via cell-
cell or cell-matrix interactions. They can also function in cell migration, signalling, and other vascular responses.
The endothelium expresses adhesion molecules like integrins and selectins that increase the adhesion of
monocytes and T-lymphocytes to the endothelium (Price and Loscalzo, 1999). Vascular cell adhesion molecule
(VCAM) (Cybulsky and Gimbrone, 1991), intercellular adhesion molecules (ICAMs) (Dustin et al., 1986) and
platelet-endothelial cell molecule (PECAM) (DeLisser et al., 1994) can serve as ligands for integrins. Adhesion
molecule expression can be regulated by different cytokines. Leukocyte adhesion is mediated by E-, L-, and P-
selectins which interact with ligands on leukocytes (Bevilacqua et al., 1985). Cytokines like interleukin 1 (IL-1)
and interferon y (INFy) modulate inflammatory processes (Ross, 1993). Peroxisome proliferators-activated
receptors (PPARs) are nuclear receptor-type transcription factors that modulate inflammation and influence
lipid metabolism such as cholesterol efflux and foam cell formation (Schoonjans et al., 1996). Nuclear factor kB
(NF-xB) is a transcription factor associated with oxidative stress and inflammation. NF-«B regulates the
expression of many important proatherogenic genes including VCAM-1 and ICAM-1(Collins and Cybulsky,
2001). Macrophages, SMCs, and T-cells in atherosclerotic lesions undergo apoptosis. Apoptosis is controlled by a
number of different genes or gene families for example B-cell lymphoma-2 (Bcl-2), caspases, and NO (Rossig et
al, 2001). MMPs degrade ECM components which are essential for matrix remodelling, infiltration of
inflammatory cells, plaque rupture, and angiogenesis (George, 1998). VEGF-D has been shown to be present in
atherosclerotic arteries. Its expression in early lesions is abundant but in advanced lesions the expression is
diminished and mainly localized in macrophages (Rutanen et al., 2003). It is not known if the role of VEGF-D in

the artery is protective or pro-atherogenic.

2.3.2.2 Intracranial aneurysms

An aneurysm is an abnormal widening or ballooning of a portion of an artery due to weakness in the wall of the
blood vessel. It is not clear what causes aneurysms. Some aneurysms are present at birth and defects in some of
the parts of the artery wall may be responsible. The aneurysm can be located commonly at the aorta, the brain
(cerebral aneurysm), in the leg behind the knee (popliteal artery aneurysm), intestine (mesenteric artery
aneurysm), and an artery in the spleen (Splenic artery aneurysm). Intracranial aneurysm commonly arises at a
branch site on a parent artery. Aneurysms are usually discovered after they rupture, producing subarachnoid
haemorrhage (SAH). The most common type of aneurysm is saccular (berry) aneurysm. Other rare types of
aneurysms are arteriosclerotic (fusiform), inflammatory (mycotic), traumatic, and dissecting. This study focuses
only in sIAs. Saccular aneurysms account for 95 % of aneurysms that rupture. They occur at bifurcations of the
major cerebral arteries, the most common sites being the junction of the carotid and posterior communicating
arteries, the anterior communicating artery, and the major bifurcation of the middle cerebral artery in the

Sylvian fissure (Fig 6) (Gasparotti and Liserre, 2005). Saccular aneurysms consist of outpouching of deficient
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collagenized tunica media that bulges through a localized defect in the internal elastic lamina. The tunica media
and the elastic lamina terminate at the aneurysm neck and the aneurysm wall is very thin, consisting only of
intima and adventitia (Stehbens et al., 1989). About two percent of the general population have an intracranial
aneurysm (Rinkel et al., 1998) and the risk of rupture is estimated to be 1-2 % per year for asymptomatic lesions
(Wiebers et al.,, 1987) which increases with age, size of the aneurysm, and the presence of symptoms. The
incidence of SAH is the highest in the world in Finland, especially in Eastern Finland and also in Japan (de Rooij
et al., 2007; Fogelholm, 1981). Symptoms from aneurysms can be caused in three ways, by rupture and SAH,
expansion of the aneurysm, or compression of adjacent structures or vascular compromise of circulation distal to
the aneurysm (Gilbert and Sergott, 2006). Most aneurysms are symptom free until the first leakage. That is why
most of the sIAs are found incidentally when the brain is scanned for diagnostic purposes or because of the first
SAH. In special anatomic locations, like posterior communicating artery, sIAs can press surrounding cranial
nerves thus inflicting neurological deficiency symptoms (Friedman et al., 2001). Exceptional giant aneurysms (>
2 cm) often partly thrombose and may cause ischemic symptoms by sending emboli in the distal vessel network
(Krings and Choi, 2010). Mortality from SAH is around 35-50 % despite modern intensive care and
neurosurgical therapy. Approximately 10 % of patients die acutely of their SAH (Hop et al., 1997).

Anterior Figure 6. Common sites of saccular aneurysms in
communicating the Circle of Willis modified from Robbins et al.
artery (Robbins et al., 2010).
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2.3.2.21 Pathogenesis of intracranial aneurysms

The etiologic basis of sIAs is unknown. Three different hypotheses exist regarding the pathogenesis of the
aneurysms: 1) congenital weakness of the muscular layer, 2) degenerative alternations of inner elastic membrane
or 3) a combination of both (Gasparotti and Liserre, 2005). Although the majority of cases occur sporadically,
genetic factors may be important in their pathogenesis. This is suggested by the fact that the first-degree
relatives of patients with the disorder are seven times more at risk than the general population (Ronkainen et al.,
1997). Cigarette smoking and hypertension are accepted predisposing factors for the development of sIAs
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(Robbins et al., 2010). Other risk factors are heavy alcohol consumption and female gender (Juvela et al., 1993).
The majority of carriers of sIAs are asymptomatic and it seems that most of these aneurysms do not rupture
during their lifetime (Juvela et al., 2008). Mechanisms of how these factors predispose to the formation or
rupture of the intracranial wall are not known. The degree to which each contributes to an individual’s
aneurysm is likely to be patient-specific. Identification of new genes important in sIA pathogenesis would
provide new insights into the primary determinants of this disease, and might result in new opportunities for
early diagnosis in the preclinical setting. This would also assist in the understanding of disease pathogenesis

whilst allowing clinicians the opportunity to modify treatment based risk.

2.3.2.22 Gene expression in intracranial aneurysms

The cellular and molecular mechanisms of the formation and rupture of sIA are not known but the contribution
of complement activation, infiltration of inflammatory cells, intimal hyperplasia, proteolysis, atherosclerosis,
and angiogenesis have been suggested (Chyatte et al., 1999; Frosen et al., 2006 Mar; Frosen et al., 2004;
Skirgaudas et al., 1996; Tulamo et al., 2006; Tulamo et al., 2010; Tulamo et al., 2010) The role of MMPs in the
pathogenesis of sIA has been studied extensively (Bruno et al., 1998)(Aoki et al., 2007a). The degradation of ECM
is a hallmark of a sIA. MMPs degrade most of the arterial ECM components, hence being largely involved in
remodelling of ECM. Tissue inhibitors of MMPs (TIMPs) regulate the proteinase activity of MMPs via forming
complexes and are considered the most potent inhibitors of MMPs. The imbalance of MMPs and TIMPs has been
suggested to be one of the key factors in the progression and rupture of sIAs (Aoki et al., 2007b; Jin et al., 2007).
Reduction of the number of SMCs is a distinctive feature of sIA. Apoptosis in medial SMCs has been shown in
sIA which leads to further ECM degradation (Hara et al., 1998; Kondo et al., 1998). Inflammation might have a
significant role in the development and rupture of aneurysms. Presence of complement C3c and C9,
immunoglobulin IgG and IgM, macrophages and T lymphocytes and complement activation have been reported
(Chyatte et al., 1999; Tulamo et al., 2006). Leukocyte infiltration has been associated with the rupture of sIA
(Frosen et al., 2004). It has been speculated that the inflammatory process elicited by activated endothelial cells
and recruited monocytes/macrophages is one of the major pathological events of intracranial aneurysm
development (Kataoka and Aoki, 2010). Expression of MCP-1 has been suggested to play a role in sIA formation
as a major chemoattractant for monocytes/macrophages (Aoki et al., 2009). The upregulation of adhesion
molecule VCAM-1 expression has been shown in sIAs (Chyatte et al., 1999), but the role of it and other adhesion
molecules in sIA development is still unclear. The presence of endothelial dysfunction was supported by studies
that analyzed inflammatory cytokines in sIA. Tumor necrosis factor a (TNF-a) is a potent proinflammatory
cytokine that triggers endothelial dysfunction with increased monocyte recruitment (Libby et al., 1995).
Increased expression on TNF-at has been seen in sIAs (Jayaraman et al.,, 2005 Sep) but its role in enlargement and
rupture of aneurysm is still unclear. NF-«B is a family of transcriptional factors regulating the expression of a
variety of genes in response to inflammatory mediators (Pahl, 1999). Activation of NF-kB has been shown in sIA
especially in intima (Aoki et al., 2007c), and it has been hypothesized to be caused by excessive hemodynamic

stress and inflammatory cytokines.
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3 Aims of the study

1) To evaluate the usefulness of microarrays in studying molecular biology of complex diseases
2) To elucidate molecular biology of VEGF-D*NC and its possible role in endothelial cells

3) To identify reasons and factors behind rupture of intracranial aneurysms
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4 Materials and methods

4.1 RECOMBINANT PROTEINS AND ADENOVIRAL VECTORS

Recombinant human (r) VEGF-Aiss was obtained from R&D Systems (Minneapolis, MN). For rVEGF-D*N*c
production the DNA sequences encoding human tissue plasminogen activator (tPA), signal peptide (amino
acids 1-21), human VEGF-D mature form (amino acids 93-201) and a polyhistidine tag were cloned in frame into
pDonr201 (Invitrogen, Carlsbad, CA) vector and subcloned using BVboost system (Laitinen et al.,, 2005) LR
reaction into pBVboostFGII expression vector. A recombinant baculovirus was produced and the rVEGF-D*N"c
protein was expressed and purified (Toivanen et al., 2009). AAVEGF-D*N“c and AdVEGF-Auss are serotype 5
adenoviruses that contain human VEGF-D*N*C or human VEGF-Ais cDNAs, respectively, driven by a
cytomegalovirus (CMV) promoter. The AACMYV control virus contains the CMV promoter and the poly (A) tail.
Adenoviruses were produced in 293 cells and the virus was concentrated and purified via two CsCl gradients,
dialyzed, and stored at -20 °C (Kossila et al., 2002).

4.2 CELL CULTURE

Collagenase treatment was used to isolate human endothelial cells (HUVECs) from the interior of umbilical
veins. The cells were harvested from the cord veins with the help of Phosphate Buffered Saline (PBS; GibcoBRL,
Grand Island, NY) which was perfused to the vein. The umbilical cord, ligated with both ends and containing
PBS, was incubated at +37 °C. After incubation, the collagenase solution containing the endothelial cells was
flushed from the cords by perfusion of PBS and pelleted with centrifugation (Jaffe et al., 1973). HUVECs were
grown in Endothelial Cell Growth medium (EGM; Cambrex Biosciences, East Rutherford, NJ) on cell culture
flasks coated with 10 ug/ml fibronectin (Sigma, St. Louis, MO) and 0.05% gelatin (Sigma) in PBS. Cell culture
studies with HUVECs were done at passages 3-5. Isolation of HUVECs from umbilical veins was approved by
the Ethics Committee of the Kuopio University Hospital (Kuopio, Finland).

4.3 CELL SURVIVAL ASSAY

HUVECs were plated at the density of 15 000 cells/cm? and allowed to attach for 24 h. Cells were washed with
Hanks’ Balanced Salt Solution (HBSS; Gibco BRL) and MCDB131 medium (Sigma) was added to the wells.
HUVECs were starved for 16 h and treated with rVEGF-D*N*C (100 ng/ml) in the presence of varying
concentrations of NRP antagonist. The peptide has been produced to inhibit the binding of VEGF-A1e to NRP1
but it blocks NRP2-mediated responses as well (Jia et al., 2006). Relative amount of living cells was measured
with MTS-reagent (Promega, Madison, WI).

4.4 ADENOVIRAL GENE TRANSFER

Cells were plated as described above. Transductions with AdVEGF-D*N*C, AdVEGF-Aiss and AACMV were
performed in serum-free conditions at the multiplicity of infection (MOI) 50. Normal cell culture supplements
were added after an hour and cell culture was continued for an additional 12 h. Cells were washed with HBSS

and fresh cell culture medium was added.
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4.5 EXPERIMENTAL SETTING FOR HUVECs
The experiment was done with HUVECs pooled from three separate donors. Adenoviral transduction was
performed with AAVEGF-D*N*C and AACMYV as described above. Samples were done in triplicates. Cells were

harvested 36 h or 72 h after adenoviral transduction.

4.6 PATIENTS AND INTRACRANIAL ANEURYSM SAMPLES

Tissue samples from the aneurysm walls were obtained from the Department of Neurosurgery, Helsinki
University Central Hospital, Helsinki, Finland. Fundi of 25 ruptured and 20 unruptured sIAs were resected
during microsurgical clipping of the aneurysm neck (Table 2) (Frosen et al., 2006 Mar; Frosen et al., 2004;
Tulamo et al., 2006; Tulamo et al., 2010; Tulamo et al., 2010). All of the subjects were of Finnish ethnicity. The
samples were immediately snap frozen in liquid nitrogen, and stored in the Helsinki Neurosurgery sIA Tissue
Bank. The medical records of the 45 sIA patients were collected (Table 2). The study was approved by the Ethical
Committee of Neurology, Ophthalmology, Otorhinolaryngology, and Neurosurgery of the Helsinki University
Central Hospital.



Table 2. Patients, sIA samples and methods
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Sample Sex Age Location Rupture Time from Micro- qRT-PCR IHC
No. Years of sIA of sIA* Rupture (h) array™** ok haad
1 F 60 MCA no + - -
2 F 64 ICA no + - -
3 M 47 MCA no + - -
4 F 37 MCA no + - -
5 M 42 MCA no + + -
6 F 62 MCA no + + _
7 M 56 PCoA no + + _
8 F 65 MCA no + + -
9 F 56 MCA no - + -
10 M 42 MCA no - + +
11 F 59 MCA no - + -
12 M 28 ACoA no - - +
13 F 48 MCA no - - +
14 F 55 MCA no - - +
15 F 54 MCA no - - +
16 M 37 ACoA no - - +
17 F 57 DACA no - - +
18 M 53 MCA no - - +
19 F 54 MCA no - - +
20 F 50 MCA no - - +
21 F 54 MCA yes 16 + - -
22 F 46 ACoA yes 96 + - -
23 M 58 MCA yes 24 + + _
24 F 71 ACoA yes 216 + + _
25 F 52 ICA yes 168 + + -
26 F 32 MCA yes 3 + + _
27 F 38 MCA yes 2.6 + + -
28 M 73 MCA yes 3.6 + + -
29 F 69 MCA yes 6.7 + + -
30 F 53 MCA yes NA + + -
31 M 70 MCA yes 14 + + +
32 F 57 PCoA yes 6.4 - + -
33 F 58 MCA yes 12 - + -
34 F 44 MCA yes 11 + -
35 F 53 MCA yes 24 - + +
36 F 47 ACoA yes 52 - + -
37 M 41 ACoA yes 9.1 - + -
38 F 62 PCoA yes 72 - + -
39 M 84 ACoA yes 360 - - +
40 M 58 ICA yes 3.75 - - +
41 F 64 ACoA yes 11 - - +
42 F 71 MCA yes 72 - - +
43 F 46 PCoA yes 48 - - +
44 F 36 MCA yes 24 - - +
45 F 72 MCA yes 4 - - +

F = female; M = male; MCA = middle cerebral artery; PComA = posterior

communicating artery, AComA = anterior

communicating artery; ICA = internal carotid artery; DACA = distal anterior cerebral artery; NA = not available; *aneurysm
unruptured no or ruptured yes; **microarray yes + or no -; ***quantitative real time PCR yes + or no -
****immunohistochemistry (IHC) yes + or no -
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4.7 ISOLATION OF mRNA AND MICROARRAY HYBRIDIZATION

Total RNA was extracted with Trizol Reagent (Invitrogen) according to the manufacturer’s instructions. The
amounts and purity of total RNAs were measured with NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies Inc, Wilmington, DE). The probes for gene expression analysis were made according to the
Affymetrix protocol. From HUVECsS, five micrograms and from intracranial aneurysms, hundred nanograms of
total RNA was first reverse transcribed to double stranded cDNA using a T7-oligo(dT) promoter primer in the
first-strand cDNA synthesis reaction. Following RNase H-mediated second-strand cDNA synthesis, the double-
stranded cDNA was purified and it served as a template in the subsequent in vitro transcription (IVT) reaction.
The IVT reaction was carried out in the presence of T7 RNA polymerase and a biotinylated ribonucleotide mix
for complementary RNA (cRNA) amplification and biotin labelling. For aneurysms, Affymetrix two-cycle
amplification protocol was used because of the smaller amount of starting total RNA therefore an additional
cycle of cDNA synthesis and IVT amplification was done to obtain sufficient amounts of labelled cRNA target
for analysis with arrays. The biotinylated cRNA targets were cleaned up, fragmented, and hybridized for 16 h to
Human Genome U133 Plus 2.0 GeneChips (Affymetrix, Santa Clara, CA). The chips were stained with
streptavidin phycoerythrin conjugate, washed (Affymetrix Fluidics Station 400) and scanned (Affymetrix
GeneChip Scanner 3000) according to manufacturer’s instructions (Fig 7).
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Figure 7. Schematic illustration of Affymetrix standard eukaryotic gene expression assay from
www.affymetrix.com.
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4.8 MICROARRAY DATA ANALYSIS
For HUVECs, data analysis was performed with dChip1.3 which uses a probe-sensitivity index to capture the

response of a specific probe pair and calculates model-based expression indexes (Li and Wong, 2001).
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Transcripts up- or downregulated by 1.5-fold (false discovery rate (FDR) 0% and p < 0.05) were analyzed further
with NetAffx software and OMIM. For aneurysms microarray analyses were performed with R statistical
software version 2.9.1 (R Dev Core Team, 2009) and Bioconductor version 2.4.1 (Gentleman R. C. et al., 2004).
Data import was done using Affy package version 1.22 (Gautier et al., 2004) using BrainArray CustomCDF
version 12 custom Chip Description File (CDF) for probe set matching and gene annotations (Dai et al., 2005;
Sandberg and Larsson, 2007). There were 17788 distinct genes defined by the custom CDF. To normalize
expression values between arrays and to generate a single expression measure for each gene from individual
probes robust multi-array average algorithm was used (Irizarry et al., 2003). Non-specific filtering was applied
to filter out less informative probe sets not linked to genes and probe sets with small variance across samples
(50% of probe sets with the least variation). The differentially expressed genes between sample groups were
detected with Linear Models for Microarray Data version 2.18.3 analysis package (Smyth, 2004) using fitting of
linear models and applying empirical Bayes variance smoothing to each probe set. Due to anticipated large
biological gene specific variation between individuals, a robust MM-estimator was applied, which is not as
sensitive to outliers as least squares estimation. Benjamini & Hochberg FDR (Benjamini and Hochberg, 1995)

was used to adjust for multiple testing and adjusted P < 0.05 was considered significant.

4.9 FUNCTIONAL ANALYSIS OF DIFFERENTIALLY EXPRESSED GENES

An overrepresentation analysis (aneurysms only) was performed for the up- and downregulated gene lists
separately. Gene Ontology terms and KEGG pathways, GOstats R package version 2.1 (Falcon and Gentleman,
2007) and DAVID (Dennis et al., 2003; Huang da et al., 2009) bioinformatics resource was used for this
enrichment analysis. All of the distinct 17788 genes in the array were utilized as a background gene set. A
conditional Gene Ontology analysis strategy was employed to avoid reporting redundant ontologies which
announces only the most specific Gene Ontology terms in the hierarchy that are statistically overrepresented in
the differentially expressed gene sets (Falcon and Gentleman, 2007). Benjamini & Hochberg FDR (Benjamini and
Hochberg, 1995) was used to adjust for multiple testing and adjusted P < 0.05 was considered significant. To
assess the similarity of differentially expressed gene sets to genes genetically associated to different diseases and
disease classes The Database for Annotation, Visualization and Integrated Discovery program was applied
(Dennis et al., 2003) using Genetic Association Database as the data source for disease association. In the
ruptured sIA wall samples, the time elapsed from the rupture to the resection of the sample may affect the gene
expression levels. The levels were compared between the early (2.6h - 14h) and the delayed (24h - 216h) time
groups. The correlation was calculated between the elapsed time and the expression level of each gene. In both
tests the p-values were adjusted for multiple testing correction with Benjanimi & Hochberg FDR (Smyth, 2004)
and corrected p-values < 0.05 were considered significant. Kruskal’s non-metric multidimensional scaling
method implemented in MASS R package (Venables and Ripley, 2002) was used to arrange each sample
according to expression level differences of all genes between samples, and clustering according to the elapsed

time was visually assessed.

4.10 ANIMAL EXPERIMENTS

In the study LDLR-ApoB!®/1%® mice fed with standard chow diet were used. All animal experiments were
approved by the Experimental Animal Committee of the University of Kuopio (Kuopio, Finland). Fifty
microlitres of AdVEGF-D*¥*C or AACMYV control virus (1x10"! viral particles) were injected in hind limb skeletal

muscles (musculus caput gastrocnemii) (n=4, both hind limbs of each animal transduced with the same virus).
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On day 5, gene transfer animals were sacrificed by CO: inhalation and transduced muscles were snap frozen in
liquid nitrogen (Kholova et al., 2007). Half of each sample was used for total RNA extraction with Trizol Reagent
(Invitrogen) and the other half was used for protein extraction with T-PER tissue protein extraction reagent
(Pierce Biotechnology) The total tissue homogenates from AdCMV and AdVEGF-D*N“c -transduced muscles
were used to measure the VEGF-D*N“C expression levels with VEGF-D ELISA.

4.11 VEGF-D ELISA
The expression levels of VEGF-D*N"C protein in conditioned media of HUVECs or in total tissue homogenate of
mouse hind limb skeletal muscles were measured with Human Quantikine VEGF-D ELISA (R&D Systems)

according to the manufacturer’s instructions.

4.12 QUANTITATIVE REAL-TIME PCR

One microgram (HUVECs) or 500 nanograms (aneurysms) of total RNA was reverse transcribed into cDNA
using random hexamers (Promega) and M-MuLV reverse transcriptase (MBI Fermentas, Hanover, MD).
Quantitative measurements of mRNA levels were done using the Assays-on-Demand gene expression products
(Table 3) (Applied Biosystems, Foster City, CA) with the ABI PRISM 7700 Sequence Detection System (Applied
Biosystems). Each real-time RT-PCR reaction contained 10 ng of cDNA sample, 1x TagMan Master Mix (Applied
Biosystems) and 1x gene expression product target (Applied Biosystems) in the final volume of 23 pul
Measurements were done in duplicates. Amplification of 185 ribosomal RNA was used as an endogenous
control to standardize the amount of RNA in each sample.

Table 3. Genes for the guantative RT-PCR

Accession Gene Assay ID
BE622627 Phosphoinositide-3-kinase, regulatory subunit 3 (p55, gamma) Hs01103591_m1
NM_002646 Phosphoinositide-3-kinase, class 2, beta polypeptide (PIK3C2B) Hs00153248_m1
AF022375 Vascular endothelial growth factor-A (VEGF-A) Hs00173626_m1/Hs00900055_m1
NM_003155 Stanniocalcin 1 (STC1) Hs00174970_m1
NM_018534 Neuropilin 2 (NRP2) Hs00187290_m1
NM_009505 Vascular endothelial growth factor-A (VEGF-A) Mm00437306_m1
AF099098 Stanniocalcin 1 (STC1) Mm00436798_m1
NM_009285 Neuropilin 2 (NRP2) Mm00803099_m1
NM_008969 Prostaglandin-endoperoxide synthase 1 (COX1) Mm00477214_m1
NM_011198 Prostaglandin-endoperoxide synthase 2 (COX2) Mm00478374_m1
NM_000610 CD44 molecule Hs00153304_m1
NM_003246 Thrombospondin 1 (THBST1) Hs00170236_m

NM_001065 Tumor necrosis factor receptor superfamily, member 1A (TNFRSF1A) Hs01042313_m1
NM_001066 Tumor necrosis factor receptor superfamily, member 1B (TNFRSF1B)  Hs00153550_m1
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4.13 SDS-PAGE ELECTROPHORESIS AND WESTERN BLOT

Following AdVEGF-D*¥*¢ and AdCMV transductions, conditioned media was collected 36 and 72 h post-
transduction and used for the analysis of VEGF-D*N“C and STC1 proteins. For other analyses transduced or
rVEGE-D*NAC _stimulated cells were treated with lysis buffer [50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 10% glycerol, 1 mM sodium orthovanadate (NasVOs,
Sigma), with protease inhibitors (Complete Mini proteinase inhibitor cocktail tablets, Roche, Basel,
Switzerland)]. From each sample equal amounts of total protein (30 pg) were used for analysis on SDS-PAGE
and Western Blot. Primary antibodies used for the immunodetection are shown in Table 3. Horseradish
peroxidase (HRP)-conjugated secondary antibodies were purchased from Pierce. Antigen-antibody complexes
were detected either by chemiluminescence (SuperSignal West Dura Extended Duration Substrate, Pierce) and
exposed to high performance chemiluminescence film (Amersham Biosciences) or ECL Plus detection system
(GE Healthcare, Buckinghamshire, UK) and detected with Typhoon 9400 (GE Healthcare) scanner.

4.14 IMMUNOHISTOCHEMICAL STAININGS

Immunohistochemical stainings were performed with the avidin-biotin-HRP system (Vector Laboratories) using
the 3’-5'-diaminobenzidine (DAB, Zymed) color subsrate from 4um thick frozen sections of sIA samples of
selected proteins. The primary antibodies used for immunohistochemistry are listed in Table 4. All histological
quantifications were performed blinded for the rupture status. The percentage of positively stained area was

analyzed semi-quantitatively (Rutanen et al., 2003).
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Table 4. Antibodies used in Western blot and immunohistochemistry

Antibody Specificity Code/ Species Ig Dilution Company
Clone isotype
VEGF-D VEGEF-D 78923 mAb mouse  IgGi 1:1000 R&D
anti-human
p-eNOS phospho 9571 pAD rabbit 1:1000 Cell
eNOS Signaling
eNOS eNOS Type III mAbmouse  IgG 1:4000 Transduction
Laboratories
VEGF-A VEGF-A sc-7269 mAb mouse  IgGza 1:500 Santa Cruz
anti-human
STC1 STC1 sc-30183 pAD rabbit IgG 1:1000 Santa Cruz
anti-human
NRP2 NRP2 257103 mAb mouse  IgGza 1:1000 R&D
anti-human
[-actin [-actin 4967 pAb rabbit 1:1000 Cell
anti-human Signaling
aSMA a-smooth 1A4 mAb mouse  IgGza 1:300 Sigma
muscle actin anti-human
CD31/ endothelium  JC70A mAb mouse  IgGu, 1:50 DAKO
PECAM1 anti-human
CD68 macrophages KP1 mAb mouse  IgGi, 1:250 DAKO
anti-human
CD44 lymphocytes, DF1485 mAb mouse  IgGi, 1:100 DAKO
T- and B-cells, anti-human
monocytes,
granulocytes,
erythrocytes,
epithelial cells,
mast cells
CD 36 CD36 FA6-152 mAb mouse  IgGi 1:100 Abcam
anti-human
ICAM1 ICAM1 BBIG-I1 mAb mouse  IgGi 1:100 R&D
(11C81) anti-human

mAb = monoclonal antibody, pAb = polyclonal antibody
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4.15 STATISTICAL ANALYSIS
Results are expressed as means + SD and analyzed for the statistical significance using One-way ANOVA
(HUVEC data), Dunnett’s multiple comparison test (HUVEC data) and Welch t-test (aneurysm data). P < 0.05

was used to define a significant difference between groups.
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5 Results

5.1 GENE EXPRESSION STUDY WITH VEGF-D"*c

The role and regulation of VEGF-D*N*C in the vascular system has not been fully elucidated. Studying the
function of VEGF-D*¥*C in molecular level might help us to understand the mechanism. To clarify the target
genes of VEGF-D*N*C in endothelial cells gene expression analysis was done with Affymetrix Human Genome
U133 Plus 2.0 GeneChips. HUVECs treated with AAVEGF-D*N“¢ and AdCMV control virus were harvested 36 h
and 72 h post-transduction. Data analysis was performed using dCHIP1.3 software. The criteria for the genes to
be further analyzed were: up- or downregulation by 1.5-fold (p < 0.05) and FDR 0 %. With this criteria the
expression of 673 genes was significantly altered at 36 h (219 up- and 454 downregulated) and at 72 h the
expression of 256 genes was altered (148 up- and 108 downregulated). The significantly up- and downregulated
genes are presented in Annex 1. VEGFR-2 downstream signalling factors leading to protective effect against
vascular damage together with angiogenesis-related growth factors and NRP2 were mostly upregulated at 36 h

time point. After 72 hours the change in the expression of most of the genes in question was lost.

The changes of VEGFR-2 downstream signalling factors from GeneChip analysis are shown in Figure 8 and 9A.
The activation of VEGFR-2 intracellular signalling cascade was evident 36 h after AdVEGF-D*N*C -transduction,

but no changes in the expression level of VEGFR-2 downstream signalling factors were detected at 72 h (data not

shown).
Figure 8. Downsteam signalling of VEGFR-2.
VEGF-D;‘:&/ Upregulation of several genes was detected
(indicated as arrow). Binding of VEGF- D*¢ to
VEGFR-2 activates three different pathways
leading to upregulation of NO and PGI, production.
PI3K 4 PLC, — IP3
Akt PKC PP3
eNOS ErK NFAT
X ' '
peNOS 4 cox1 4 coxz2 4
NO PGI2
production production

~N/

vasodilatation
endothelial survival
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To verify the findings, quantitative measurements of mRNA levels were done using qRT-PCR. The enhanced
expression of COX1, VEGF-A, STC1 and NRP2 at 36 h was also confirmed with qRT-PCR from AdVEGF-D"N"c
and AdCMV-transduced HUVECs (Fig 9C). Significant change in endothelial NO synthase (eNOS) gene
expression was not seen but increased phosphorylation of eNOS, the crucial step in eNOS function, was seen in
the protein level measurements from HUVEC extract at 36 h time point with Western Blot. After 72 h the
difference in phosphorylation was gone (Fig 9B). The correlation of the gene expression between GeneChip

analysis (Fig 9A) and qRT-PCR (Fig 9C) was very good.
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Figure 9. A) Genes from GeneChips 36 h post-transduction in HUVECs. The data is presented as mean £SD.
B) Target protein secretion from the AdVEGF-D*"*® -transduced HUVECs confirmed by Western Blot 36 h and
72 h post-transduction. Increased phosphorylation of eNOS was seen in AdVEGF-D**“ -transduced cells 36 h
after gene delivery (total eNOS was used as a loading control) showing the activation of HUVECs by VEGF-
D€, C) AdVEGF-D**“ -induced fold changes in COX1, VEGF-A, STC1 and NRP2 mRNA levels analysed with
gRT-PCR. D) In vivo confirmation of specific genes in mouse skeletal muscle. For all experiments *, p <
0.05; **, p < 0.01; ***, p < 0.005, Dunnett’s multiple comparison test.
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For in vivo confirmations, mouse hind limb skeletal muscles (m. caput gastrognemius) were transduced with
AdVEGF-D*N*¢ and AdCMV control virus. This model has been shown to have angiogenic effects from day 4
until day 28 after AdVEGF-D*NC gene delivery (Kholova et al., 2007). Animals were sacrificed at day 5 and the
transgene expression was analyzed by VEGF-D ELISA. COX1, COX2, STC1 and NRP2 were shown to be up-
regulated at mRNA level in mouse skeletal muscle (Fig 9D).

To further confirm that STC1, VEGF-A, and NRP2 expression was altered also at the protein level, HUVECs
were stimulated for 48 h with different concentrations of rVEGF-D*N“C, Western blot analysis showed a dose-
dependent increase in STC1 protein expression (Fig 10A). In addition, maximal upregulation for VEGF-A was
achieved with 250 ng/ml and for NRP2 already with 100 ng/ml of rVEGF-D*~*C (Fig 10A).
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Figure 10. A) Western Blot analysis for the STC1, VEGF-A and NRP2 protein expression levels. HUVECs were
serum-starved for 16 h and treated with different concentrations of rVEGF-D*"*“, Conditioned media from the
cells were collected after 48 h of stimulation and used for the analysis of STC1 which is a secreted protein.
VEGF-A and NRP2 analysis were performed from cell extracts harvested at the same time point and B-actin
was used to confirm the equal loading of the samples. Data is representative of two independent
experiments done in triplicates. B) NRP antagonist blocked rVEGF-D*"*° —induced survival of HUVECs at dose-
dependent manner. HUVECs were serum-starved for 16 h and treated with rVEGF-D*"* (100 ng/ml) in the
presence of varying concentrations of NRP-antagonist. The amount of the living cells in the wells was
measured with MTS-reagent. Non-stimulated cells without NRP antagonist were set to be 1.0. The data from
three experiments done in triplicates is presented as mean £SD; *, p < 0.05; **, p < 0.01; ***, p < 0.005,
One-way ANOVA.

5.2 VEGF-D*™“-INDUCED SURVIVAL OF HUVECs WAS BLOCKED WITH NRP
ANTAGONIST

In gene expression studies, upregulation of NRP2 was seen in VEGF-D*N“C -stimulated HUVECs at mRNA as
well as protein levels and in AdVEGF-D*N“C -transduced mouse skeletal muscle at mRNA level. NRP1
expression level was not altered. To study the importance of NRP2 in VEGF-D*N*C signalling, blocking
experiments were performed with a NRP antagonist. HUVECs were stimulated with or without rVEGF-D*N"c
(100 ng/ml) at the presence of varying concentrations of NRP antagonist. A dose-dependent decrease in rVEGEF-
D*NAC -induced cell survival was observed. The NRP antagonist did not have any significant effects on the
survival of non-stimulated HUVECs (Fig 10B). Total inhibition of rVEGF-D*N*C -induced cell survival was
achieved with 100 uM NRP antagonist (Fig 10B).
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5.3 GENE EXPRESSION STUDY OF INTRACRANIAL ANEURYSMS

The reason why aneurysms erupt is not known. Understanding the molecular mechanism behind rupture of
aneurysms might help us to prevent ruptures and to identify the aneurysms that are at risk to rupture. To study
the mechanism a comparison of the gene expression profiles was done of eleven ruptured (average age 60 years)
and eight unruptured (average age 54 years) sIA walls from patients of Finnish ethnicity and screening of the
expression of 17788 distinct genes. Upregulation of 686 genes and downregulation of 740 genes in the ruptured
sIA walls compared to unruptured was detected (Annex 2). The upregulation of five representative genes were
verified by qRT-PCR (Fig 11). In the ruptured sIA wall group, the time elapsed from the rupture to the resection
of the sample did not seem to affect the gene expression levels. There were no statistically significant differences

in the gene expression levels between the early and the delayed sample groups.
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Figure 11. Comparison of the expression of five selected genes in 16 ruptured and seven unruptured sIA wall
samples by quantative RT-PCR. The differential expression was tested by Welch t-test; *, p < 0.05; **, p <
0.01,; ***, p < 0.005, ns= not significant, NM = not measured. Gene expression ratios in GeneChip and qRT-

PCR have the same trend.

Significantly enriched pathways among the upregulated genes in the ruptured sIA walls were cytokine-receptor
interaction, toll-like-receptor signalling, hematopoietic cell lineage, and leukocyte transendothelial migration
(Annex 3). The most relevant enriched ontologies were related to the immune system and to the chemotaxis of
cells. Of the cellular compartment ontologies, the Arp2/3 protein complex and the NADPH oxidase complex
were enriched.

General increase in pro-apoptotic and pro-inflammatory genes was seen after data analysis. Upregulation of
tumor necrosis factor receptors superfamily member 1A (TNFRSF1A) and 1B (TNFRSF1B), plasma membrane
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receptors that activate intracellular signalling pathways leading to apoptosis by activation of caspase proteases,
was found. Changes in gene expression were also detected in thrombospondin 1 (THBS1) and transmembrane
receptor CD36. Their interaction leads to apoptosis-dependent inhibition of angiogenesis (Jimenez et al., 2000).
The expression changes in pro-apoptotic genes THBS1, TNFRSF1A and 1B were confirmed at RNA level with
qRT-PCR (Fig 11). Upregulation of CD 36 was verified at protein level with immunohistochemistry (Fig 12,
Table 5).

UNRUPTURED RUPTURED

o

Figure 12. Immunohistochemistry was performed from 4 um thick frozen sections of unruptured (A, C, E, G,
I, K) and ruptured (B, D, F, H, J, L) sIAs. Protein expression of CD44 (A, B), CD36 (C, D) and ICAM1 (E, F)
was higher in ruptured sIAs than in unruptured. sIAs were also stained against CD68 (G, H), PECAM1 (I, J)
and aSMA (K, L).
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Table 5. Grading of the immunohistochemical staining

Sample Sex Age  Location UR/ CD44 CD36 ICAM1 VCAM1
No. Years of sIA RU

10 M 42 MCA UR b * - -
12 M 28 ACoA UR * - * -
13 F 48 MCA UR > * * >
14 F 55 MCA UR o * * -
15 F 54 MCA UR NS - - -
16 M 37 ACoA UR o o o *
17 F 57 DACA UR ** * ** >
18 M 53 MCA UR ** * * >
19 F 54 MCA UR NS - - *
20 F 50 MCA UR b o b -
31 M 70 MCA RU b * NS -
35 F 53 MCA RU NS o NS -
39 M 84 ACoA RU e * NS -
40 M 58 ICA RU e > i *
41 F 64 ACoA RU ok ** * *
42 F 71 MCA RU ** - * *
43 F 46 PCoA RU NS * ** -
44 F 36 MCA RU * - * -
45 F 72 MCA RU * - b *

UR = unruptured; RU = ruptured; NS = not stained; (-) = no detectable staining, (*) = weak staining, meaning that
less than 10 % of the area was positive for the studied signal; (**) = moderate staining, meaning that 10-50 % of
the area was positive for the studied signal; (***) = strong staining, meaning that more than 50 % of the area was
positive for the studied signal.

Several adhesion molecules were upregulated in ruptured aneurysms compared to unruptured (Annex 2).
ICAM1 is engaged during firm adhesion by leukocyte integrin beta 2 (ITGB2). Induction of both was evident
after data analysis. Interestingly, the other well known adhesion molecule, VCAMI, was not upregulated.
However, PECAM]I, which interacts with ITGB2 in transendothelial migration was upregulated. CD44 mediates
the attachment of circulating lymphocytes to activated endothelium (Jalkanen et al., 1987) and it was induced
2.1-fold in ruptured aneurysms. Upregulation of CD44 was confirmed both at RNA (Fig 11) and protein (Fig 12,
Table 5) levels. Expression of ICAM1 (Fig 12, Table 5) and VCAM1 (Table 5) was checked at protein level. No
statistically significant differences in expression of inflammatory markers were found with X2-test between male
and female or young (< 50 years) and old (> 50 years). The significant differences were seen only between
ruptured and unruptured IA samples. VEGF-A, also known as vascular permeability factor, is a cytokine and
heparin-binding glycoprotein with potent angiogenic activity specific for endothelial cells and it has major roles
in several cellular functions. VEGF-A was upregulated 2.2-fold in ruptured sIAs and the trend was confirmed at
RNA level (Fig 11). After multiple testing correction there were no significantly enriched pathways among the
genes significantly downregulated in the ruptured sIA walls. However, there were significantly enriched gene
ontologies, revealing strong enrichment of zinc finger proteins of transcription factor activity (Annex 2) and

genes of tight junction and adherens junction (Annex 3).
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6 Discussion

Studying the mechanisms of polygenic diseases is a demanding task. To clarify the true factors behind the
disease both in vivo and in vitro methods are needed. Human tissue samples and animal models are commonly
used but cell cultures are easier when controlling of different factors and conditions is needed. Microarrays are
convenient method when studying of large scale gene expression is necessary. Microarray experiment usually
after data analysis produces large amounts of interesting differentially expressed genes which leads to a
problem which genes to study further. There is no general rule what to choose. The genes more specifically
studied in this study were chosen because they formed a clear pathway, they clustered nicely together or they
are known to have a role in already known events (e.g. regulation of angiogenesis, apoptosis, inflammation) in

vascular diseases.

6.1 GENE EXPRESSION STUDY WITH VEGF-D*"*¢

VEGF-D*N"C seems to have a role in the vascular system but its mechanism of action is unknown. This is due to
the relatively low efficiency of recombinant VEGF-D*NC to activate VEGFR-2 in cell cultures. Especially target
genes and signalling mechanisms of VEGF-D*N"C are poorly understood. It is essential to clarify the functions
and mechanisms of VEGF-D*N*C to elucidate its role in vascular diseases. In this array study, three VEGFR-2
downstream signalling cascades were found to be upregulated. Activation of these cascades may lead to
vasodilation and endothelial cell survival via upregulation of NO and prostacyclin (PGlz) production which are
key factors in protection against vascular damage. PGI2 plays a major physiologic role as a potent mediator of
vasodilation and inhibitor of platelet activation. It is a labile metabolite of arachidonic acid produced in concert
with the bis-enoic prostaglandins via the cyclooxygenase (COX) pathway (Vane and Corin, 2003). COX is the
key enzyme in the metabolism of arachidonic acid. Two COX-isozymes have been identified, COX1 which is
constitutively expressed and COX2 which is induced in response to inflammatory stimuli (Santovito et al., 2009).
COX1 was upregulated in this array data and it was verified with qRT-PCR. Both COXs were upregulated in the
mouse skeletal muscle. The COXs are located in the end of two signalling cascades which were activated upon
VEGFR-2 stimulation. Upregulation of these two factors may lead to an increase in PGl production which
functions as a powerful vasodilator. Activation of VEGFR-2 might also lead to the upregulation of important
signalling factor, phosphatidylinositol 3-kinase (PI3K), which functions upstream from eNOS. To induce NO
production, eNOS needs to be phosphorylated. In AdVEGF-D*N*C transduced cells increase in the
phosphorylation of eNOS was evident in the Western Blot (Fig 8B). NO is a potent vasodilator and promotes
endothelial survival. Especially in endothelial injury, NO induces rapid repairing of endothelial layer which
inhibits excess neointima formation delaying lesion progression (Rutanen et al., 2005). VEGF-D has not been
previously shown to have atheroprotective effects. Rutanen et al. (Rutanen et al., 2003) showed that VEGF-D is
abundant in arteries regardless of the stage of atherosclerosis with only a reduction in the most advanced
lesions. This might indicate that VEGF-D is atheroprotective in early stage lesions and it is able to slow down the

lesion development but in advanced lesions the protective effect is lost.

Upregulation of VEGF-A, NRP2 and STC1, three important factors in vascular biology, was found in the present
study. Several other growth factors, for example epidermal growth factor (EGF), PIGF, PDGF and FGF4 have
been shown to upregulate VEGF-A (Orlandini et al., 1996; Rissanen et al., 2003a; Roy et al., 2005) but this has not

previously been shown for VEGF-D. NRP2 is normally expressed in venous endothelial cells and in adult
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lymphatic vessels (Herzog et al., 2001; Yuan et al., 2002). It binds VEGF-D and closely related lymphatic growth
factor VEGF-C and is internalized with VEGFR-3 after VEGF-D or VEGF-C stimulation (Karpanen et al., 2006).
The capability of NRP2 to form complexes with VEGFR-1 and VEGFR-2 has been noticed and NRP2 has also
been shown to enhance the effects of two angiogenic growth factors, VEGF-A and PIGF, in endothelial cell
signalling by an isoform specific manner (Gluzman-Poltorak et al., 2000; Gluzman-Poltorak et al., 2001; Neufeld
et al,, 2002). According to the results of this study, NRP2 mRNA level is increased by VEGF-D*N“¢ -stimulation
in HUVECs as well as in mouse hind limb skeletal muscle. The Western blot from HUVEC extract showed
upregulation of two distinct bands corresponding to the cell surface bound form (120 kDa) and the soluble form
(66 kDa) (Fig 10A). Cell surface bound form of NRP2 could have a role in enhancing the effects of VEGF-D*N*C
or related factors in endothelial cell signalling. The soluble form of NRP2 is generated by alternative splicing
from the same gene and it has been proposed to have an inhibitory effect on the functions of VEGFs and
semaphorins, although some studies suggest that soluble NRP could be sufficient to enhance the angiogenic
responses of VEGFs (Geretti and Klagsbrun, 2007; Rossignol et al., 2000; Yamada et al., 2001). The importance of
NRP2 upregulation in VEGF-D*¥*C signalling was shown with a NRP antagonist which was able to block the
rVEGF-D*N“¢ -induced responses.

Calcium and phosphate homeostasis regulating factor STC1 is related to angiogenesis and is shown to be
upregulated in response to rVEGF-A and hypoxia (Holmes and Zachary, 2008; Manalo et al., 2005). It has also
been vaguely connected to atherosclerosis (Sato et al., 1998). In these studies, the transient upregulation of STC1
mRNA was noticed in AdVEGF-D*¥*C -transduced HUVECs at 36 h time point and in mouse skeletal muscles
five days after AdVEGF-D*N*C -treatment. In HUVECs, STC1 protein expression level was also increased by
rVEGF-D*N*¢ -stimulation in a dose-dependent manner. Very little is known about the effects of STCI on the
vascular system, however, regulatory roles for inflammatory responses, endothelial permeability and apoptosis
have been suggested (Chakraborty et al., 2007; Chen et al., 2008; Kanellis et al., 2004). Interestingly, a recent
publication suggested that STC1 could work as a negative feedback effector for growth factor-induced
phosphorylation of ERK1/2 (Wu et al, 2006) which is also an important factor in VEGFR-2-mediated

proliferative responses.

Although VEGF-A and VEGF-D*N“C both bind to the VEGFR-2 and stimulate angiogenic responses at the same
efficiency, in vivo their actions in vascular system are not equal. A major difference is that VEGF-A mRNA and
protein synthesis is stimulated under hypoxic conditions or by inflammatory responses whereas VEGF-D is
constitutively expressed in normal adult arteries and atherosclerotic lesions but in advanced lesion the
expression is lost (Bates and Harper, 2002; Rutanen et al., 2003; Tammela et al.,, 2005; Rutanen et al., 2003;
Tammela et al., 2005). Still the role of VEGF-D in atherogenesis is unknown. Furthermore, VEGF-D*N*¢ has
slower kinetics in the stimulation of VEGFR-2 tyrosine phosphorylation as well as its downstream signalling
cascade but the effects last longer than those induced by VEGF-A (Jia et al., 2006; Nagy et al., 2008). This data
suggests that VEGF-D*N*C might have a protective role against vascular dysfunction. After endothelial injury
VEGF-D*NC will be released from the vessel wall and upregulate VEGF-A, NRP2 and STC1 which might there
after regulate and amplify the effects of VEGF-D (Fig 13). This would explain the slower effects of VEGF-D*N"c
compared to VEGF-A. VEGF-D*N*C might need to be amplified via other factors to achieve high enough stimuli
to induce the effects and making them also last longer. Although it is not clear whether the effects go through
VEGFR-2 or VEGFR-3 or both, binding of VEGF-D*N*C together with positive stimulation of VEGF-A, positive or
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negative stimulation of STC1 and co-operation of NRP2 with VEGFR-2 or 3 seem to induce vasodilatation and

endothelial survival.

Figure 13. Illustration of the possible mechanism
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6.2 GENE EXPRESSION STUDY OF INTRACRANIAL ANEURYSMS

Despite modern therapy, aneurysmal SAH (aSAH) remains one of the most severe forms of cerebrovascular
disease, with mortality approaching 50%. aSAH can be prevented with microsurgery or endovascular therapy, if
rupture prone slAs are identified in time. Why some sIAs rupture, while many remain unruptured, is unknown.
Also the molecular mechanisms leading to sIA wall rupture remain mostly unknown. Comparison of the
transcriptomes of eleven ruptured and eight unruptured human sIA walls to identify pathways that are
associated to the rupture was done. The processes significantly overrepresented in the ruptured sIA walls were:

chemotaxis; leukocyte migration; oxidative stress; vascular remodelling; and ECM degradation (Annex 3).

Comparison of gene expression profiles of human ruptured and unruptured sIA walls have been performed by
Krischek et al. (Krischek et al., 2008) (six vs. four samples, oligonucleotide microarray, Agilent), Shi et al. (Shi et
al., 2008) (three vs. three samples, beadchip microarray, Illumina), Pera et al. (Pera et al., 2010) (eight vs. six
samples, oligonucleotide microarray, Affymetrix), and Marchese et al. (Marchese et al., 2010) (12 vs. 10 samples,
oligonucleotide microarray, Affymetrix). Krischek et al. and Shi et al. did not find significant differences
between the ruptured and unruptured walls, Pera et al. found only one upregulated gene in the ruptured walls,
and Marchese et al. reported ten upregulated and four downregulated genes in the ruptured walls. Significant
upregulation of 686 genes and downregulation of 740 genes in the ruptured sIA walls was identified. The larger
number of differentially expressed genes in this study is most likely due to increased sample size combined with

different statistical analyses and up to date custom annotations for microarray oligonucleotide probes.

It is possible that some of the differences in gene expression in this study could be caused by the reaction of the
sIA wall to rupture, but there seemed to be no significant effect in differential gene expression of different times
from the rupture to the resection of the sIA wall samples. This was also the conclusion of Kataoka et al who did
a comparison of 44 ruptured and 27 unruptured aneurysm walls (Kataoka et al., 1999). They found no
correlation between the time from the rupture to the resection and the scores of histological inflammation and

aneurysm wall fragility. Frosen et al. studied the walls of 42 ruptured and 24 unruptured sIAs. Comparison of
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leukocyte density and the time from the rupture to sample resection revealed that leukocytes might be present
in the sIA wall before the rupture (Frosen et al., 2004). Also one limitation in this differential transcriptome
profiling is that the sIA wall samples contain a mixture of cell types, including endothelial cells, SMCs,
fibroblasts, and leukocytes. Consequently, it is difficult to tell for certain which cell populations are responsible
for the overall differential profile. The genetically homogenous Finnish population has a high incidence of aSAH
(de Rooij et al., 2007) the causes of which have not been fully elucidated. The tendency to sIA wall rupture may
partially be related to the Finnish genetic pool, but we are confident that the pathways identified in our study

are relevant irrespective of study population.

Turbulent flow and low shear stress may cause inflammation, leukocyte migration, and oxidative stress at
arterial bifurcations, (Chiu et al., 2009) the site of sIAs as well. Inflammation is associated to atherosclerosis and
many cardiovascular diseases, (Sprague and Khalil, 2009) as well as experimental cerebral aneurysm formation
(Aoki et al., 2009). The signalling pathway of the pro-apoptotic inflammatory cytokine, TNFa, was differentially
expressed in ruptured and unruptured sIAs and this may partly explain the increased cell death in the ruptured
sIA wall. TNFa expression has been previously shown in ruptured sIA walls by Jayaraman et al. (2005). In these
series TNFa was expressed in both ruptured and unruptured sIA walls with no significant difference, but TNFo.
receptors TNFRSF1A and TNFRSF1B, were upregulated in ruptured sIA walls. This suggests increased
sensitivity to apoptosis via the TNFa pathway in the sIA wall. TNFa is produced by macrophages. Since
increased macrophage infiltration of the sIA wall is associated with rupture (Frosen et al., 2004), inflammatory

cells in the sIA wall seem the likely source of the pro-apoptotic TNFa. cytokine in the sIA wall.

Leukocyte migration is a characteristic feature of an inflammatory response, and has been associated with the
pathogenesis of a number of vascular diseases, such as atherosclerotic plaque ruptures and aortic aneurysms
(Galkina and Ley, 2007; Maiellaro and Taylor, 2007). The migration of leukocytes from the blood stream into the
extravascular space is mediated by the interaction of adhesion molecules expressed on the cell surface of
leukocytes with their counter ligands on endothelial cells and perivascular basement membrane components
(Carlos and Harlan, 1994). The comparison of gene expression of unruptured and ruptured sIA walls showed
upregulation of several leukocyte adhesion molecules in ruptured sIA walls, especially those of CD44, ICAM-1,
and PECAM-1 (Fig 14).
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Figure 14. Differentially expressed genes in leukocyte transendothelial migration and tight junctions between
ruptured vs. unruptured intracranial aneurysms. Upregulation of several leukocytes adhesion molecules and
downregulation of tight junction and adherens junction genes was evident which might indicate loosening of
tight junctions thus making leukocyte migration to the extravascular space easier.

CD44 is known to mediate tethering and rolling of lymphocytes on endothelium under physiological shear
stress (DeGrendele et al., 1996). Shear stress also increases ICAM1 expression, and suppresses TNFo induced
VCAMI1 expression (Chiu et al,, 2004). The observed upregulation of CD44 and ICAMI1 in ruptured slAs,
together with no observed changes in VCAMI1 expression either at RNA or protein level despite upregulation of
TNFa-pathway, suggests that the ruptured sIA wall is subjected to increased shear stress that induces the

changes in adhesion molecule expression.

Tight junction and adherens junction genes were downregulated in the ruptured sIA walls (Annex 3),
suggesting loosening of contact between endothelial cells and SMCs. Elastin and collagen degrading enzymes
(cathepsins A, L1, S, B, C), MMP9, MMP19, heparan sulfate proteoglycan degradating enzyme heparanase
(HPSE), and plasminogen activating receptor (PLAUR) were highly upregulated while three collagen genes
(COL4A5, COL21A1, COL14Al) were strongly downregulated together with multiple PDZ domain protein 1
(MUPP1), tight junction protein 1 (ZO1 or TJP1) and leucine zipper- and sterile alpha motif -containing kinase
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(ZAK) (Annex 2). MUPP1, ZO1 and ZAK are located downstream from tight junction or adherens junction genes
(Fig 14). Their downregulation might loosen off tight junctions hence helping the migration of leukocytes to the
extravascular space. This data suggests that ECM degradation predisposes to or follows the sIA wall rupture, or
both. ECM degradation is known to be central in many arterial wall diseases (Lutgens et al., 2007; Raffetto and
Khalil, 2008).

One likely key mediator of increased vascular permeability in the sIA wall is VEGF-A. The actions of VEGF-A
are thought to initiate changes that favour leakage at endothelial intercellular junctions and the secondary
activation of pathways causing enzymatic breakdown of matrix proteins (Unemori et al., 1992). VEGF-A has
been previously shown in sIA walls at the protein level (Skirgaudas et al., 1996) and was found in this study at
the mRNA level in both the microarray and in the qRT-PCR. Downregulation of several tight junction proteins

together with upregulated VEGF-A expression might indicate increased vascular permeability.

6.3 MICROARRAYS IN STUDYING GENE EXPRESSION

Microarray technology has enabled simultaneous investigation of the expression of thousands of genes. It can
easily be applied for biomedical and clinical research. Microarrays have made it possible to study biological
systems directed at definitions of functions and behaviour of genes in health and disease. In biomedical
research, the scope of microarrays extends to gene expression profiling, gene expression localization, studies of
gene function, gene characterization and detection of single nucleotide polymorphisms. Because the technology
is flexible, it has been widely used in many fields of biology ranging from plants to animals and humans. It
provides vast amounts of data that has to be biologically interpreted which requires the integration of several
sources of information. Microarrays have also been reported to produce contradictory results on the analysis of
the same RNA samples hybridized on different microarray platforms (MAQC Consortium et al, 2006).
Scepticism has arisen regarding the reliability and the reproducibility of this technique. In reality many of those
divergent results reflect the complex nature of the data generated by high-throughput systems and the analytical
methods used without necessarily meaning that the results are unreliable and false. However, lots of the results
still deviate because of technical issues in array preparation, sample processing or data analysis (Hardiman,
2006). It is therefore imperative to confirm the results by other independent methods to avoid wrong
interpretations. It has been suggested that results of microarray experiments should be verified by two principal
methods: in silico method or laboratory-based validation method (Chuaqui et al., 2002). In in silico method array
results are compared with previous information thus providing an opportunity to validate the data without
further experiments. Previous information is not always appropriate or available and laboratory-based
validation needs to be used to verify the results (e.g RT-PCR, in-situ hybridization, immunohistochemistry,
Northern and Western blots, enzymatic assays, animal models, human samples). However, while these methods
might help to validate the results, it must be critically assessed whether the observed phenomenon is universal
and an accurate description of the biological process studied. Microarrays have also been widely used in clinical
research but successful application of the technology in clinical medicine depends upon technological
developments and also in the agreement of joint standards and best practices. In clinical settings, microarrays
can be useful for disease diagnosis, pharmacogenomics and toxicogenomics. Microarrays might have great
impact on the treatment of diseases because the data will help to identify subtypes of diseases, disease risks,
treatments, prognosis and outcome, moving biomedical research to the era of personalized medicine (Sotiriou
and Piccart, 2007; Trevino et al., 2007).
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7 Conclusions

It has been shown that the microarray is a very useful tool in studying gene expression of complex diseases.
Here the method was used to study the genes related to two common vascular diseases, atherosclerosis and
intracranial aneurysms. Pathogenesis of both diseases is very complicated and studies have revealed
involvement of various genes. GeneChips enabled the screening of thousands of genes simultaneously and
generated large amounts of data where identification of biologically relevant mechanisms, pathways and genes

could be made.

Microarray is fast and quite a simple method in which to generate large amounts of data. One of the biggest
problems with microarrays is still data analysis. There is no single right method to analyze the data which
makes the comparison of different experiments very difficult. Also, the handling of vast amounts of data might
be overwhelming and finding the significant and biologically relevant results is a challenging task. That is why

all results should be verified in RNA and protein level with other methods.

GeneChips were used to study the effects of overexpression of VEGF-D*N*C in HUVECs and it revealed a
possible role of VEGF-D*NC as an atheroprotective factor. Overexpression of VEGF-D*N*C activated three
signalling cascades downstream from VEGFR-2 that induce vasodilatation and endothelial survival both of
which have been associated in vascular protection. VEGF-D*N*C overexpression also upregulated several other
factors like VEGF-A, NRP2 and STC1 which all seem to regulate and amplify the effects of VEGF-D*¥*C. This
feedback regulation might explain differences in kinetics and effects of the two VEGFR-2 ligands, VEGF-A and
D*N“C, The biology of VEGF-D*NC has not been studied much at the cellular level and the role of VEGF-D**C in
vascular system has been unclear because of its low efficiency to activate VEGFR-2. Better knowledge of VEGEF-
DN’ signalling and regulation is important in order to clarify the role of VEGF-D"N*C in cardiovascular diseases

so that possible new therapeutic applications could be developed.

Gene expression profiles of unruptured and ruptured sIAs were compared with GeneChips. Because in this
study the number of samples was higher compared to the previous sIA gene expression studies, higher number
of differentially expressed genes was also found. Upregulation of several genes related to inflammation,
leukocyte migration and adhesion was seen. Rupture of sIA seems to involve many similar events as various
other vascular diseases. In ruptured aneurysms expression of endothelial adhesion molecules was upregulated
helping leukocytes to migrate through endothelium. Expression of tight junction proteins was downregulated
which leads to loosening of the cell-to-cell junctions allowing the migration of leukocytes to extravascular space.
Genes involved in degradation of ECM were upregulated which might facilitate the rupture of sIA or be the
consequence of the rupture or both. It is vital to elucidate what makes sIAs rupture so that the rupture could be
prevented or that the rupture-prone aneurysms could be identified in time. Molecular biology of sIAs and its
rupture is quite complicated and studies have been hindered by the difficulty of sample collection and lack of
animal models. The resection of sIA sample requires a very skilful neurosurgeon and the processing of the
sample needs to be well organized. In this study high numbers of sIAs were used to elucidate the mechanisms
behind rupture. Results correlate with previous studies and also reveal new possible therapeutic targets for

prevention of sIA rupture.
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SANNA-KAISA HAKKINEN
Microarray Study
Gene Expression in Endothelial Cell Cultures

and Intracranial Aneurysms

The molecular biology of vascular
diseases is very complex. To de-
velop better therapeutic strategies,
it is important to understand the
mechanisms behind the disease.
In this thesis new mechanisms for
regulation of vascular growth fac-
tor important for vascular diseases
was found using large scale gene
expression analysis. In addition
candidate genes and pathways
behind rupture of intracranial

aneurysm were identified.
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