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 Abstract 
 

The human genome is made up of vast and complex deoxyribonucleic acid 

(DNA) molecules whose function, complexity and intellectual beauty we are barely 

beginning to understand. It is composed of about 3 billion base pairs, each connected 

to the next by single covalent bonds. Of all these nucleotides, only ~2% code for the 

basic building-blocks of organic life, the protein molecules. Much of the remaining 

DNA is seemingly without any purpose. 

The main cause of the large size of the human genome are insertions and 

expansions of repetitive DNA sequences. There are many different types of such 

repetitive DNA but the retroposons stand out due to their ability to be transcribed, 

reverse transcribed and subsequently reinserted back into the genome in new and 

seemingly random locations. The genome therefore accumulates an ever increasing 

number of such retroposon copies and the most numerous of the human retroposons, 

the Alu repeat, has more than 1 million copies, comprising 10% of the human 

genome. 

Once thought to be “selfish” autonomous elements inserting themselves at 

random in areas where they cause only a minor “discomfort” to their surroundings, 

Alu repeats are now assigned ever more functions and potential functions. In recent 

years this has culminated in the realization that an, until recently, obscure ribonucleic 

acid (RNA) editing enzyme, the adenosine deaminase acting on RNA (ADAR), edits 

these elements in their thousands in precursor-mRNA (pre-mRNA) for as yet 

unknown reasons. 

Another interesting feature of the Alu repeats, and the one that makes them such 

attractive targets for ADARs, is the fact that most of the 1 million Alu repeats have 

significant base pairing potential towards other opposite-sense Alu repeats. They are 
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also found frequently inside genes providing abundant potential for formation of 

secondary structures in otherwise single-stranded gene transcripts. 

In this report a number of approaches are described that ultimately aim to 

uncover potential functions and evolutionary significance of Alu repeats, and certain 

other types of repetitive DNA. Towards that end, a number of genes of clinical 

significance, which are distinguished by their high content of Alu repeats, are 

investigated for potential to form secondary structures that may influence their 

expression. These genes include the insulin receptor and the low density lipoprotein 

receptor.  

An analysis of some gene groups and gene families with respect to their Alu 

content is also provided in which a pattern seems to emerge whereby Alu repeats may 

be involved in tissue-specific expression of different subunit isoforms involved in the 

mitochondrial electron transport chain. The genes coding for the electron transport 

chain are also investigated for their ability to form pseudogenes, which is another type 

of repetitive DNA that may be of functional significance. 

A large survey of Alu repeat pairs across exons and immediately flanking exons 

is also presented. That survey confirms a number of features regarding Alu 

distribution in genes and in the human genome in general that have been documented 

by others in the past. Significantly, it also shows that there is a difference in the 

distribution of inverted and direct Alu repeat pairs when these are intervened by an 

exon. The difference favors the direct Alu repeat pairs over that of the inverted Alu 

repeat pairs. Such a difference may well be caused by the general ability of inverted 

Alu repeats to form secondary structures. Such structures are hypothesized to be 

disruptive to a gene, and thus be selected against. However, they could also represent 

a possible mechanism for regulation of gene expression and may therefore be of 
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clinical importance. Significantly, the regions where these elements are found are not 

usually investigated in genes suspected of causing a genetic disorders, and they may 

therefore potentially explain some disorders where mutations in exons, splice sites or 

promoters can not be found. Despite the extensive bioinformatics searches performed 

in the course of the work it would be surprising if there were not many more potential 

functions still to be discovered. 
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 Introduction and literature review  
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1.1 - General Introduction 

 

This chapter will provide general information about the project as well as 

literature of general significance towards the research objective. However, due to the 

diverse range of work that has been undertaken for this project, additional  literature 

will be reviewed were appropriate in the following chapters. 

 

1.1.1 - Aims 

There is some anecdotal evidence suggesting that a fraction of genetic disorders 

are caused by mutations in regions that are not usually considered important for gene 

expression. While some of these are probably caused by mutations in genes encoding 

associated proteins that are yet to be characterized, there is also potential for 

uncharacterized regulatory elements to be involved. There is also increasing evidence 

suggesting that there are structural elements in pre-mRNA that may have the potential 

to impact gene expression. This project endeavors to identify such elements via a 

range of bioinformatics and experimental approaches. Ultimately it is hoped that this 

will lead to the characterization of novel mechanisms involved with gene expression. 

 

1.1.2 - Hypothesis and significance 

There is a growing amount of evidence that retroposons are not randomly 

distributed in the genome and that they may play as of yet unknown roles in the 

expression of genes. When investigating the distribution of Alu repeats, which are 

very abundant retroposons in the human genome, it appears that these are often 
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positioned inside genes in a manner that should allow for extensive base pairing 

between different elements, if these were able to fold into secondary structures. The 

main hypothesis that will be addressed herein is that these elements are indeed able to 

form such large secondary structures at the pre-mRNA level and that they therefore 

may have an impact on the expression of genes. Such large structures are expected to 

have a particularly important effect, or even a function, when located in close 

proximity to splice sites where they are hypothesized to interfere with pre-mRNA 

processing. They may therefore play a role in regulation of gene expression levels and 

maybe also in tissue specificity of gene expression.  It is also hypothesized that this 

effect will be reflected in the distribution of intragenic retroposons, the most 

significant being the Alu repeat, and thus may be elucidated by investigating the 

distribution of such repeats inside genes. 

These elements may be involved in a number of different mechanisms which are 

most likely specific to different gene transcripts. These effects may range from subtle 

effects on the rate of pre-mRNA processing to major structural “switches” involved in 

modulation of gene expression levels or alternative splicing events. Significantly, the 

Alu repeat is only found in primates and may therefore also have been directly 

involved in the evolution of these, and has perhaps played a role in features that 

characterize this mammalian order. 
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1.2 - General literature review 

1.2.1 - Repetitive DNA   

A significant part of the human genome is made up of repetitive DNA sequences 

with estimates ranging well above 50% for sequences that can be directly traced to 

various types of repetitive DNA (Lander et al. 2001). Some of these sequences have 

well documented functions and mechanisms associated with them. These especially 

include the telomeric and centromeric regions, which comprise large blocks of 

tandemly repeated DNA sequences (Lander et al. 2001). Other repetitive sequences 

have no known functions and are unlikely to serve any purpose that would normally 

be considered useful. 

The majority of repetitive sequences have been found to belong to various 

groups of transposon-derived DNA (Table 1). These transposons are DNA sequences 

that are capable of self-proliferation. In humans there are four main families of these; 

the long interspersed elements (LINE), the short interspersed elements (SINE), the 

long terminal repeats (LTR) and the DNA transposons (Lander et al. 2001). 

The LINEs are believed to make up as much as ~20% of the human genome 

with the LINE subfamily LINE1 (L1) alone contributing ~17% via 5x105 copies 

(Lander et al. 2001). The full length LINEs are typically ~6 kilobase pairs (kbp) long, 

however most genomic copies are truncated and therefore considerably shorter 

(Lander et al. 2001). The L1 transcript has two open reading frames, one that encodes 

a reverse transcriptase and the other encoding a nucleic acid binding protein, both are 

necessary for the retrotranspositional activity of L1 (Kazazian Jr 2000). The SINEs 

make up ~13% of the genome. They are further classified into different types where 

the most abundant by far is the Alu repeat, alone making up approximately 10% of the 
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human genome by mass (Lander et al. 2001). The Alu repeats were so named because 

they were often found to contain a restriction site for the AluI restriction enzyme 

(Houck et al. 1979). That restriction enzyme, in turn, was named after the bacterium 

Arthrobacter luteus, in which it is was discovered (Roberts et al. 1976). A recent 

survey of the complete human genome has estimated the number of Alu repeats to be 

1,179,211 copies interspersed throughout the genome (Grover et al. 2004). 

Table 1 - Abundance of interspersed repeats in the human genome 

 
                     

 
Overview of the copy number of some common interspersed elements in the 
human genome and the total fraction of the genome these account for. The 
table is a summary of data obtained from the draft human genome sequence 
(Lander et al. 2001). 

 

1.2.2 - Alu distribution  

Although all parts of the human genome are susceptible to Alu insertions, there 

are very significant differences in Alu distribution between different genomic regions. 

One general feature is that regions dense in genes are more susceptible than less gene-

dense regions (Chen et al. 2002). It has been theorized that one reason for this may be 

the presence of a more open chromatin structure in these regions, a feature caused by 

the presence of actively transcribed genes. The open structure may facilitate Alu 

insertions by making the genomic DNA more accessible to insertion events. There 

also appears to be a positive correlation between guanine (G) and cytosine (C) content 

Table removed, please consult
print copy of the thesis held in
Griffith University Library
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and Alu density. Interestingly, a similar correlation is also seen between gene density 

and GC content, where genes tend to have a higher content of these (Pavlicek et al. 

2001; Chen et al. 2002). Earlier studies by Smit (1999) and Arcot et al. (1998), 

however, suggest the distribution of Alus is not one of insertional preference, but 

rather preferential retention, and that at least young Alus are randomly inserted 

throughout the human genome.  

Interestingly, the opposite appears to be the situation for the distribution of 

LINEs. These are found to have an insertional preference for gene poor and adenine 

(A) and thymine (T) rich genomic regions (Lander et al. 2001). Lander et al. (2001) 

suggest the preference for AT-rich regions may be due to the preferred DNA cleavage 

and insertion site of the L1 endonuclease, TTTT|A (Feng et al. 1996), and that the 

gene-poor regional preference is explained by insertions in these regions being less 

disruptive for the host organism. The inverse relationship in LINE and SINE 

distribution is a puzzling observation since SINEs are believed to depend on a LINE-

encoded reverse transcriptase for successful insertion (Jurka 1997), thus suggesting 

that these should have a similar preference for target sites. It may suggest that there is 

some evolutionary advantage for Alus to incorporate themselves into GC rich and/or 

gene-dense regions, or for LINEs in AT rich and gene-poor regions. 

It has also been suggested that there is a preference for Alu repeat insertions in 

genes of certain functional groups. Grover et al. (2003) found that there was a 

statistically significant difference in the percentage of Alu-derived DNA in genes of 

different functional categories on chromosome 21 and 22 in the order: 

transport>metabolism>signaling>structural=information. Alu insertions therefore 

seem to be common in the former of these and comparatively rare in the latter. The 

authors suggested the difference may be due to Alus serving a function in certain 
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genes and that they are therefore selected for. Other explanations, including negative 

selection of Alu repeats in the low-Alu genes, were also suggested.  

Alus also appear to have specific preferences towards the distance and 

orientation of neighboring Alu repeats. Most notably perhaps is the difference 

between closely spaced direct and inverted Alu repeat pairs. While directly repeated 

Alu repeats are often found closely spaced (<20 base pairs [bp]), even when they have 

highly identical sequences, inverted repeats are only rarely found spaced by less than 

20bp (Lobachev et al. 2000; Stenger et al. 2001). The ratio of inverted to direct Alu 

repeats appears to converge at distances of 40-80bp. Interestingly, it was also shown 

that the distances spacing the Alus were determined by the alignable regions of the 

palindrome rather than the actual Alu elements. It is therefore believed to be a feature 

of palindromes in general, rather than a specific Alu feature, and it is thought to be 

caused by a tendency of palindromic sequences to cause recombination events that 

lead to loss of the closely spaced inverted repeats (Stenger et al. 2001). Some of the 

difference in distribution is also explained by a TTAAAA-like sequence often found 

at the 3’ end of genomic Alu repeats, which is a suitable site for new Alu insertion 

events in a sense orientation (Stenger et al. 2001). Stenger et al. (2001) limited their 

survey of Alu repeat pairs to Alus spaced by less than 650bp. 

 

1.2.3 - Alu proliferation 

Alus, and other SINEs, are not capable of retroposing in the human genome on 

their own, or autonomously. Autonomous retropositioning requires expression of a 

complement of proteins, some of which are not naturally expressed by the human 

genome. This especially includes a reverse transcriptase necessary for RNA to DNA 

transcription. SINE sequences do not contain any of the necessary code to produce 
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this reverse transcriptase, or any other known protein product. It is therefore believed 

that SINEs must utilize a reverse transcriptase that is encoded by another retroposon, 

LINE1 (L1), making them completely dependent on the expression of these 

(Deininger and Batzer 2002). 

Both active L1s and active Alus contain promoters in their 5’ ends to facilitate 

transcription. However, it is believed that they utilize different transcriptional 

machineries. L1 has an RNA polymerase II promoter at its 5’ end, which may be 

necessary for its expression due to the large size of the L1 transcript (Deininger and 

Batzer 2002). It appears, however, that L1 also has a requirement for RNA 

polymerase III, and that it is not efficiently transcribed without it (Kurose et al. 1995). 

The exact nature of these requirements is not well understood. 

Active Alu elements on the other hand contain a promoter for RNA polymerase 

III. This polymerase transcribes both the promoter and the target sequence, thus 

creating a promoter-containing Alu transcript that can be inserted back into the 

genome and become a new active Alu element (Chesnokov and Schmid 1996; Roy et 

al. 2000). However, it is important to remember that an RNA polymerase promoter on 

its own is not enough to recruit all the necessary transcription factors needed for 

proper expression, and that a number of distinct flanking sequences are also necessary 

for successful transcription  (Chesnokov and Schmid 1996; Roy et al. 2000).  

The mechanism of reverse transcription and re-insertion into the genome is still 

not completely understood. It is believed that the two events occur simultaneously 

insofar that the primer sequences needed for reverse transcription are created from 

genomic DNA by the reverse transcriptase itself. The process is termed target-primed 

reverse transcription and involves creation of a nick at the target site and subsequent 

use of the free 3’ end as primer for reverse transcription (Cost et al. 2002; Deininger 
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and Batzer 2002). The target site is a short loosely conserved genomic sequence, 

5’TTAAAA, where the initial nick is created in the antisense strand, 3’AATTTT, 

between the AA and TTTT (Jurka 1997). The 3’TTTT serves as the primer for reverse 

transcription by annealing to the poly-A tail of the Alu transcript. In the case of Alu 

repeats this poly-A tail is present with the Alu gene itself, and it is therefore 

transcribed directly along with the genomic Alu repeat sequence, rather than being 

added post-transcriptionally.  

Only a select few Alus are believed to have been capable of retroposing at any 

given time during primate evolution. These Alus are termed master genes and it 

appears that essentially all Alus can be traced back to this small group of Alu genes 

(Shen et al. 1991). It has been shown that a main feature determining the capability of 

these master Alu repeats to retropose is the length of their genomically encoded poly-

A tail, such that only Alus with long tails appear able to retropose (Roy-Engel et al. 

2002). Roy-Engel et al. (2002) showed that of all the known disease-causing Alus in 

the human genome, none have poly-A tails shorter than 40bp, thus suggesting a 

minimum requirement for the lengths of poly-A tails in currently active Alus. They 

also determined that there are only around 1000 Alus, out of 1x106 in the human 

genome, with poly-A tails longer than 40bp. Other factors, however, such as promoter 

sequences and other transcription enhancers are also of great importance and many 

evolutionarily old Alus with long A-tails are inactive because of mutations in these 

sequences (Roy-Engel et al. 2002). The number of currently active Alu elements is 

not known, and it has even been suggested that some of the old Alu-subfamilies may 

still be able to retropose at very low levels (Johanning et al. 2003). 
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1.2.4 - Alu repeats and human genetic disease 

The process of Alu retropositioning is still active today, albeit at a lower 

frequency compared to earlier on in primate evolution. It has been estimated that the 

current rate of Alu retropositioning in humans is in the order of 1 in every 100-200 

births (Deininger and Batzer 1999), and the number of Alu repeat insertion 

polymorphisms, estimated from a group of 36 diverse individuals, has been shown to 

be 1283 unique Alus per average individual (Bennett et al. 2004). It is evident that 

insertions of Alu repeats, and other retroposons, will have the potential to disrupt 

genes in the target area, and many clinical cases of such damaging insertions have 

also been documented (Muratani et al. 1991; Wallace et al. 1991; Vidaud et al. 1993; 

Miki et al. 1996; Zhang et al. 2000a). Not surprisingly, most clinically significant 

insertions occur inside exons or in splice sites, thus disrupting pre-mRNA processing 

or mRNA translation. Deininger and Batzer (1999) suggest that such Alu insertions 

may be the cause of some 0.1% of human genetic diseases. They based this estimate 

on 16 known diseases caused by Alu insertions at that time. The real fraction was 

suggested to be slightly higher than that estimate since harmful insertions may occur 

in both coding regions and in introns, while detection mechanisms typically favor 

mutations within the coding regions.  

  Another common way by which Alus can cause disease is by recombination 

events. The widespread distribution and density of Alu repeats provides ample 

opportunity for such occurrences and Alu mediated recombination is therefore more 

frequently associated with genetic disease than the relatively rare Alu insertion events 

(Deininger and Batzer 1999; Lobachev et al. 2000).  The main determinant of Alu-

induced recombination is the Alu density. However, it appears that there is also a 

difference in the recombination rate between equally Alu-dense regions. One gene 
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that is particularly dense in Alu repeats is the low density lipoprotein receptor 

(LDLR) gene, and this gene also has a number of documented Alu-induced 

recombination events associated with it (Hobbs et al. 1986; Lehrman et al. 1987; 

Rudiger et al. 1995; Deininger and Batzer 1999). There is also a large number of 

other genes that are known to be hotspots for Alu-induced recombination events. 

Some of these are reviewed in Deininger and Batzer (1999). 

 

1.2.5 - Alu and primate evolution 

  Alu repeats have been an important feature of primate genomes for millions of 

years. Once inserted into the genome, there is no efficient mechanism for removal of 

Alu sequences and traces of even the oldest Alus, and of Alu precursors, can still be 

found in the genomes of humans and other primates. Alus and other retroposons are 

therefore frequently used as tools in evolutionary research due to the continuously 

occurring insertion events and their longevity in the genome (Ray and Batzer 2005). 

Recently however, a mechanism for specific removal of Alu repeats has been 

published (van de Lagemaat et al. 2005). According to that report Alu repeats can be 

removed accurately via a recombination event between target site duplications often 

found flanking Alu repeats. They estimate that 0.5% to 1% of apparent Alu insertions 

since the divergence of humans and chimpanzee are actually not insertions but precise 

deletions. They also suggest that the mechanism is not specific to retroelements but 

may be the cause of about 19% of all other short deletions (200-500bp) that have 

occurred since the human-chimpanzee split (van de Lagemaat et al. 2005). 

The Alu repeats arose some 60 million years ago, just before the time of the 

prosimian divergence (Zietkiewicz et al. 1998). They are present in all primates while 
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being completely absent from all non-primates. For that reason Alus can not be used 

to study evolutionary events outside of this order (Zietkiewicz and Labuda 1996). 

  The progenitor of the Alu repeats, the Alu monomer, is believed to be derived 

from 7SL RNA, a component of the signal recognition particle (Ullu and Tschudi 

1984). These very first monomers are also hypothesized to have given rise to a type of 

rodent retroposons known as B1 elements, indicating the ancient nature of these early 

elements (Zietkiewicz and Labuda 1996).  The early Alu monomer, known as fossil 

Alu monomer (FAM), evolved into two distinct monomers known as the free left Alu 

monomer (FLAM) and the free right Alu monomer (FRAM) (Quentin 1992a; Quentin 

1992b). The dimeric Alu was formed 60 million years ago (Zietkiewicz et al. 1998) 

from a fusion of FLAM and FRAM, and has been actively retroposing ever since 

(Quentin 1992a; Quentin 1992b). The rate of Alu retropositioning activity, however, 

has not remained constant throughout Alu evolution. The peak of Alu insertion events 

appears to have tapered off some 30 million years ago and the bulk of Alu repeats 

were therefore inserted before that time (Britten 1994). 

Alu repeats are classified into different families and sub-families, which 

essentially reflect the age of the Alu repeat. This classification is based on sequence 

homology of an Alu repeat to defined consensus sequences for each family and sub-

family (Figure 1). There are three main families; the AluJ, AluS and AluY, where 

AluJ are the oldest and AluY are the youngest (Batzer et al. 1996). The sub-families 

are named according to the nomenclature in Batzer et al, (1996) for AluY repeats, 

Jurka and Smith (1988) and Jurka and Milosavljevic (1991) for AluS repeats and 

Jurka and Smith (1988) for AluJ repeats. 
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Figure 1 - Proposed Alu evolution and timeline 

Evolutionary tree of Alu families and sub-families. The estimated age of each family 
is indicated in brackets underneath each relevant repeat. The illustration is reproduced 
from Mighell et al. (1997) and is a consensus of age estimates cited therein. All the 
estimates have significant standard deviations that are not reflected by the illustration. 

 

The order of the Primates is believed to have arisen about 63 million years ago 

(Goodman et al. 1998). Some 38 million years later the superfamily of 

Cercopithecidae diverged into two familes: Cercopithecidae and Hominidae. Olive 

baboon (Papio anubis), african green monkey (Cercopithecus aethiops) and rhesus 

monkey (Macaca mulatta) are among the species belonging to the former of these two 

families, whereas the latter includes the apes: humans (Homo), chimpanzees (Pan), 

gorillas (Gorilla) and orangutans (Pongo) (Goodman et al. 1998). The humans and 

chimpanzees are believed to have diverged some 4.6-6.2 million years ago, while 

their common ancestor diverged from the gorillas some 1.6-2.2 million years earlier 

(Chen and Li 2001). The orangutans are more distantly related and diverged some 14 

million years ago (Goodman et al. 1998).   

Figure removed, please consult
print copy of the thesis held in
Griffith University Library
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  Considering the estimates of different Alu repeat ages (Figure 1), while 

remembering that there are significant standard deviations associated with each 

estimate (Mighell et al. 1997), it is apparent that AluY should be specific to the apes, 

and that many of them are young enough to be species-specific to humans. Most 

AluS, however, are shared by all apes, and some also by the monkey species listed 

above. However, some younger AluS may have inserted themselves after the 

divergence of the monkeys and the apes. 
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1.3 - Pre-mRNA 

1.3.1 - Pre-mRNA background 

Eukaryotic genes are seldom encountered as single units that can be transcribed 

and directly translated into protein. Most transcripts have intervening sequences, 

known as introns, which do not usually contain important genetic code and that 

separate the protein coding part of the gene into smaller units known as exons. Such a 

transcript is known as a pre-mRNA, and it must have its introns removed and its 

exons spliced together before it becomes a mature mRNA that can be translated. The 

pre-mRNAs are also subjected to a number of other processes that control their 

processing and sometimes even modify the sequence originally encoded by the 

genome. 

 
 

1.3.2 - Pre-mRNA splicing 

The process of pre-mRNA splicing is carried out by a large protein/RNA 

complex known as the spliceosome. The exact mechanism and sequence of events 

carried out by this complex, and what role each of its components plays, is still not 

completely understood (Collins and Guthrie 2000; Hastings and Krainer 2001). 

However, at least 100 proteins, and possibly several hundreds according to a recent 

review by Jurica and Moore (2003), and 5 short RNAs are involved in the process 

(Burge et al. 1999). 

 There are two main classes of introns found in humans, known as type U2 and 

type U12. The differences between these are in the splice-site consensus sequences at 

the 5’ and 3’ exon/intron junctions that are recognized by the two spliceosomes (Hall 

and Padgett 1994). These splice sites are usually GT-AG for U2 introns and AT-AC 
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or GT-AG for U12 introns, followed by some additional less conserved consensus 

sequence flanking these (Burge et al. 1999). Because of the differing splice sites the 

splicing mechanisms involved with each of the two types must rely on slightly 

different spliceosome assemblies to carry out splice site selection and subsequent 

splicing. 

The more common type of intron, the type U2, is spliced by a spliceosome 

containing the 5 small nuclear RNAs (snRNA) U1, U2, U4/U6 and U5. The less 

common of the two, the type U12 introns, uses a spliceosome associated with its own 

unique snRNAs (Hall and Padgett 1994; Hall and Padgett 1996; Tarn and Steitz 

1996).  The five snRNAs only function properly when they are bound to certain 

proteins and are then known as small nuclear ribonucleoproteins (snRNP) (Hastings 

and Krainer 2001). The exact mechanism and coordination behind spliceosome 

assembly is still not completely understood, however, the main events are well 

documented. 

 The process is initiated by binding of U1 snRNP at the 5’ splice site as well as 

interaction beween the U1 snRNP and protein factors at the branch site. The branch 

site is a loosely conserved consensus sequence, containing one conserved A, 

immediately upstream of the 3’ splice site. These early splicing factors may also 

include a loosely bound U2 snRNP (Das et al. 2000). U2, however, only stably binds 

to the branch site in a later adenosine triphosphate (ATP) -dependent step (Hastings 

and Krainer 2001).  Subsequent to U2 binding, a tri-snRNP consisting of U4/U6 and 

U5 is recruited, binding to the 5’ splice site, and displacing U1 in the process. In this 

step U4 is also lost from the U4/U6 duplex snRNA, leaving U6, which is probably 

also bound to the 5’ splice site (Burge et al. 1999). In this complex U2 and U6 are 
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base paired to each other, and are believed to be an integral part of the catalytic core 

needed in the subsequent trans-esterification reaction (Collins and Guthrie 2000). 

 The spliceosome removes the intron from the transcript in two subsequent 

trans-esterification reactions. The first of these cleaves the RNA strand at the 5’ splice 

site and joins the new free 5’ end to the conserved A at the branch site, resulting in 

one free 3’ end and an intron lariat (Maschhoff and Padgett 1993; Query et al. 1994). 

The next step involves the second trans-esterification reaction where the 

phosphodiester bond between the bases at the 3’ splice site is broken and a new bond 

is formed between the new free 5’ end and the free 3’ end of the upstream exon, thus 

completing the splicing event (Moore and Sharp 1993). 

Significantly, there is now increasing evidence that splicing is largely (but not 

exclusively) a co-transcriptional event (Bauren and Wieslander 1994; Neugebauer 

2002; Gornemann et al. 2005; Dye et al. 2006). This limits the lifetime of an intron 

before it is spliced out and degraded. However, while splicing usually appears to 

occur rapidly, introns are not necessarily spliced out progressively as they are being 

transcribed, and there are several cases of downstream introns being spliced out prior 

to upstream introns (Gudas et al. 1990; Kessler et al. 1993; Wetterberg et al. 1996; 

Wang et al. 1997). Splicing is therefore not a simple linear co-transcriptional event, a 

realization that is further exacerbated by the widespread alternative splicing of human 

transcripts. 

 

1.3.3 - Pre-mRNA alternative splicing 

 One of the most surprising discoveries following the sequencing of the human 

genome was the relatively low number of genes encoded within it. Slightly less than 

of 30,000 genes were found, well short of earlier estimates suggesting that around 
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100,000 genes would be needed to encode such a complex organism (Lander et al. 

2001). In addition to mechanisms such as post-transcriptional RNA editing, and post-

translational protein processing, it is now clear that most of the difference is made up 

for by alternative splicing of gene transcripts. Alternative splicing allows single genes 

to code for several different proteins from the same transcript (Figure 2), typically in a 

tissue specific manner (Black 2003). Recent studies have indicated that the proportion 

of genes, with multiple exons, that undergo such alternative splicing may be as high 

as 74%, underlining the importance of this mechanism (Johnson et al. 2003). 

 One early realization about splicing of exons was that the splice sites used in 

exon definition were typically poorly conserved and thus unlikely to be solely 

responsible for proper splice site choice. It was also observed that introns frequently 

contain a number of cryptic splice sites that appeared stronger than the ones used by 

the spliceosome, and it was not known what factors determined the choice of 

appropriate splice sites. The question, of course, became more complicated when 

considering alternative splicing; how is one of two possible splice sites selected in a 

tissue specific manner? 

 It was for some time believed that the answer to this question was in RNA 

secondary structures. It was believed that formation of such structures might help in 

splice site definition and it was also shown experimentally how such mechanisms 

might work (Solnick 1985; Estes et al. 1992; Balvay et al. 1993). However, such 

functions have never conclusively been shown for RNA secondary structures on any 

large scale, although there are some more recently published examples where they do 

appear to play a role in splice site selection. One such example is the alternative 

splicing of two mutually exclusive exons in the gene fibroblast growth factor 

receptor 2 (FGFR2). In this gene, formation of an RNA hairpin structure between a 
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conserved 20bp inverted repeat, spaced by approximately 700bp, serves to 

approximate regulatory sequences upstream and downstream of the stem-forming 

sequences (Jones et al. 2001; Muh et al. 2002; Baraniak et al. 2003). 

Interestingly, it has also been suggested as a more general mechanism that 

complementarity in intronic sequences that flank certain exons may cause exon 

skipping. The exclusion is proposed to be due to formation of an RNA hairpin 

structure that secludes the exon from the final processed mRNA (Miriami et al. 2003). 

While this mechanism was supported by DNA sequence analyses it has yet to be 

proven experimentally. 

 Although RNA secondary structures may have some limited involvement in 

exon definition, proteins are now believed to be the main controlling factor. Such 

proteins especially include RNA binding proteins, where the main group is the serine-

arginine (SR) family of splicing factors. These proteins contain both an N-terminal 

RNA binding domain, and a C-terminal arginine-serine (RS) protein-binding domain 

that may interact directly with, among others, U1 snRNP, thus directly influencing 

splice site selection (Graveley 2000; Smith and Valcarcel 2000). The SR proteins 

appear to bind within exons and interact with both 5’ and 3’ splicing factors in both 

constitutively and alternatively spliced exons (Graveley 2000).  

Another important group of proteins that may serve an important role in splicing 

are the heterogeneous nuclear RNPs (hnRNP). A feature shared by these proteins is 

the presence of an RNA binding domain and a protein binding domain. These proteins 

can act both as inhibitors and enhancers of splicing depending on the RNA sequences 

they act upon and the proteins with which they interact (Smith and Valcarcel 2000). 

In addition to their function on pre-mRNA, members of this family also serve a 
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number of other functions, both in the nucleus and in the cytoplasm (Krecic and 

Swanson 1999). 

 

 

 

Figure 2 - Common pre-mRNA splicing mechanisms 

White boxes represent constitutively spliced exons and black boxes represent 
alternatively spliced exons. The full mRNAs are indicated by connecting lines. 
Arrows indicate alternative promoters. The figure is reproduced from Lou and Gagel 
(2001). 
 

1.3.4 - Introns and exons background 

  The size and distribution of genes, introns and exons in the human genome is 

extremely heterogeneous. While some genes are found as single open reading frames, 

others are found to have multiple introns and exons of varying sizes, and spanning 

megabases of genomic DNA. While intron, exon and gene sizes may seem arbitrary 

and random, there are certain rules and limitations that govern them. The strictest of 
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these is imposed on internal exons. These are usually limited in their length with a 

mean of only about 145bp, and very few have lengths greater than 300bp-400bp 

(Lander et al. 2001). It has been theorized that there is a natural limit imposed upon 

these exons by the spliceosome that prohibits the existence of internal exons longer 

than 300bp-400bp. It has also been shown that special splicing factors are needed for 

proper pre-mRNA splice-site definition of the relatively rare long internal exons 

(Bruce and Peterson 2001). The 5’ and 3’ flanking exons on the other hand, are not 

bound by the same restriction, and they are therefore often much longer than the 

internal exons. Especially the terminal exons are often very long. A survey by Chen et 

al. (2002) found these to have a mean length of 784bp and 1,009bp on chromosomes 

21 and 22, respectively. 

  Introns are a lot more heterogeneous than exons, and while the mean of their 

length is only 3365bp, there is a very significant tail towards longer introns, resulting 

in great variability in total gene lengths (Lander et al. 2001). Typically, genes have 

their longest intron between exon one and two, and shorter more homologous sizes for 

the remaining introns. The mean lengths for the initial introns on chromosome 21 and 

22 are 13,311bp and 8,928bp, respectively, however the median values are 

considerably lower at 3,844bp and 2,592bp, respectively, underlining the 

heterogeneity of these (Chen et al. 2002).  

  One important factor that determines the length of introns in a gene is the level 

of expression. It appears that genes that are transcribed at high levels usually have 

short introns, and thus a short total gene length, while genes that are transcribed at 

lower levels often are considerably longer (Castillo-Davis et al. 2002). A total of two 

ATPs are required per nucleotide during transcription, which progresses relatively 

slowly at about 20 nucleotides per second. It is believed the difference in gene length 
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is therefore caused by a selective pressure to conserve time and energy by the cell 

when transcribing genes at high levels (Castillo-Davis et al. 2002). 

 

1.3.5 - Introns and evolution 

  Introns are without doubt a very important feature of eukaryote genomes. While 

there are a number of important roles played by introns today, e.g. in alternative 

splicing, it is believed that the evolutionary purpose of introns has been to promote 

greater genomic diversity by segmenting genes and thus facilitate exchange of these 

segments between different genes. There have been a number of theories presented as 

to the origin and proliferation of introns, and the debate is still ongoing today. 

Common for all these theories, however, is the realization that introns have been 

extremely important for the evolution of all eukaryotes. Defined exon units flanked by 

non-essential DNA allow for easier exchange of DNA between different genes and 

they also greatly increase the size of the genes so that recombination events occur 

more often inside of them. The chance of disrupting the coding regions during these 

events is also greatly reduced since the introns typically contain mainly non-essential 

DNA (de Souza 2003). 

An in-depth look at the evolutionary theories of introns is beyond the scope of 

this review, however, in brief, there are three main theories: the intron-early theory, 

the intron-late theory and a mixed theory influenced by both the previous two (de 

Souza 2003). The introns early theory claims that all introns are ancient and may date 

as far back as to the prokaryote and eukaryote common ancestor, the progenote (de 

Souza 2003). The theory holds that these introns were selectively lost from prokaryote 

genomes while they were retained in the eukaryote genomes. An expansion of this 

theory, the exon theory of genes, pioneered by Gilbert (1987), claims that these early 
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introns were formed when small single exon genes, representing single protein 

domains, clustered together and formed larger genes that encoded proteins with 

multiple domains (Gilbert 1987; Roy 2003). Such small single protein-domain-

encoding genes would have provided evolution with ample opportunity for mixing 

and matching into larger genes connected by introns. 

  The introns late theory on the other hand assumes that the earliest genes were 

single open reading frames, as seen in prokaryotes today, and that introns have 

inserted themselves randomly into genes of eukaryotes later on in evolution. The most 

significant contribution to this theory was made by Palmer and Logsdon (1991) and 

Cavalier-Smith (1991), who claimed that exon shuffling did not play a role in 

primordial genes and that spliceosomal introns have been acquired more recently in 

eukaryote evolution. 

  The third theory worth mentioning, the mixed intron origin theory, also known 

as the synthetic theory of intron evolution (Roy et al. 2002; de Souza 2003; Roy 

2003), suggests that current eukaryote genomes contain a mix of ancient introns, 

consistent with the intron early theory, and introns that have inserted themselves later 

on, consistent with the intron late theory. However, it claims that neither of the 

theories by themselves is sufficient to explain the origin and evolution of all introns 

currently in the human genome  (Roy et al. 2002; de Souza 2003).  
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1.4 - RNA structure 

1.4.1 - RNA secondary structure 

RNA is generally thought of as a linear string of ribonucleotides recognized 

only by its primary sequence. An important, and sometimes neglected, feature of 

RNA is its ability to fold back on itself and form double stranded regions, much like 

double stranded DNA (dsDNA). However, unlike DNA, RNA does not have both a 

coding and a non-coding strand, there is only one single-stranded transcript, 

essentially representing the DNA coding strand. However, within this single strand 

there are sometimes distinct sequences flanked by an inverted repeat sequence 

counterpart. Some of these inverted repeats may under certain conditions fold back on 

themselves into double stranded RNA (dsRNA) stems. Such a fold is referred to as a 

hairpin structure or a stem-loop structure, and consists of a double stranded stem and 

a single stranded loop connecting the inverted repeats of the stem (Figure 5). The base 

pairing in dsRNA follows the same rules as in DNA, except T is replaced by uracil 

(U), and U, like T, base pairs with A. These two base pairs, in addition to the pairing 

of G and C are referred to as Watson and Crick base pairs. However, in addition to 

these there is also a number of non-Watson and Crick interactions found in RNA 

secondary structures and these may also influence the final RNA structure, its rate of 

formation and its stability (Zhu and Wartell 1997; Schroeder and Turner 2000). 

If the inverted repeats have perfect sequence complementarity, the RNA takes 

on a standard A-form duplex. Such perfectly complementary inverted repeats are not 

very common, and mismatches, insertions and deletions usually cause the RNA 

duplexes to have kinks, loops and bulges all along their lengths.  
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  The ability of RNA to form hairpins is well described for a number of RNA 

species. This especially includes tRNAs, which fold into well ordered clover-leaf 

structures (Figure 3). Another RNA molecule that has been heavily researched for its 

secondary and tertiary structure, as well as functional aspects, is the Tetrahymena 

Ribozyme (Figure 4). This ribozyme was the first RNA molecule shown to have 

catalytic activity independent of proteins or other RNAs in a reaction that involves an 

intron with the capability to enact its own removal. The mechanism involves a 

catalytic site formed from secondary and tertiary structural interactions within the 

intron that allows it to splice itself out and join together the two flanking exons 

(Kruger et al. 1982).  

 

 

Figure 3 - 3D structure simulation of a tRNA molecule  

Image based on a 3D structure simulation of the human UUG tRNA, obtained online 
from M.V. Keldysh Institute of Applied Mathematics - Russian Academy of Sciences. 
(catalogue number Q5880) Available at:  
http://www.geocities.com/CollegePark/Hall/3826/tRNA/index.html  
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Figure 4 - Secondary and tertiary structure of the Tetrahymena Ribozyme 

(A) Secondary structure map of the Tetrahymena Ribzyme. P1-P9.2 denotes 
conserved alpha helical regions. Joining regions are designated with J. Some helical 
elements are represented as dashed lines. Ribonucleotides are numbered according to 
the full length intron (figure and legend adapted from Golden et al. (1998)). (B) A 3D 
ribbon-structure of the Tetrahymena Ribzyme (figure reproduced from Golden et al. 
(1998)). 
 

1.4.2 - Pre-mRNA secondary structure 

While the number of characterized rRNA, tRNA and mRNA secondary 

structures is quite considerable, the situation for pre-mRNA is much the opposite. Pre-

mRNAs in vivo are short lived and usually interact with a number of different protein 

factors, making direct research into secondary structure very difficult. There has, 

however, been no shortage of theories as to the existence and possible function of 

such structures in pre-mRNA, especially in relation to the process of splicing (Chebli 

et al. 1989; Clouet d'Orval et al. 1991; Balvay et al. 1993; Muro et al. 1999; Muh et 

al. 2002; Baraniak et al. 2003; Miriami et al. 2003). 
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The main factor that determines if a secondary structure is able to form in pre-

mRNA is most likely time rather than sequence complementarity. RNA secondary 

structures do not spontaneously form, and mismatches, inverted repeat lengths, 

inverted repeat separation and RNA binding proteins all affect the rate of formation. 

Importantly, it is currently unknown how much time is available from the start of 

transcription of an intron and until it has been spliced out of the pre-mRNA. It is, 

however, believed that transcription and splicing may be linked and that splicing 

therefore usually occurs co-transcriptionally or shortly after transcription (Proudfoot 

et al. 2002). The time available for folding to occur will necessarily also be dependent 

upon a number of factors such as the length of the introns, various protein factors and 

other factors intrinsic to each gene.  

 

1.4.3 - RNA tertiary structure 

While small RNA secondary structures within short RNA molecules are fairly 

easy to predict from RNA primary sequences, such predictions are often not very 

accurate when dealing with longer RNA molecules. One major reason why such 

predictions often fail to represent the true structure is the fact that RNA not only folds 

into secondary structures but also take on a third layer of structural complexity: 

tertiary structure. As with proteins, RNA tertiary structure involves interaction 

between different structural domains of the RNA, typically in the form of RNA 

helices. However, RNA is made up of only four bases, as opposed to the 20 amino 

acids making up proteins, and is therefore more limited in the number of potential 

interactions between different domains. While a number of different interactions can 

occur, there is one type of interaction that accounts for the majority of all long range 

interactions in RNA molecules, the A-minor motif (Doherty et al. 2001; Nissen et al. 
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2001). This motif involves interactions between A residues in single stranded RNA 

with residues in the minor groove of dsRNA helices via hydrogen bonds. While the 

motif appears to favor C-G base pairs as receptors for the As (Nissen et al. 2001), 

recent studies have not found any significant thermodynamic difference explaining 

the preference for C-G base pairs over other Watson and Crick base pairs, suggesting 

other factors may be involved (Battle and Doudna 2002).  

Because not much is known about RNA interactions on the tertiary level and 

the primary and secondary sequence requirements underlying these, including the 

sequence requirement of the A-minor motif, it is extremely difficult to predict such 

structures from sequence data alone. This represents a significant shortcoming in 

RNA structural simulations since the final RNA structure is a product of both 

secondary and tertiary interactions. 

 

1.4.4 - Adenosine deaminase acting on RNA (ADAR) 

Genes encoded by the human genome are transcribed into RNA and 

subsequently translated into protein. However, this process of information transfer 

does not always end up faithfully relaying the exact same sequence encoded by the 

genome. One process that may alter the message post-transcriptionally is called RNA 

editing and involves enzymatic modification of single RNA bases. There are a 

number of different enzymes that carry out such modifications (Maas and Rich 2000), 

however, this review will only address the adenosine deaminase acting on RNA 

(ADAR). 

ADARs are a group of enzymes that bind dsRNA and chemically modifies the 

adenine base of adenosine into hypoxanthine (H), thus converting the nucleotide into 

inosine (I) in a hydrolytic deamination reaction (Polson et al. 1991). These Hs are 
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recognized by most cellular enzymes as G, and the change therefore effectively 

represents an A to G substitution event (Bass 2002). In humans three different 

ADARs have been described: ADAR1, ADAR2 and ADAR3. Of these ADAR1 and 

ADAR2 are expressed in most tissues whereas ADAR3 is specific to the brain 

(Gerber and Keller 2001; Schaub and Keller 2002). 

It has not yet been determined if ADARs have a clearly defined sequence 

requirement for RNA binding and editing. Long and perfect RNA stems appear to be 

edited randomly and efficiently with up to 50% A to I conversions, after which the 

substrate is sufficiently single-stranded to no longer support ADAR binding 

(Nishikura et al. 1991; Polson and Bass 1994). When the RNA stems are shorter and 

imperfect, editing is far less promiscuous. These factors are therefore believed to be 

the most important in determining binding sites for selective editing of substrates 

(Lehmann and Bass 1999). The absolute minimum length-requirement for ADAR 

editing is not known, however it appears that stems of 15bp-20bp is the minimum 

length that ADAR can bind to and edit (Nishikura et al. 1991). However, the base 

paired region does not have to be perfect along the length of the RNA duplex. In an 

experiment using a synthetic substrate Lehmann and Bass (1999) found that bulges 

with �4 mismatched base pairs were not sufficient to obstruct ADAR editing of a 

substrate. However, the ADAR could not overcome bulges with more than 4 

mismatched base pairs. Such bulges (and loops) therefore define short independent 

ADAR substrates in longer and more structurally complex RNA duplexes. 

 For both ADAR1 and ADAR2, mismatched bases in RNA duplexes have 

been shown to be edited. There is a preference for A-C mismatches over that of A-A 

or A-G mismatches, and even over that of the A-U base pair (Wong et al. 2001). In 

addition to this preference, the neighboring bases have also been shown to be 
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important. It appears that both enzymes have similar preferences for nucleotide bases 

5’ to the editing site, where A�U>C=G (Lehmann and Bass 2000). However, ADAR2 

is also believed to have a 3’ neighboring base preference of U=G>C=A. When these 

preferences are combined, it provides a set of trinucleotide preferences for ADAR2 of 

UAU, AAG, UAG, AAU, where the central A is the edited base (Lehmann and Bass 

2000).  

Importantly, ADARs are believed to act on pre-mRNA, rather than mRNA, 

prior to splicing. This important point is based in part on some of the first documented 

ADAR substrates where many editing sites were found to occur in the transcripts 

protein coding regions or splice sites. However, the ADAR is usually dependent on 

intronic sequences to base pair with the exonic sequences for the necessary secondary 

structures to form. Examples of gene transcripts with such exon/intron secondary 

structures, and accompanying editing, include the glutamate receptor subunit B (Bratt 

and Ohman 2003), the serotonin 2C receptor (Burns et al. 1997) and ADAR2 itself 

(Rueter et al. 1999; Dawson et al. 2004). 

It has also been shown that long double stranded non-coding regions in certain 

pre-mRNAs of Caenorhabditis elegans and putative Alu-Alu double stranded regions 

in introns and untranslated regions (UTR) of certain human mRNA transcripts are 

edited in vivo (Morse et al. 2002). These results suggest that long intronic RNA 

hairpins in human pre-mRNA may also be edited. However, the results obtained by 

Morse et al. (2002) were not obtained to prove the formation of long double stranded 

regions in human pre-mRNA but rather to investigate the frequency of ADAR action 

by targeting inosine-containing mRNAs. They therefore targeted mRNA via their 

polyA-tails during reverse transcription of the transcripts. Still, it was found that 15 
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out of 19 ADAR substrates identified in the study were derived from repetitive DNA, 

typically inverted Alu repeats, and mostly located in UTRs or introns. 

Morse et al. (2002) hypothesize that ADARs may act on these large secondary 

structures in intronic parts of pre-mRNA in order to destabilize them so that they will 

not interfere with splicing of the flanking exons. Such an ADAR dependent 

destabilization would be achieved by changing A-T base pairs in RNA stems into H-T 

mismatches. They further suggest there is a possibility that ADARs serve a regulatory 

role by acting on such intronic structures. The editing of secondary structures in the 

UTRs is also suggested to have some regulatory potential (Morse et al. 2002). 

More recently, many more editing sites have been found, mostly in intronic 

sequences and UTRs, and the number of editing sites is now in the thousands. These 

editing sites were located by mining EST (Levanon et al. 2004) and cDNA 

(Athanasiadis et al. 2004; Blow et al. 2004) databases for A�G mismatches as 

compared to genomic DNA. Athanasiadis et al. (2004) suggest that more than 85% of 

human pre-mRNAs may be edited in introns, mostly in Alu repeats, based on their 

results. They also determined that editing occurred most frequently when the inverted 

Alu repeats were separated by ~300bp, and that editing frequency diminishes with 

increasing distances of the Alu repeats. Editing was also found to be more efficient in 

Alu repeats belonging to the same sub-family, presumably due to greater sequence 

homology and thus more stable base pairing. They  also suggest that editing is mostly 

due to intramolecular base pairing of Alus within the same transcript rather than in 

trans between different transcripts.  

Blow et al. (2004), using a human brain cDNA library, found that editing 

occurred more frequently in an Alu repeat when an inverted Alu repeat was located 

within 2000bp of it. They also suggest there is a preference for base pairing between 
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Alus in the same intron, rather than across an exon, and like Athanasiadis et al. 

(2004), they suggest that most editing events are due to intramolecular RNA base-

pairing.  

Because of the extensive ADAR editing of Alu repeats it has been estimated 

that such editing in humans is at least ten-fold greater than in other non-primate 

mammals (Eisenberg et al. 2005). This opens for the exciting possibility that Alu 

repeats and the ADAR editing mechanism has played an essential role in the 

evolution of the primates. 

 

1.4.5 - Pre-mRNA secondary structures: clinical impacts? 

Although it has not yet been determined that Alu-induced secondary structures 

in pre-mRNA, as indicated by ADAR editing, serve a function in vivo, there is that 

potential. Any feature that serves a function in a gene transcript will also have the 

potential to malfunction and thus contribute to the genetic disease burden. If Alus do 

serve a function in a transcript, it is important to remember that they are typically 

intronic in nature. Significantly, genetic testing for diseases are mainly performed on 

the protein-coding regions of a gene and in known regulatory elements such as 

promoters and splice sites. Usually, analyzing these regions for mutations are 

sufficient to diagnose most defective genes, however, there is increasing anecdotal 

evidence suggesting that such an approach may not be sufficient to reveal all disease-

causing mutations in a gene. 
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1.5 - Background for experimental and bioinformatics approaches 

1.5.1 - Polymerase chain reaction 

The Polymerase chain reaction (PCR) is a relatively new method in molecular 

genetics. Its invention is credited to Kary Mullis who also received a Nobel Price for 

the effort in response to the incredible impact the method has had within the field of 

molecular genetics. The method involves using short oligonucleotides, complimentary 

to a target sequence, as primers from which a DNA polymerase can synthesis new 

DNA strands. Two primers, each specific for the sequence of one of the two 

complimentary DNA strands, and with overlapping extension products, ensure 

amplification of both strands (Saiki et al. 1985; Mullis et al. 1986; Mullis and Faloona 

1987).  

The PCR is carried out as a cyclic three step process. The first step is a melt step 

in which the template DNA duplex is denatured into single strands to which the 

oligonucleotide primers can bind. In the second step, also called the annealing step, 

the temperature of the reaction mix is lowered to a temperature where the primers can 

bind to the separated DNA strands. In the third step the reaction temperature is 

adjusted to the optimum temperature for synthesis by the DNA polymerase used in 

the reaction. The three steps are cycled repeatedly until the desired amounts of PCR 

product is obtained (Saiki et al. 1985; Mullis et al. 1986; Mullis and Faloona 1987). A 

thermostable DNA polymerase is usually used for the DNA synthesis since other 

polymerases are inactivated in the high temperature melt step, an innovation also 

credited to Kary Mullis (1987). The thermostable enzyme that was first used, and still 

the enzyme most commonly used for PCR, came from the bacterium Thermus 

aquaticus (Saiki et al. 1988; Lawyer et al. 1989). This bacterium lives in hot springs 
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and its DNA polymerase, the Taq polymerase, therefore tolerates extended 

incubation-times at high temperatures without denaturing. It has its optimum reaction 

temperature at ~70oC (Saiki et al. 1988). The ability to use higher reaction 

temperatures also allows for primer annealing of longer oligos at higher temperatures 

providing greater specificity towards a target sequence, thus greatly improving the 

usefulness of the reaction (Saiki et al. 1988; Lawyer et al. 1989). 

 

1.5.2 - Reverse transcription PCR 

Reverse transcription (RT) involves the use of an enzyme, a reverse 

transcriptase, which is capably of defying the central dogma of molecular biology and 

synthesize DNA from an RNA template. These enzymes are typically found in a type 

of viruses known as retroviruses, which have genomes encoded in the form of RNA. 

The reverse transcription activity of these retroviruses was first demonstrated by 

Baltimore (1970) and Temin (1970). A number of different reverse transcriptases 

exist, however the most commonly used experimentally are derived from the two 

viruses; Avian myeloblastosis virus (AMV) (Houts et al. 1979) or Moloney murine 

leukemia virus (M-MLV or MuLV) (Gerard and Grandgenett 1975; Roth et al. 1985). 

Laboratory use of reverse transcriptase typically involves reverse transcription 

of mRNA into complementary DNA (cDNA). This process requires a primer that can 

bind to the RNA molecule for the transcriptase to act upon. Typically this primer 

consists of a chain of deoxythymidines, often referred to as an oligo (dT) primer, 

which allows it to bind to the polyA-tail of most processed mRNA molecules, or short 

random DNA hexamers, allowing non-specific annealing to any part of an RNA 

molecule (Sambrook and Russell 2001). The former can only be used to target normal 

mRNA molecules with polyA tails, whereas the latter can also be used for pre-mRNA 
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and other RNAs without a polyA-tail. Subsequent to reverse transcription, the cDNA 

is typically amplified by PCR using target-specific primers (Sambrook and Russell 

2001). 

 

1.5.3 - DNA alignments using BLAST and ClustalW 

A range of different programs, algorithms and matrixes have been developed to 

search databases for identical or related protein sequences or DNA sequences. Of all 

those, one was particularly ground breaking and has achieved wide use. It was 

developed by Altschul et al. (1990) and they called it the Basic Local Alignment 

Search Tool (BLAST). The main feature that set BLAST apart from other programs 

available at the time was speed. Altschul et al. (1990) reported an increase in search 

speeds of at least one order of magnitude as compared to similarly sensitive 

algorithms. This was a significant breakthrough at a time when databases where 

starting to fill up with ever more sequence data and a fast way of searching through 

them was needed. BLAST can be used for searching both protein and DNA 

sequences. 

The way BLAST works is by locating short segments, known as words, with 

high sequence identity between a query sequence and database entries. From this 

initial hit, a less sensitive alignment is attempted between the sequences beyond the 

hit. From scores calculated based on points assigned for matches, and penalties 

assigned for mismatches and gaps in the alignment, BLAST calculates a value called 

maximal segment pair (MSP)(Altschul et al. 1990). Altschul at al. (1990) defines this 

MSP value as the best possible alignment between two sequences that can not be 

improved by shortening or lengthening the alignment further. The alignments with the 

best MSPs, and better than a defined threshold value,  are returned to the user. 



 36

  Recent improvements to the BLAST algorithm, makes it faster and more 

sensitive than the original version for searching large DNA databases (Altschul et al. 

1997; McGinnis and Madden 2004). These improved versions include the fast 

MegaBLAST, which uses a long search word of 28bp that needs to be a perfect match 

before further alignments are initiated, and the discontiguous MegaBLAST, where not 

all the bases in the word are required to match for an alignment to be initiated, thus 

allowing for more diverged sequences to be aligned (Zhang et al. 2000b; Buhler 2001; 

McGinnis and Madden 2004). BLAST and its derivatives are most commonly 

accessed through web-interfaces at http://www.ncbi.nlm.nih.gov/blast/ or 

http://www.ebi.ac.uk/blast/. 

For aligning short sequences against each other (not against a database) 

ClustalW is the most commonly used program suite (Thompson et al. 1994; Higgins 

et al. 1996). It can handle both protein sequences and DNA sequences, but is 

considered most powerful for the former (Chenna et al. 2003). It functions similarly 

to BLAST in that it tries to locate short words from the query sequence and once a hit 

is located, tries to extended this hit into an alignment of the entire query sequence. 

Alignment scores are obtained by assigning and subtracting points based on matched 

residues, mismatches, gaps and gap extensions and the highest scoring alignment is 

returned to the user (Thompson et al. 1994). However, the most important feature of 

ClustalW is its ability to compute multiple alignments (up to 500 sequences for the 

web-based version [http://www.ebi.ac.uk/clustalw/] at the European Bioinformatics 

Institute). The multiple alignments work by comparing all the input sequences with 

each other (pairwise alignment). Subsequently, based on scores from these separate 

alignments a phylogenetic tree is constructed, the sequences are grouped according to 

their position on the tree and a multiple alignment is finally carried out starting with 
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the most related sequences followed by subsequent additions of the less related 

sequences (Chenna et al. 2003). 
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Chapter 2         
                             

                            
Gene and region-specific approaches 

 

This chapter presents and discusses research approaches and results that were 

carried out on specific genomic regions, including single genes. These approaches 

involved both bioinformatics analyses and practical experiments. Some of the regions  

that are discussed were located through the bioinformatics analyses presented in the 

following chapters. This includes a large region on chromosome 19 that was analyzed 

with respect to Alu content and certain aspects of the Alu distribution in all the genes 

in that region. Other regions were selected because of their involvement, or suspected 

involvement, in certain genetic disorders such as the insulin receptor (INSR) gene, 

involved with diabetes, and the LDLR gene, which is involved with familial 

hypercholesterolemia.. 

Two experimental approaches are presented in this chapter. The first involved in 

vitro transcription of two inverted Alu repeat pairs, followed by mung bean nuclease 

digestion, in order to investigate the secondary structure-forming potential of these 

repeats. The second approach involved reverse transcription of inverted Alu repeat-

containing pre-mRNA, extracted from human carcinoma cell-lines, followed by 

sequencing of these to determine if the Alus are edited by ADARs. The occurrence of 

such editing would be a physical confirmation that the Alus are involved in secondary 

structure formations. 
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2.1 - Alu repeat analysis of 19p13.3-19p13.2 

 

The following section presents an analysis of a ~5x106bp region on chromosome 

19 for Alu repeat content and Alu repeat conformations of all the genes in that region. 

The region was selected in part because it includes the clinically significant genes 

INSR and LDLR. 

 

2.1.1 - Methods 

2.1.1.1 - DNA sequences 

The genomic DNA sequence was obtained from the National Center for 

Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov) and included the 

INSR gene, the LDLR gene, the region in between these genes and some upstream 

and downstream DNA flanking these two genes. The boundaries of the flanking DNA 

were set at the genes TNFSF7 (upstream boundary) and LOC51295 (downstream 

boundary). NCBI Reference Sequence (RefSeq) sequences for all the genes in the 

region were retrieved from NCBI (http://www.ncbi.nlm.nih.gov), human genome 

build 33, and are presented with their respective accession numbers in Table 2. 

 

2.1.1.2 - DNA analyses 

The mRNA sequences of all the genes were aligned with the genomic region 

using BLAST (Altschul et al. 1990) available at NCBI 

(http://www.ncbi.nlm.nih.gov), accessed 01.05.03-01.07.03 using default parameters. 

The entire region was also analyzed for presence of Alu repeats using the online 



 40

version of Smit et al’s (unpublished data) RepeatMasker program at 

http://www.repeatmasker.org/ (accessed 01.05.03), specified only to mask Alu repeats 

with the sensitive (-slow) option enabled. The remaining RepeatMasker settings were 

left at default values. The masked sequence was superimposed onto the aligned genes 

in the genomic sequence. All the genes were then screened for introns with lengths 

less than 6kbp and containing at least two inverted Alu repeat pairs. These were 

subsequently analyzed for potential Alu induced secondary structure using the online 

version of Zukers (2003) mfold program at http://www.bioinfo.rpi.edu/. The output 

from these RNA foldings were assessed for presence of long double stranded stems 

formed from inverted Alus. Only introns with at least two alignable Alu pairs and 

with stem lengths of minimum 100bp and no more than 20% mismatched bases in 

each stem were considered. 

 

2.1.1.3 - Calculating scores 

The relative extent of potential Alu induced secondary structures within introns 

was calculated as the total length of the stem/loop structure, as counted from the base 

of the stem (Figure 5), divided by the total length of the intron and multiplied by 100. 

Values were recorded in Table 2. Introns with less than 50% of their ribonucleotides 

involved in such Alu-induced secondary structure(s) were excluded. A value was also 

calculated for the direct contribution of Alus to the secondary structure as the total 

length of alignable Alus (according to the parameters in 2.1.1.2) divided by the total 

length of the intron and multiplied by 100. Introns with scores lower than 20% were 

excluded. 
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Figure 5 - Alu induced hairpins 

Illustration of Alu induced secondary structure. The structure in intron 1 is formed 
from 4 Alus. The first two, A1 and A2 are direct repeats followed by A3 and A4 
which are inverted as compared to the first two. T1 represents the total size of the 
structure in intron 1 as measured from the base of the stem to the base of the loop. 
Intron 2 has two pairs of inverted Alu repeats capable of forming the two structures 
T1 and T3. The total length of intron 1 involved directly in stems equals the sum of 
A1, A2, A3 and A4, and in intron 2 the sum of A5, A6, A7 and A8. 

 

2.1.2 - Results 

The aim of this survey was to investigate the possible function of Alu repeat 

clusters in intronic DNA. To this end all the genes in a 5 megabase pair (mbp) region 

of human chromosome 19 were analyzed for Alu repeat distribution and 

configuration. A total of 78 introns (11% of the 706 introns considered in the region) 

in 46 genes (out of ~160 genes in the region) were found to satisfy the defined 

parameters (section 2.1.1.2). However, many long introns (>6kbp) were not included 

in the survey since these were outside the boundary imposed by using the mfold 

server (Zuker 2003) for secondary structure simulations. A number of short  
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Gene data Intron data 

Gene name(a) Accession(b) Length  (bp)(c) Exons
(d) 

Intron 
number

(e)  

Intron 
length 
(bp)(f) 

Alu 
induced 

structures(g) 

Stem 
component 

(h) 
1 - TNFSF14 NM_003807 6 044 5 4 2583 90.9% 45.1% 

2 - C3 NM_000064 42 783 41 17 
27 

4493 
3726 

85.0% 
59.2% 

27.6% 
24.2% 

3 - EMR1 NM_001974 52 879 21 12 
13 

3179 
1965 

58.8% 
61.7% 

35.3% 
43.6% 

4 - MGC4054 NM_024341 13 869 8 2 4342 80.8% 38.5% 

5 - INSR NM_000208 177 374 22 4 
19 

2148 
1864 

72.8% 
76.8% 

40.5% 
56.6% 

6 - P114-RHO-
GEF NM_015318 77 266 22 6 

10 
2588 
2108 

93.9% 
74.8% 

52.6% 
45.2% 

7 - MGC4281 NM_080662 12 145 5 1 2924 82.8% 25.6% 
8 -  NTE NM_006702 26 900 35 6 3371 64.3% 35.0% 
9 - CCL25 NM_005624 9 614 5 4 4297 77.9% 39.0% 

10 - FBN3 NM_032447 82 098 63 

12 
21 
29 
37 
58 

2854 
1883 
3415 
2420 
5591 

62.8% 
82.0% 
81.6% 
73.2% 
81.4% 

49.2% 
48.9% 
25.4% 
51.5% 
32.1% 

11 - FLJ12089 NM_024552 53 046 11 3 3249 66.4% 34.8% 

12 - NDUFA7 NM_005001 10 023 4 2 
3 

4210 
4898 

57.2% 
79.1% 

34.4% 
36.9% 

13 - ANGPTL4 1 NM_139314 10 247 7 6 2182 75.1% 48.4% 

14 - LOC51257 NM_016496 25 621 6 
1 
2 
3 

5116 
2981 
4592 

51.3% 
82.1% 
78.4% 

34.2% 
39.4% 
50.2% 

15 - MYO1F NM_012335 56 310 28 

12 
16 
19 
25 

2299 
2891 
5678 
2648 

67.6% 
74.1% 
91.9% 
83.1% 

44.2% 
41.0% 
50.8% 
60.0% 

16 - ADAMTS10 NM_030957 29 949 26 18 
25 

2345 
3892 

82.4% 
86.8% 

48.4% 
23.4% 

17 - MUC16 NM_024690 43 839 35 32 4254 89.3% 25.2% 
18 - LOC147742 XM_085867 11 896 4 1 4225 54.5% 20.6% 
19 - MGC45408 NM_152289 12 769 6 4 2941 88.0% 61.1% 
20 - FLJ20079 NM_017656 26 394 4 2 4066 83.1% 25.8% 
21 - LOC162993 XM_091914 16 595 8 7 5618 70.3% 31.9% 

22 - COL5A3 NM_015719 50 911 67 24 
64 

2084 
3422 

57.8% 
75.4% 

38.2% 
44.7% 

23 - RDH8 NM_015725 9 060 6 1 3456 57.8% 42.3% 

24 - DNMT1 NM_001379 61 790 40 8 
12 

4724 
2246 

59.5% 
86.1% 

22.8% 
36.2% 

25 - ICAM1 NM_000201 15 513 7 1 3538 51.4% 33.0% 
26 - MGC19604 NM_080665 5 790 5 3 4444 73.9% 33.9% 
27 - RAVER1 XM_058946 17 305 10 3 5075 92.4% 35.7% 
28 - CDC37 NM_007065 12 388 8 5 1579 65.9% 52.2% 
29 - LOC348341 XM_304259 3 739 3 1 3166 81.6% 26.9% 
30 - KEAP1 NM_012289 16 636 6 3 1723 56.8% 36.9% 
31 - AUTL4 NM_032885 9 056 10 6 2862 90.0% 45.1% 

32 - FLJ12949 NM_023008 11 417 17 1 
14 

2091 
2202 

67.1% 
57.8% 

55.8% 
44.7% 

33 - AP1M2 NM_005498 14 645 12  3 1727 64.4% 49.2% 

Table 2 - Alu induced secondary structures
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Table 2: Alu induced secondary structure s - continued 
Gene data Intron data 

Gene name(a) Accession(b) Length  (bp)(c) Exons
(d) 

Intron 
number

(e) 

Intron 
length 
(bp)(f) 

Alu induced 
structures(g) 

Stem 
component 

(h) 

34 - CTL2 NM_020428 17 752 22 

2 
4 
10 
20 

1420 
3052 
2599 
4050 

64.9% 
62.7% 
80.1% 
90.8% 

64.6% 
39.9% 
49.7% 
53.4% 

35 - TGT NM_031209 11 910 10  5 4545 80.8% 47.1% 

36 - DNM2 NM_004945 113 795 20 
5 
11 
15 

5743 
3715 
3698 

82.9% 
65.9% 
50.6% 

26.5% 
29.3% 
32.0% 

37 - LOC255809 XM_172995 21 389 7 
2 
3 
5 

5697 
1958 
3211 

80.9% 
88.1% 
60.1% 

24.6% 
53.7% 
56.8% 

38 - CARM1 XM_032719 51 579 16 4 2976 58.7% 40.9% 
39 - SMARCA4 NM_003072 101 348 36 13 4504 85.9% 49.7% 

40 - LDLR NM_000527 44 359 18 

2 
6 
10 
12 
15 

2318 
3137 
2331 
3093 
4663 

64.1% 
83.1% 
90.0% 
92.0% 
63.2% 

35.3% 
57.4% 
42.8% 
59.3% 
34.5% 

41 - KIAA1518 XM_170889 25 842 10 91 28841 94.2%1 58.7%1 

42 - TM4-B NM_012466 29 439 7 4 
5 

5295 
5382 

77.5% 
69.2% 

35.4% 
33.4% 

43 - LOC348342 XM_300240 3 418 4 3 2131 77.6% 38.0% 

44 -  RGL3 XM_290867 25 275 19 9 
16 

2440 
2257 

51.3% 
80.5% 

47.9% 
53.0% 

45 - PRKCSH NM_002743 15 313 18 5 3109 63.4% 33.7% 

46 - LOC51295 NM_016581 23 187 8 2 
4 

4853 
5007 

90.2% 
87.5% 

42.2% 
41.0% 

1Includes the upstream and downstream exons

The table provides information on putative secondary structures from Alu repeats in a 
region of chromosome 19. (a) The names of all the genes with introns satisfying the 
parameters in section 2.2-2.3 are listed chronologically. (b) Accession number 
obtained from NCBI (http://www.ncbi.nlm.nih.gov). (c) Total length of each gene. (d) 
Number of exons for each gene. (e) The position of the intron investigated within the 
relevant gene. (f) The full length of the intron. (g) Percentage of Alu induced 
secondary structure for each intron calculated as the total amount of RNA involved in 
secondary structure (including both stems and loops) divided by intron length and 
multiplied by 100. (h) The direct contribution of Alu repeats in the secondary structure 
calculated as the total length of alignable Alu-Alu stems divided by intron length and 
multiplied by 100. 
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introns were also omitted because they contained only one inverted Alu pair. Some of 

these may still form stable secondary structures with a significant impact on shorter 

introns. 

The positions of the introns presented in Table 2, when plotted on the graph in  

Figure 6, appear to follow a distribution that closely resembles the distribution of Alu 

repeats in the same graph. There are only a few introns in Alu depleted areas, all of 

which are low-scoring in Table 2. This can also be shown statistically as a linear 

relationship (p=0.044) between the number of Alu repeats relative to the distribution 

of the introns from Figure 6 (Figure 7).  

Of special interest to this survey are the two genes encoding the INSR and the 

LDLR. These genes are both known to be dense in Alus, and they were therefore 

expected to be well represented in Table 2. This is not the case for the INSR gene, 

which is only represented with two introns in that table. The reason for this is that 

most of the Alu-rich introns in the INSR gene are longer than 6kbp and therefore 

beyond the scope of this survey. The INSR gene in discussed in more depth in section 

2.2.4.  

The LDLR receptor has five introns listed in Table 2 that satisfy the secondary 

structure parameters from section 2.1.1.2 (out of 17 introns in total for the gene). The 

calculated scores for some of these are also quite high, indicating that they are likely 

to form very stable pre-mRNA secondary structures with significant impact on the 

respective introns. The LDLR introns provide some of the most interesting examples 

of potential Alu induced secondary structures encountered in the survey. Intron 6 has 

six inverted Alu repeats that are able to form either three separate RNA hairpins made 

up of single pairs of adjacent Alu repeats, or one long hairpin comprised of three Alus 

folding back on another three Alus. Thus there are two folding scenarios possible for 
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this intron, both involving more than 80% of the total intron length. Intron 12 also has 

six Alu repeats that may form an RNA hairpin. It is encountered as three direct 

repeats followed by another three repeats in an inverted configuration to the first 

three. Together they may form a single stem/loop structure involving more than 90% 

of that intron. The LDLR gene is discussed in more depth in section 2.2.5. 

 

 

Figure 6 - Genes, introns and Alus 

Distribution of genes, Alus and introns with Alu-induced secondary structure in a 5mbp 
region on chromosome 19. a) The percentage values for fractions of introns directly 
involved in stems of all the introns in Table 2 are plotted against the position in the 
5mbp sequence. A representation of all the genes in the region is mounted on top of the 
plot (adapted from the NCBI genome map viewer [http://www.ncbi.nlm.nih.gov]). 
Genes are represented as red (sense strand) and blue (antisense strand) boxes whose 
widths are directly proportional to the lengths of the genes. b) Distribution of Alu 
repeats in the 5mbp region. Each bar represents the number of Alu repeats per 50 kbp 
of DNA. 
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Figure 7 - Regression analyses of Alu content versus exon and intron counts 

a) The total number of exons in 0.5mbp windows covering the genomic regions 
presented in Figure 6 are plotted against counts of Alu repeats within the same 
windows. A linear regression was carried out on the scatter plot and the best fitting 
straight line is presented. The r2 value for the fitted line is 0.42, and there is a positive 
correlation between the two variables (p=0.44). b) The distribution of the introns 
presented in Figure 6a, as counts per 0.5mbp, are plotted against the counts of Alu 
repeats in the same 0.5mbp windows. A regression analysis carried out on the data 
suggests there is a positive relationship between the two variables (p<0.001). The r2 
value for the best fitting straight line is 0.81. 
- Regression analyses of Alu content versus exon and intron counts 

 

Not unexpectedly, the other genes represented with multiple introns in Table 2 

are also exon-rich genes and they also appear to be located in Alu-rich parts of the 

5mbp region. These two features are proven statistically in Figure 7 by the overall 

linear relationships between Alu density and exon counts and counts of introns from 

Figure 6, respectively.  
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2.1.3 - Discussion 

Many of the introns in Alu rich regions appear to contain Alu clusters that may 

have a significant effect on RNA folding. The structures formed by these clusters will 

probably in many cases not affect pre-mRNA function or turn-over. If, however, the 

values in Table 2 accurately represent folding events in vivo a number of pre-mRNA 

introns will have their effective length reduced by more than 90% in this sample 

group. Since it has been shown that intron length can affect splicing events (Cote et 

al. 1997) such foldings may have an effect on gene expression. It is also possible that 

splice site selection is aided by these RNA secondary structures either by masking of 

inappropriate splice sites, frequently found in most introns, or by “presenting” the 

correct splice sites to the splicing machinery. 

Interestingly, it can often be shown that several different secondary structure 

foldings are possible for the same Alu repeat cluster. This is a common observation 

when folding all types of RNA. However, the number of significantly different 

foldings is usually low when long stretches of palindromic RNA, such as inverted 

Alus, are folded. This allows for more accurate secondary structure simulations of 

longer RNA sequences where other minor RNA-RNA interactions are unlikely to 

overcome the more stable Alu-Alu interactions. A minimum threshold of 20% direct 

Alu-Alu interaction within each intron was used to ensure the integrity of this 

assumption by ensuring an Alu-dictated minimal energy conformation. 

Alternative foldings were confirmed not to significantly impact the values 

calculated for Table 2. However, in vivo a change in the RNA structural landscape 

may have an effect on gene expression since very different structures may form while 

still having the same fraction of ribonucleotides involved in long Alu-Alu stems. It is 

in that regard also interesting that this landscape can be affected by the action of 
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ADARs, or other RNA binding proteins, which could alter the structure or even cause 

them to unfold (DeCerbo and Carmichael 2005). This may provide a mechanism for 

pre-mRNA regulation and tissue-specific pre-mRNA editing at the post-

transcriptional level. Such roles have been shown for other types of RNA secondary 

structures in the past (Howe and Ares 1997; Chen et al. 1999; Tu et al. 2000; Muh et 

al. 2002; Miriami et al. 2003). 

It is unlikely that the Alu clusters identified in Table 2 initially occurred with the 

purpose of forming secondary structure. It is more likely that they arose due to de 

novo insertions and that genes adapt to their presence as new insertions occur. 

However, there may be an evolutionary preference for inverted Alus in some introns, 

while direct repeats are preferred in others. Insertions resulting in inverted Alu repeat 

pairs may have a compensatory effect on the intron length of pre-mRNA since 

formation of a hairpin could effectively shorten the transcript. Direct Alus on the 

other hand will always have the effect of adding to the intron length in both DNA and 

RNA. 

Long introns in the beginning of long genes such as the INSR gene may also 

have been the focus of such compensatory effects. In this gene, several distinct 

clusters of direct Alu repeats are seen in alternating 5’ to 3’ and 3’ to 5’ 

conformations (relative to the direction of the gene). Such alternation of clusters is 

observed in both introns 1 and 2 of this gene. Some possible large Alu induced 

secondary structures in the INSR gene are presented and discussed further in section 

2.2.4. 

After this survey was carried out, a number of publications have confirmed, or at 

least strongly suggest, that Alu repeats are capable of forming large secondary 

structures in pre-mRNA. Such structures were deduced indirectly from the action of 
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ADAR enzymes on Alu repeats in cDNA and STS databases (Athanasiadis et al. 

2004; Blow et al. 2004; Levanon et al. 2004). The putative structures located in this 

survey fits the pattern of ADAR-edited Alu repeats published in those articles. It is 

therefore likely, based on those analyses, that at least the high scoring introns in this 

survey form secondary structures. However, it is not yet known if all inverted Alus 

form secondary structures or if it is just a subset in certain genes. It is also not known 

if the secondary structures, or the ADAR editing itself, serves a function or has an 

effect on these gene transcripts. 

The motivation for carrying out this survey was to determine potential sites in 

“junk DNA” that might be implicated in genetic disease. If the Alu repeats are found 

to serve a function in a gene, these certainly also have the potential to cause genetic 

disease. However, even if it is merely an effect (i.e. their presence results in slightly 

higher or slightly lower expression but not in differential expression), deleting these 

elements could also potentially cause disease. An article by van de Lagemaat et al. 

(2005) suggests a rare mechanism that can specifically remove Alu repeats from 

genomic DNA via a recombination event, without affecting any of the flanking DNA 

(this mechanism is discussed further in section 1.2.5). Such an event, or any other 

minor intronic deletion, would go unnoticed when sequencing a gene for mutations in 

exons, splice sites or promoter regions. 

In summary, it seems that a significant number of genes are characterized by the 

presence of Alu repeat clusters within their introns. Although such clusters have been 

known to exist for some time, their possible effect on pre-mRNA secondary structure 

has not been sufficiently investigated. Our study proposes that there may be a 

important role for these in post-transcriptional mechanisms of gene regulation 

involving formation of large Alu-induced secondary structures. The exact nature and 
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function of such mechanisms is yet to be determined, although some speculative roles 

will be proposed in the general discussion. 
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2.2 - Single gene analyses 

 
This section summarizes and discusses results of a selection of specific single 

gene analyses. The genes are not related but many of them were selected because they 

have some degree of clinical importance as putative causes of various genetic 

disorders. These included the INSR gene and the LDLR gene, which were also 

discussed in section 2.1, the Androgen receptor (AR), involved in testicular 

feminization, spinal and bulbar muscular atrophy and prostate cancer (Quigley et al. 

1995) and the three prostatic kallikrein genes, which are involved in prostate cancer 

(Catalona et al. 1991; Darson et al. 1997; Stenman 1999; Xi et al. 2004; Dong et al. 

2005).  

 

2.2.1 - General methods 

The gene sequences for each of the genes were obtained from NCBI 

(http://www.ncbi.nlm.nih.gov/). Only the RefSeq entry for each gene was used, and 

when multiple RefSeq isoforms were present for a gene the longest isoform was 

chosen, unless otherwise specified. The gene sequences were aligned with the human 

genome (version 35.1) using BLAST (Altschul et al. 1990), through the online 

interface at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/), using the megaBLAST 

version (accessed August, 2006), and specified not to filter out repetitive DNA. The 

genomic sequences were also analyzed for Alu repeats using the RepeatMasker 

program at www.repeatmasker.org (Smit et al. unpublished data), accessed August 

2006, specified only to mask Alu repeats and using the slow (sensitive) setting. The 

parameters were otherwise left at their default values. Regions with putative RNA 

secondary structures were folded using mfold (Zuker 2003) via the online interface at 
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http://www.bioinfo.rpi.edu/applications/mfold/ (version 3.2) using default values. 

Some genes were also analyzed for palindromic sequences using the online program 

“palindrome” (Faller 1999), available at: 

http://bioweb.pasteur.fr/seqanal/interfaces/palindrome.html. The parameters for these 

searches were: [-minpallen 20 -maxpallen 1000 -gaplimit 10000 -nummismatches 3]. 

The palindrome output data was analyzed further using the program SPSS, available 

at: http://www.spss.com/. Some sequences were also aligned with the mouse genome 

(Mus musculus build 35.1) and the chimpanzee genome (Pan troglodytes build 1.1) 

using ClustalW (Thompson et al. 1994) through the online interface at: 

http://www.ebi.ac.uk/clustalw/ (accessed August 2006). 

 

2.2.2 - Androgen Receptor 

2.2.2.1 - Introduction 

The AR is expressed in both men and women, however its primary function is in 

male differentiation and development as a receptor to androgen hormones such as 

testosterone and dihydrotestosterone (Quigley et al. 1995). It has been implicated in a 

number of human afflictions, including androgen insensitivity syndromes, where loss 

of function leads to male genotypes developing a partial or almost completely female 

phenotype (Quigley et al. 1995), Kennedy’s disease, where a tri-nucleotide expansion 

in exon three leads to a form of motorneuron disease (Spada et al. 1991), and prostate 

cancer (Buchanan et al. 2001; Feldman and Feldman 2001; Edwards et al. 2003). 

The AR belongs to the group of nuclear receptors, and, after binding to its 

steroid-derived ligand, it binds to DNA recognition sequences called hormone 

response elements and affects expression of target genes (Umesono and Evans 1989; 
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Freedman 1992; Beato et al. 1995). The AR gene is located on the X chromosome in 

position Xqll-12 and males therefore have only one copy of this gene. It contains 8 

exons, may be alternatively spliced and spans an area reported to be >90kbp in the 

human genome (Tilley et al. 1989; Faber et al. 1991). The mouse AR gene appears to 

utilize two different promoters, the sequences of which are also conserved in the 

human genome  (Grossmann et al. 1994), and it is expressed in a variety of tissues, at 

varying levels (Lubahn et al. 1988; Sar et al. 1990; Ruizeveld de Winter 1994; Kerr et 

al. 1995; Wiren et al. 1997). 

Importantly, many disorders in which the AR is believed to be involved do not 

appear to be caused by mutations in the protein-coding region or known regulatory 

elements, suggesting other genes or uncharacterized regulatory elements may be 

involved. In some cases of prostate cancer it has been shown that the AR expression 

level plays an important role, and one would therefore expect that any regulatory 

element controlling this genes expression may also play a role (Edwards et al. 2003; 

Chen et al. 2004). 

 

2.2.2.2 - Results 

The Alu repeat analysis of the AR gene (RefSeq: NM_000044) did not reveal 

many Alu repeat clusters. Surprisingly, considering the length of the gene, there is 

only one area with closely spaced inverted Alu repeats; it is in the form of two 

antisense Alu repeats followed by two sense Alu repeats.  This cluster, however, is 

located in the middle of the first intron. Since secondary structures in the middle of a 

long intron probably have little effect on gene expression, it is unlikely to have a great 

impact on either the primary transcript, isoform 1, (RefSeq: NM_000044) or the 

second RefSeq transcript, isoform 2 (RefSeq: NM_001011645). There are no other 
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EST sequences inside, or near (>2kbp), the Alu repeat cluster, as determined by 

entries into UniGene at NCBI. There is also only limited base pairing potential 

between the Alus in this cluster, as determined by folding of the pre-mRNA sequence 

using the mfold program (Zuker 2003). 

While very few Alu repeats are present in the AR gene there is a high density of 

other repeat sequences. The most significant is a large (~669bp), almost perfect 

palindromic sequence (27 unmatched nucleotides), which was located using the 

“Palindrome” palindromic sequence search tool. It is located ~15kbp upstream of the 

nearest AR exon, which is exon 3. Smit et al.’s (unpublished data) Repeatmasker 

determined that the palindrome is located in a region of long LINE1 elements, and is 

comprised of LINE1 derived DNA, low complexity DNA and a (TA)n simple repeat 

(Figure 8). The alignments provided by the Repeatmasker program of the AR gene 

sequence with their respective repetitive DNA consensus sequences suggests these 

repeats are heavily deteriorated making definite identification difficult. 
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TGAATTGACCCCTTTATCATTATATAATGACCTTCTTTTTCTCTTTGTG 
TAGTGTTTGTCTTGAAATCTATTTTGTCGGATATTAGTATTGCTGCTAA 
TTTTTTTGGTTTCCATTTGCATGAAATATCTTTTTCATTCCTTTATTTT 
CAGGCAGCGTGTTTCTTTATATTTAATAGGTGAAATATGTTTCTTGTAA 
ATAAAAATTATTATTTTAAAATATTTTTAAAATAATACTATTTTTTAAT 
AAGAACAATTATTATTTTTTAAAAAATTTCATTAGTTTTGGGGGCACAA 
GTGGATTTTGGTTAAATGGGTGAGTTCTTTAGTAGTGGATTTTGAGATT 
TTAGTGCAGCAGCCACCTGAGAAGTGTACATTACCCATATATTATATAT 
ATACTATATATGCTTTATATATATAGTGTGTATATATAATATATATACA 
ACTACATATTGGGTAATGTACACTTCTCAGGTGACTGCTGCACTAAAAT 
CTCAAAATCCACTACTAAAGAACTCACCCATTTAACCAAAATCCACTTG 
TGCCCCCAAAACTAATGAAATTTTTTAAAAAATAATAATTGTTCTTATT 
AAAAAATAGTATTATTTTAAAAATATTTTAAAATAATAATTTTTATTTA 
CAAGAAACATAATTCACCTATTAAATATAAAGAAACACGCTGCCTGAAA 
GTAAAGGAATGAAAAAGATATTTCATGCAAATGGAAACCAAAAAAATTA 
GCAGCTATACTAATATATTATATATATACTACATAAAGCATATATATAG 
TATAGTATATATATAATACATTTATAAAGCATATATATAGTATGTAGAT 
AATATATGTTTATATACTTTAAGTTCTGGGATACATGTGCAGAACGTGC 
AGGTTTCTTACATAGGTATACTCGTGCCATGGTGGTTTGCTGCACCCAT 
 
Figure 8 - Repetitive DNA of the AR receptor 
A color-coded segment of intron 2 of the AR gene. Colors represent different types of 
repetitive DNA, and also whether they are in a sense or antisense configuration. The 
underlined and boldface region corresponds to the palindromic part of the sequence. 
The repeats were identified using Repeatmasker (Smit et al. unpublished data). 
 

Antisense, L1

Sense, low 
complexity 
repeat, AT-rich 

Sense, simple 
repeat, (TA)n

Sense, L1 
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Figure 9 - Putative RNA secondary 
structure in the AR gene 

Secondary structure simulation of a very 
long palindromic sequence in intron two 
of the AR gene. The structure was 
generated by the program mfold (Zuker 
2003) and has been cut into three parts 
to fit on the page. The base of the stem-
loop structure is at the bottom in the left 
corner. 
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Folding of the putative structure using Zukers (2003) mfold  reveals a long 

almost perfect stem with a 5bp loop at the end of the stem (terminal loop), and a 15bp 

loop (internal loop) some 24bp away from the terminal loop. These are the only two 

significantly unpaired regions (Figure 9). The palindromic element was found not to 

be present in the mouse genome. Alignment with the chimpanzee genome was not 

possible due to a small gap in the chimpanzee draft sequence at the corresponding 

location. 

2.2.2.3 - Discussion 

The AR does not seem to contain any Alu repeat pairs of significance towards 

the research objective. The only inverted Alus, a four Alu cluster in the middle of a 

long intron, are unlikely to have an impact on gene expression. The other analyses 

performed on the gene did however turn up with interesting results; the long almost 

perfect palindrome created by various types of repetitive DNA should be able to form 

secondary structures, much like the hypothesized Alu pre-mRNA structures. There are 

also very few mismatches in that particular sequence, increasing the chance of a stable 

structure forming. 

The sequence is unusual in that it has a very short spacer sequence between the 

palindromic sequences, which might make it unstable in the genome due to a 

tendency to cause recombination events (Lobachev et al. 2000; Stenger et al. 2001). 

Furthermore, the palindromic sequence is AT-rich (75% AT), suggesting a low 

overall melting point. It also contains a region of (AT)n at its centre, and this centre 

therefore has an even lower melting point, which makes the palindrome a putative 

cruciform-forming sequence at the DNA-level (Lilley 1980; Panayotatos and Wells 

1981; Zheng and Sinden 1988; Shlyakhtenko et al. 2000). However, the 15bp internal 
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loop, 26bp from the terminal loop, probably provides a thermodynamic barrier that 

may stop cruciform extrusion from occurring beyond the initial 26bp (Benham et al. 

2002). 

The element is also interesting in that it contains a variety of different types of 

repetitive DNA, rather than just two elements of the same type in opposing 

orientations. Multiple elements make formation of a palindromic sequence by chance 

less likely. Furthermore, the deterioration of the L1 elements, as compared the 

respective consensus sequence for these repeats, and the truncation of the sequences, 

suggest they are remnants of older L1s. This presumed old age suggests the sequence 

of both elements should have diverged significantly from each other. However, the 

counterintuitive high base pairing potential between the two elements and the short 

spacer between the elements (making them prone to deletions) suggest that something 

other than random insertions of two L1 elements in opposing strands created the 

palindrome. 

 Perhaps the most likely reason for the formation of such a palindrome is via a 

recent duplication event, thus still retaining a great degree of homology between the 

duplicated elements. The second possibility is that they were formed via other 

mechanisms, perhaps ancient L1 insertion events, and that they are now being 

maintained as a palindrome by natural selection. The absence of the palindrome from 

the mouse genome suggests it has either been lost from this genome, or that it arose 

after the divergence of the rodents from our own lineage, an event that is believed to 

have occurred some 64-104 million years ago (Eizirik et al. 2001; Madsen et al. 2001; 

Murphy et al. 2001). A comparative genomics approach involving sequences from 

other organism more closely related to ourselves may confirm or reject either of these 

two hypotheses. However, a comparison with the chimpanzee genome could not be 
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performed due to a small gap in the simian genome, perhaps due to technical 

sequencing problems caused by the palindromic sequence. 

In conclusion, the almost perfect base pairing of the palindromic element 

suggests it could serve a function, either at the DNA or RNA level. This element may 

therefore be involved in some cases of androgen insensitivity that can not be 

explained by mutations in exons, splice sites or promoter regions. More experimental 

research should be undertaken to determine a possible function of the element. 

However, the element is surrounded by repetitive DNA, mostly L1 derived, which 

makes it a difficult target to investigate using existing molecular genetics approaches, 

such as PCR, due to the abundance of identical elements in the human genome. 

 

2.2.3 - Prostatic kallikreins 

2.2.3.1 - Introduction 

Kallikreins (KLKs) are a group of conserved serine proteases involved in a 

variety of physiological processes. There are at least 15 different KLK genes encoded 

by the human genome, all of which map to the chromosomal locus 19q13.4 (Yousef 

and Diamandis 2001). The three members KLK1, KLK2 and KLK3 are called the 

glandular kallikreins. This sub-group is very heterogeneous between different 

mammals, and especially the copy number of paralogous genes vary significantly 

(Olsson et al. 2004). 

The main function of the best known KLKs, KLK2 and KLK3, is believed to be 

liquefaction of ejaculated semen by degrading the proteins semenogelin I and II 

(Olsson et al. 2004). In addition, they are also believed to be involved with activation 

of zymogens, including the activation of the KLK3 pre-protein by KLK2 (Olsson et 
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al. 2004). The precise biological roles of most of the other KLKs are not well 

documented, however the diverse tissue distribution of these also suggests diverse 

roles (Clements et al. 2001). 

At least three of the Kallikreins are expressed at high levels in the prostate: 

KLK2 (Chapdelaine et al. 1988), KLK3 (Riegman et al. 1989) and KLK4 (Nelson et 

al. 1999). While KLK4 expression is highest in the prostate, it is also found at high 

levels in female breasts, testis, adrenals, uterus, colon, thyroid, brain, spinal cord, and 

salivary glands (Yousef et al. 1999). The KLK4 protein has been shown to be 

secreted, a feature shared with other KLKs, however it appears that it can also be 

located in the nucleus of some cells (Simmer et al. 2004; Xi et al. 2004; Dong et al. 

2005). All these three KLKs have been associated with prostate cancer, where they 

are found to be overexpressed, and they have either found clinical diagnostics 

applications (KLK3), or are consider to be used in that role (KLK2 and KLK4), as 

possible markers for this disease (Catalona et al. 1991; Darson et al. 1997; Stenman 

1999; Xi et al. 2004; Dong et al. 2005). 

Most of the KLK genes are subject to alternative splicing. The most studied, 

KLK3, has been shown to produce at least 15 different transcripts. These include a 

unique transcript, which is also produced by the paralog KLK2, encoding a protein 

product with an amino acid composition that is completely different from that of the 

primary protein (David et al. 2002; Heuze-Vourc'h et al. 2003). It also appears that 

many KLK genes give rise to alternative transcripts that retain the typically short 

intron 3, the sequence of which is reproduced for KLK2-4 in Figure 10  (Michael et 

al. 2005). 
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2.2.3.2 - Results 

All the three KLK genes that were investigated have only one Alu repeat in their 

intronic regions (results not shown). However, a search for other palindromic regions 

with a potential to cause secondary structure formation was also undertaken. These 

searches located some palindromic regions in exons 3 and 4 of the genes, and these 

were folded using Zukers (2003) mfold program (Figure 10). For KLK2 and KLK4, 

the predominant transcripts NM_001002231 and NM_004917, respectively, were 

used in the analyses. For KLK3 the alternative transcript variant 5 was used (NCBI 

accession: NM_001030049). 

The transcripts were folded, as pre-mRNA, using short sequence segments 

primarily selected to cover the exons and splice sites. Of these, only three short 

sequences provided secondary structures with double stranded regions considered to 

be significant. These structures only appear when folding the short sequence segments 

provided along with the secondary structure simulations in Figure 10. Expanding the 

segments beyond this length does not increase the length of the structures, but instead 

causes other, seemingly unorganized, structures to be predicted by Zukers (2003) 

mfold program. 

KLK2 and KLK3 have similar structures in the same region, probably due to the 

common origin of these two sequences. These structures included the 3’ splice site of 

exon 3, and also that of the alternative intron in the KLK3 transcript. While these 

structures appear to have the same origin, they do not have a high degree of sequence 

conservation. However, both contain the splice sites within double stranded regions of 

the putative RNA hairpin. 

KLK4 does not seem able to fold with double stranded regions of any significant 

length involving its exon 3. However, exon 4 of that transcript does fold into a hairpin 
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with double stranded regions that may be sufficient for ADAR editing. This putative 

hairpin is entirely exonic and includes one A-C mismatch.  
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Figure 10 - Secondary structure simulations of three kallikrein transcripts 

Drawings of putative secondary structures in the genes of the three kallikreins KLK2 
(left), KLK3 (centre) and KLK4 (right). Exons, starting at exon 3 for all sequences, 
are highlighted, and the parts of the sequences that were folded using Zukers (2003) 
mfold program are underlined. For KLK2 and KLK3, the splice sites that were inside 
the folded regions are indicated on the drawings. 

CCTCATGCATCCA
CCCCCTTCCTCCC
CAGGAATAGCCAG
GTCTGGCTGGGTC
GGCACAACCTGTT
TGAGCCTGAAGAC
ACAGGCCAGAGGG
TCCCTGTCAGCCA
CAGCTTCCCACAC
CCGCTCTACAATA
TGAGCCTTCTGAA
GCATCAAAGCCTT
AGACCAGATGAAG
ACTCCAGCCATGA
CCTCATGCTGCTC
CGCCTGTCAGAGC
CTGCCAAGATCAC
AGATGTTGTGAAG
GTCCTGGGCCTGC
CCACCCAGGAGCC
AGCACTGGGGACC
ACCTGCTACGCCT
CAGGCTGGGGCAG
CATCGAACCAGAG
GAGTGTACGCCTG
GGCCAGATGGTGT
AGCTGGGAGCCCA
GATGCCTGGGTCT
GAGGGAAGTGGGG
CCAAAGAACCAGG
TGGGGTCCGGCCA
CAGCCCAGTTTTT
CTCTGACCCATAG
TCTTGCGCCCCAG
GAGTCTTCAGTGT
GTGAGCCTCCATC
TCCTGTCCAATGA
CATGTGTGCTAGA
GCTTACTCTGAGA
AGGTGACAGAGTT
CATGTTGTGTGCT
GGGCTCTGGACAG
GTGGTAAAGACAC
TTGTGGGGTGAGT
CATCCCTACTCCC
AACATCTGGAGGG
GAAAGGTGAGTGA
AGACCCTAATTCT
GGGCTGCAATCTG
AAAGCTAACCAGA 

TGACCTGCCCTCC
GTGGCCCACAGCT
CCTACACCATCGG
GCTGGGCCTGCAC
AGTCTTGAGGCCG
ACCAAGAGCCAGG
GAGCCAGATGGTG
GAGGCCAGCCTCT
CCGTACGGCACCC
AGAGTACAACAGA
CCCTTGCTCGCTA
ACGACCTCATGCT
CATCAAGTTGGAC
GAATCCGTGTCCG
AGTCTGACACCAT
CCGGAGCATCAGC
ATTGCTTCGCAGT
GCCCTACCGCGGG
GAACTCTTGCCTC
GTTTCTGGCTGGG
GTCTGCTGGCGAA
CGGTGAGCTCACG
GGTGTGTGTCTGC
CCTCTTCAAGGAG
GTCCTCTGCCCAG
TCGCGGGGGCTGA
CCCAGAGCTCTGC
GTCCCAGGCAGAA
TGCCTACCGTGCT
GCAGTGCGTGAAC
GTGTCGGTGGTGT
CTGAGGAGGTCTG
CAGTAAGCTCTAT
GACCCGCTGTACC
ACCCCAGCATGTT
CTGCGCCGGCGGA
GGGCACGACCAGA
AGGACTCCTGCAA
CGTGAGAGAGGGG
AAAGGGGAGGGCA
GGCGACTCAGGGA
AGGGTGGAGAAGG
GGGAGACAGAGAC
ACACAGGGCCGCA
TGGCGAGATGCAG
AGATGGAGAGACA
CACAGGGAGACAG
TGACAACTAGAGA
GAGAAACTGAGAG
AAACAGAGAAATA 

TCGCTCCTCATTC
CTGCGTCTGCTTC
CTCCCCAGCAAAA
GCGTGATCTTGCT
GGGTCGGCACAGC
CTGTTTCATCCTG
AAGACACAGGCCA
GGTATTTCAGGTC
AGCCACAGCTTCC
CACACCCGCTCTA
CGATATGAGCCTC
CTGAAGAATCGAT
TCCTCAGGCCAGG
TGATGACTCCAGC
CACGACCTCATGC
TGCTCCGCCTGTC
AGAGCCTGCCGAG
CTCACGGATGCTG
TGAAGGTCATGGA
CCTGCCCACCCAG
GAGCCAGCACTGG
GGACCACCTGCTA
CGCCTCAGGCTGG
GGCAGCATTGAAC
CAGAGGAGTGTAC
GCCTGGGCCAGAT
GGTGCAGCCGGGA
GCCCAGATGCCTG
GGTCTGAGGGAGG
AGGGGACAGGACT
CCTAGGTCTGAGG
GAGGAGGGCCAAG
GAACCAGGTGGGG
TCCAGCCCACAAC
AGTGTTTTTGCCT
GGCCCGTAGTCTT
GACCCCAAAGAAA
CTTCAGTGTGTGG
ACCTCCATGTTAT
TTCCAATGACGTG
TGTGCGCAAGTTC
ACCCTCAGAAGGT
GACCAAGTTCATG
CTGTGTGCTGGAC
GCTGGACAGGGGG
CAAAAGCACCTGC
TCGGTGAGTCATC
CCTACTCCCAAGA
TCTTGAGGGGAAA
GGTGAGTGGGGAC
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2.2.3.3 - Discussion 

The KLK genes have been shown to be involved in extensive and complicated 

alternative splicing (David et al. 2002; Heuze-Vourc'h et al. 2003; Michael et al. 

2005), and a common feature amongst some of these genes is retention of the intron 

between exons 3 and 4 (Michael et al. 2005). In our analyses of these genes, the only 

notable secondary structures that were found were in these exons, and the intervening 

intron. However, It should be pointed out that other foldings are possible in these 

regions and it is only when the short regions that are presented in Figure 10 are 

specifically folded by themselves that these structures appear preferentially to other 

structures. They are also full of mismatches and bulges (each of which makes forming 

a stable secondary structure less likely). However all of them have regions of ~20-

30bp that are only disrupted by minor mismatches and bulges and therefore may 

satisfy the requirements for binding and editing by ADARs as determined by 

Lehmann and Bass (1999).  Most significantly, these regions also contain the splice 

sites that are involved with the retention of intron 3 in the case of KLK2 and KLK3. 

The folding of exon 4 of KLK4 does not include splice sites, however it may be 

involved in altering the codons in this exon via ADAR editing. 

The putative structure in KLK3 is also located within a part of exon three that 

may implicate it in the regulation of the alternative splicing that splits this exon into 

two separate exons, as indicated in Figure 10. If such a mechanism occurs in that 

transcript, it may also occur in transcripts of the closely related KLK2, however there 

are noticeable differences in the secondary structure simulations of these two 

transcripts. 

In conclusion, it is not possible from the structures in Figure 10 alone to 

determine if these transcripts are affected by ADAR editing in any way that might 
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cause alternative splicing or a change in the codons. The presented structure 

simulations are only meant as a preliminary investigation into that possibility and 

ADAR editing must be verified experimentally for these results to be of any 

significance.  

 

2.2.4 - The insulin receptor gene 

2.2.4.1 - Introduction 

The role of the INSR protein is as an integral component of the mechanism that 

regulates blood glucose levels. Its part in this mechanism is as initiator of a signal 

cascade that eventually results in the uptake of glucose by cells upon binding of the 

hormone insulin. Because of its important role in regulation of glucose levels, it has 

been implicated in diabetes (insulin resistant) whereby the diminished levels or 

function of INSR results in hyperglycemia (Pirola et al. 2004). However, diabetes is a 

disorder that may also be caused by mutations in a number of other genes including 

the insulin gene (INS), INSR substrate 1 gene (IRS1), INSR substrate 2 gene (IRS2) 

and a number of other genes (Sanchez-Corona et al. 2004). In addition, diabetes can 

also be caused by mutations in mitochondrial DNA  (Gerbitz et al. 1996) and it can be 

caused by an autoimmune response where the immune system targets the insulin-

producing ß cells in the pancreas (Tisch and McDevitt 1996). Mutations in the INSR 

gene itself are not frequently reported (Accili et al. 1992; Pirola et al. 2004). 

However, the INSR gene is located on chromosome 19, which is known to be dense 

in Alu repeats (Grover et al. 2004), and Alus within the INSR gene have been known 

to cause deletion of an exon via recombination between two flanking Alu elements 

(Shimada et al. 1990). 
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The INSR gene has been shown to have 22 exons, all of which are protein 

coding. It is translated as a single protein, which is cleaved post-transcriptionally into 

an � and a ß subunit connected via disulfide bonds (Seino et al. 1989). The fully 

functional protein is a heterotetramer consisting of two � subunits and two ß subunits. 

The � subunit is entirely extracellular while the ß subunit has both an extracellular and 

a cytosolic domain, in addition to a membrane-spanning transmembrane domain. 

(Haring 1991). 

The INSR gene has at least two alternative transcripts differing by 36bp that are 

encoded for by exon 11, which is part of the �-subunit-encoding part of the gene 

(Moller et al. 1989; Mosthaf et al. 1990; Kosaki et al. 1998). These transcripts are 

regulated in a tissue specific manner such that expression of the longer transcript is 

highest in muscle, adipocytes, and liver where the latter has the highest relative 

expression with a ratio of 9.8. The shorter transcript is expressed in a variety of 

tissues in adults, but is found at especially high levels (relative to the longer isoform) 

in hematopoietic cells  (Moller et al. 1989; Benecke et al. 1992). There are also 

developmental differences in the expression of the alternative transcripts such that the  

shorter transcript is the dominant transcript in most fetal tissues, even tissues that 

favor the longer transcript in adults (Frasca et al. 1999). 

 

 

2.2.4.2 - Results 

Much of the intronic DNA in the INSR gene appears to be derived from Alu 

repeats with Smith et al.’s (unpublished data) RepeatMasker identifying 268 such 

repeats inside the gene. Combined, these repeats amount to 41.7% of the 177,369bp 

length of the gene. The Alu repeats appear to have inserted themselves in an 
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alternating pattern of sense and antisense Alu repeats (and alternating sense-Alu-

clusters and antisense-Alu-clusters). Such alternating (inverted) Alu repeats were 

thought to have great base pairing potential. Because of the ubiquitous distribution of 

the Alus, an exhaustive RNA folding approach was employed whereby a 73,500bp 

contiguous region that included exons 3 through 22 was folded. Because of a 

limitation of 6kbp in the length of RNA sequences that can be folded using Zukers 

(2003) mfold program, the region was divided into short 6kbp segments for this 

investigation. Each segment was also made to overlap 3kbp of the previous segment 

to account for alternative folding possibilities over a moderate distance. The resulting 

RNA secondary structure simulations suggest extensive folding potential in some of 

the regions. The full 6kbp foldings are too large to reproduce in detail in this report 

and are instead reproduced as simplified diagrams. These diagrams only display major 

features such as stems, formed from inverted Alu repeats, and loops and bulges, 

consisting of all the remaining RNA (Figure 11). In reality much of the loop/bulge 

RNA is also predicted to base pair in the folded RNA.  
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(a) [+103.732 to +109,732] 

 

 

 

 

 

 

 

(b) [+109,738 to +115,738] 

 

 

 

 

 

 

 

 

Figure 11 - Diagrams of large RNA foldings of the INSR transcript 

Hypothetical non-overlapping (except for (d) and (e), which overlap by 3kp) foldings 
of the INSR gene transcript in segments of 6kbp. The regions that were folded are 
indicated in square brackets for figures (a)-(h). In these simplified diagrams 
ovals/circles represent bulges and loops, while parallel lines represent putative double 
stranded regions formed from intramolecular base pairing of inverted Alu repeats. The 
numbers next to each strand of the stems represent the length of that base paired 
strand. The numbers inside the bulges and loops represent the number of bases that 
are not involved in a stem (many of these bases are still predicted to form local 
secondary structures within the loop). Very small loops and bulges are indicated by 
blank circles. The features on the diagram are not accurately to scale. The diagrams 
were adapted from secondary structure predictions obtained by using Zukers (2003) 
mfold program. 
 

5’       3’
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 (c) [+115,744 to +121,744] 

 

 

 

 

 

 

(d) [+136,674 to +142,674] 

 

 

 

 

 

 (e) [+139,768 to +145,768] 

 

 

 

 

 

 

 

 

 

 

Figure 11 - Diagrams of large RNA foldings of the INSR transcript (Continued) 
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(f) -2 [+145.774 to +151,774] 

 

 

 

 

 

(g) -1.2 [+154,692 to +160,692] 

 

 

 

 

 

(h) 3 [+169,707 to +175,707] 

 

 

 

 

 

 

 

 

 

 

Figure 11 - Diagrams of large RNA foldings of the INSR transcript (Continued) 
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2.2.4.3 - Discussion 

It is evident that the INSR gene is quite dense in Alu repeats and the 41.7% Alu-

derived DNA of this gene is also significantly higher than the genome-wide intronic 

average of 12.8% Alu-derived DNA (Grover et al. 2004). This Alu density is also 

reflected in the genomic neighborhood of this gene (Appendix 5), and indeed in the 

rest of chromosome 19, which is also very dense in Alu repeats (Figure 26). The 

density of Alu repeats on chromosome 19, which is the human chromosome with the 

highest percentage of Alu-derived DNA, has been noted by others in the past (Grover 

et al. 2004). 

  With the recently published examples of extensive editing of intronic Alu 

repeats in human pre-mRNA transcripts, Alu-induced secondary structures are now 

believed to be a common occurrence  (Athanasiadis et al. 2004; Blow et al. 2004; 

Levanon et al. 2004). Our investigation of the INSR gene was carried out prior to the 

publication of these studies. Athanasiadis et al. (2004) suggest editing of Alu repeat 

occur less efficiently when these are spaced by more than 2kbp. Presumably, this is 

due to less ideal conditions for secondary structure formation when the elements are 

far apart. Our study investigated the possibility of structures forming between Alu 

elements up to 6kbp apart. From the results obtained by Athanasiadis et al. (2004) this 

may be too far apart for ADAR editing, and hence secondary structure formation. 

However, most of the structures in Figure 26 are not based on interactions between 

two Alu elements 6kbp apart; most are much closer and most also have up to  six or 

eight base paired Alu repeats. This allows for complicated folding scenarios where the 

distance between each base paired inverted Alu pair is usually considerably shorter 

than 2kbp. Such complicated long range interactions has not yet been investigated and 

can therefore not be dismissed. It is also worth noting that very little is still known 
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about pre-mRNA folding, and ADAR editing is only one piece of that puzzle. If these 

structures truly are as abundant in pre-mRNA as the frequency of ADAR editing 

suggests, some of these will also undoubtedly have the potential to affect expression, 

most likely a the level of pre-mRNA splicing or other post transcriptional processing 

steps. 

However, the large 6kbp pre-mRNA structures were not initially intended to 

represent structures that form in vivo, but are instead meant to show how Alu repeats 

in general are often found in inverted configurations either as single Alu pairs, or as 

large inverted clusters that may very well span more than 6kbp. The abundance of 

different folding scenarios between Alu repeats that are possible in the INSR gene 

may very well be worth investigating experimentally for functional significance. 

 

2.2.5 - The low density lipoprotein receptor 

2.2.5.1 - Introduction 

The LDLR gene codes for the LDLR protein. The role of this protein is to bind 

extracellular low density lipoprotein (LDL) and internalize it via receptor mediated 

endocytosis (Goldstein et al. 2001). The gene consist of 18 exons and is located on 

chromosome 19p13.1-3 (Goldstein et al. 2001). 

Mutations of the LDLR gene have been associated with familial 

hypercholesterolemia, which affects approximately 1 in 500 people. The condition is 

characterized by elevated cholesterol levels and it confers a higher risk of contracting 

heart disease in both men and women, but with a greater risk and earlier onset in men 

(Marks et al. 2003). Mutations in the LDLR gene can cause disease by disrupting a 

number of different stages in the expression and function of the LDLR protein. These 
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have been divided into classes based on the effect they have on the receptor: Class 1: 

mutations disrupt the receptor's synthesis in the ER, Class 2: mutations block 

transport to the Golgi complex, Class 3: mutated proteins fail to bind LDL normally, 

Class 4: mutations affect the cytoplasmic domain involved with the internalization of 

LDL, Class 5: mutations block the dissociation of receptor and ligand in the 

endosome (Hobbs et al. 1990; Hobbs et al. 1992). Importantly, it has also been shown 

that mutations affecting the expression of LDLR (mRNA levels), typically via 

mutations in the promoter region, can cause familial hypercholesterolemia (Koivisto 

et al. 1994; Sun et al. 1995; Jensen et al. 1996; Mozas et al. 2002). 

The LDLR gene is dense in Alu repeats, and these are well known to cause 

mutations by inducing recombination events that delete parts of the gene (Hobbs et al. 

1986; Lehrman et al. 1986; Lehrman et al. 1987; Rudiger et al. 1995; Deininger and 

Batzer 1999).  

 

2.2.5.2 - Results 

The LDLR gene (NM_000527) spans 44,359bp, and harbors 94 Alu repeats. 

Combined, these account for 53.7% of this gene’s nucleotides. This high density of 

Alu repeats, often in alternating sense patterns, offers an abundance of palindromic 

regions that may fold into secondary structures at the RNA level. Only two regions, 

folded using Zukers (2003) mfold program, are presented in this section. These were 

the sequences of intron 6 and intron 12. 

 Intron 6 can fold into multiple different structures with similar number of base-

paired ribonucleotides. This is due to a mix of inverted repeat pairs, which may either 

fold as separate Alu hairpins with two or more Alus making up each stem (Figure 
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12a1,a3) or as one long single stem (Figure 12a2). The first of these three structures is 

predicted to be the most stable (least free energy), followed by the other two in the 

order in which they are presented. Other structural variations in addition to the three 

that are presented in Figure 12a1-a3 are also possible.  

Intron 12 can only fold into one single stem structure via Alu repeat base 

pairing. This structure is predicted to form between six Alu repeats, three of which are 

in a cluster of antisense Alu repeats, followed by three sense Alu repeats in another 

downstream cluster. The folded structure has the shape of a very long hairpin with a 

number of large bulges and loops along its stem (Figure 12b). It should be noted that 

here are a total of ten Alu repeats in this intron, dispersed in the two Alu clusters. This 

allows for some variations in the predicted stems. However, some of the ten Alu 

repeats are old and truncated, as indicated in Figure 12b2, and moreover Zukers 

(2003) mfold determines that base pairing between the six full length Alus is the most 

attractive (least free energy). These six Alus all belong to the AluS and AluY families, 

whereas the remaining four belong to the older AluJ family. 
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(a1)  

 

 

 
(a2) 
 

 

 

(a3) 

 

 

 

 

 

(a4) 

 

 

 

Figure 12 - Secondary structure prediction of LDLR intron 6 and 12 

Simplified diagrams of predicted secondary structure foldings of LDLR intron 6 (a1-
a4) and 12 (b1-b2). In these diagrams base paired Alus are indicated as parallel lines 
with the length of each strand indicated in base pairs. Non-base-paired loops and 
bulges are indicated as circles, with the number of unpaired bases indicated. A 
diagram of the Alu repeats in intron 6 (a4) and intron 12 (b2) is also provided. In 
these diagrams the arrows indicate the direction of the Alu repeat and the length of 
each arrow approximates the relative length of that Alu repeat. The sub-family each 
Alu belongs to is also indicated. Alu repeats that are base paired in the secondary 
structure diagrams are colored grey (a short stem in a3 also involves base pairing 
between one of the FLAMs and the short AluSc in the downstream part of that 
intron). The diagrams a1, a2 and a3 represent different structure variants derived from 
the same pre-mRNA sequence, as predicted by Zukers (2003) mfold program. 
 

    AluSg     AluY       AluSx     AluJo  FLAM    FLAM         AluSx           AluSq AluSc 
     AluSc 
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(b1) 

 

 

 
(b2) 
 

 

 
Figure 12 - Secondary structure prediction of LDLR intron 6 and 12 (continued) 
 
 
 

2.2.5.3 - Discussion 

The LDLR gene is exceptionally dense in Alu repeats, a feature that has been 

known to cause problems for this gene in the past via Alu-mediated recombination 

events. However, many of the Alu repeats also appear to be oriented in inverted repeat 

configurations with respect to neighboring Alu repeats. It seems that this results in a 

great potential for formation of secondary structures within the pre-mRNA transcript 

from this gene. This is a feature that is also seen in a vast number of other genes but 

the density of Alus in the LDLR gene allows for much larger structures than in most  

of those other genes. The LDLR Alus are also found in relatively short introns 

(3137bp and 3093bp for LDLR intron 6 and 12, respectively), and most of the 

predicted structures therefore involve base pairing between nucleotides that are well 

within 2kbp. This distance, 2kbp, has been estimated to be the maximum distance by 

which Alus can be spaced and still be able to efficiently form secondary structures by 

folding back onto each other (Athanasiadis et al. 2004). 

The two introns that are presented in Figure 12 show how multiple different 

folding patterns are possible when dealing with multiple Alu repeats in different 

      AluSp       AluJo    AluSx     AluSp AluJo          AluJb  AluY   AluJb       AluSg        AluSq 
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orientations. In theory, this differential folding may have the potential to act as 

structural “switches” whereby different foldings have a different effect on the 

transcript. It should also be noted that the difference in stability between the 

alternative secondary structures is often quite small and one structure may not have a 

big thermodynamic advantage over another. It is also worth mentioning the theory of 

sequential RNA folding (Tinoco and Bustamante 1999) that states that the first fold in 

a complex structure, typically a short range short base paired region, sets the stage for 

the remaining folds. In this context, that means the first inverted Alu repeat pair that 

base pairs will also determine which of the remaining Alu repeats will be able to base 

pair. This initial step may always involve the same Alu pair (because of close 

proximity and high base pairing potential), but it may also be determined by chance or 

by other external factors (e.g. rate of transcription, RNA binding proteins, ADAR 

editing, spliceosome assembly, recruitment of various transcription factors, etc.). 

It is worth pointing out that not much is known about the folding of Alu repeats 

in introns beyond the little that has so far been deduced from examination of Alu 

repeats edited by ADARs (Athanasiadis et al. 2004; Blow et al. 2004; Levanon et al. 

2004), and what the situation may be for more complicated multiple-Alu-repeat 

introns has not been investigated. The mfold algorithm by Zuker (2003) provides a 

tool for predicting secondary structures, however it is doubtful that it can accurately 

determine structures of the magnitude considered here. The algorithm calculates the 

minimum free energy of secondary structures that can fold from a query sequence, 

taking into account the affinity of base pairs, the effect of neighboring base pairs and 

the destabilizing effects of unpaired regions as well as other effects. It then returns the 

most stable structures to the user (Zuker 2003). Even though multiple different 

structures are returned, they do not necessarily reflect the structures resulting from 
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sequential folding of multiple RNA domains in vivo. Since downstream folds are 

determined by the initial fold, presumably between one single closely spaced inverted 

Alu repeat pair, the final structure may end up being thermodynamically less stable 

than predicted structures. 

The structures provided in this analysis may present a target for future 

experimental investigations into the possible effects of Alu repeats in vivo. They are 

also intended to put focus on the possibility that these potential secondary structures 

may be involved in regulation of gene expression, and thus also have the potential to 

be involved in genetic disease such as familial hypercholesterolemia. 
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2.3 - Mung bean nuclease protection assay 

 

2.3.1 - Introduction 

The mung bean single strand specific (sss) nuclease was used to investigate the 

secondary structure of inverted Alu repeats at the RNA-level. The experiment was 

carried out on synthetic RNA in vitro, however, the target sequences were obtained 

from the INSR gene, which is discussed extensively in this chapter. The incentive for 

the experiment was to investigate the nature of an imperfect RNA duplex formed 

between inverted Alu repeats with respect to base pairing potential, and to explore the 

technique for potential use in future investigations. Two different target sequences 

were used, one with a pair of closely spaced inverted Alu repeats separated by only 

40bp, and the other with two inverted Alu repeats spaced by 686bp. The two target 

sequences were amplified and digested with mung bean sss nuclease. Both sequences 

were located in the INSR gene (RefSeq accession NM_000208). 

The first Alu repeat pair is located 2037bp upstream of the INSR gene exon 10, 

with an amplicon length of 777bp, herein called “INSR structure 1” (Figure 13). The 

second target is an Alu repeat pair that is spaced by the INSR gene exons 18 and 19, 

creating an amplicon of 1435bp, herein called “INSR structure 2” (Figure 16). 

Formation of Alu repeat induced secondary structures in RNA transcribed from the 

two T7 promoter-containing PCR products were investigated via digestion with the 

mung bean sss nuclease followed by analysis by polyacrylamide gel electrophoresis 

(PAGE). 
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2.3.1.1 - Background; Mung bean nuclease protection assay 

A commonly used method for characterizing RNA secondary structures, and 

also certain irregular DNA structures involving single stranded regions, is by means 

of enzymes that specifically cleave and digest single stranded regions. Such digests 

will leave behind only the double stranded regions of the RNA or DNA, which, after 

further analyses, can be used to deduce the nature of structures themselves (Lilley 

1980; Lilley 1981; Berk 1989; Paquette et al. 1990; Shanab and Maxwell 1991). 

There are more than 30 known enzymes with sss nuclease activity (Desai and 

Shankar 2003). Of these, only a few are well characterized and commonly used 

(reviewed in Desai and Shankar 2003), including the Mung bean nuclease (Sung and 

Laskowski 1962; Kowalski et al. 1976), the S1 nuclease from Aspergillus oryzae 

(Ando 1966; Sutton 1971; Oleson and Sasakuma 1980) and the P1 nuclease from 

Penicillium citrinum (Fujimoto 1975). 

S1 nuclease is the most widely used sss-nuclease in molecular biology. It has 

been determined to have a preference for different substrates in the order: single-

stranded DNA (ssDNA) > single-stranded RNA (ssRNA) > 3’adenosine 

monophosphate (AMP) >> dsDNA (Oleson and Sasakuma 1980). Mung bean 

nuclease and other closely related sss-nucleases have similar preferences (Desai and 

Shankar 2003).  

While sss-nucleases according to their classification should only act on ssDNA 

or ssRNA, some are also capable of acting on double stranded substrates under certain 

conditions. Martin et al. (1986) compared four common sss-nucleases, including 

Mung Bean nuclease, S1 nuclease, Neurospora crassa endonuclease and SC nuclease, 

and found that the Mung Bean nuclease had the smallest (undetectable) affinity for 

dsDNA. However, it is worth noting that the affinities for different substrates for 
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some sss-endonucleases can change with physical conditions such as pH (Desai and 

Shankar 2003). Furthermore, certain regions of dsDNA, typically AT-rich, are 

capable of transient strand separation, which allows sss-nucleases to act on them. 

Such separation events are also affected by the degree of negative supercoiling 

(Kroeker and Kowalski 1978; Sheflin and Kowalski 1984). 

The sss-nucleases are also believed capable of hydrolyzing dsDNA from the 

termini as mono-, di- and tri-nucleotides. This exo-nuclease activity is believed to be 

due to transient unpairing of the nucleotides in terminal regions (Kroeker et al. 1976). 

Exo-nuclease activity could produce a heterogeneous mix of digest-products, and thus 

prove to be a problem in some molecular genetics experiments. 

The sss-nucleases have some limitations when digesting very short regions of 

single stranded DNA or RNA. Silber and Loeb (1981) found that S1 and the sss-

nuclease from Neurospora crassa were both incapable of acting on single base pair 

DNA mismatches. Similar results where obtained by Chaudhry and Weinfeld (1995) 

using Mung bean, P1 and S1 nucleases to digest single abasic sites and abasic sites 

spaced by 1, 3, 5 and 7 base pairs. They found that the enzymes are generally not able 

to bind and act on substrates with only a single abasic site. However, it was found that 

when a second abasic site occurred up to three base pairs away, the enzymes are able 

to act. If the spacing increased to five or seven base pairs the strands were not 

sufficiently denatured for the nucleases to act under the experimental conditions 

employed by the researchers (Chaudhry and Weinfeld 1995). 

Recently, it has also been found that the nucleases CEL I, mung bean and S1, 

under certain conditions, are capable of effectively hydrolyzing single mismatches. 

Till et al. (2004) were able to use these enzymes in a mismatch cleavage protocol 

targeting natural polymorphisms and induced single nucleotide mismatches, contrary 
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to previous reports (Silber and Loeb 1981). However, the reaction conditions they 

used, involving higher pH, temperature and divalent cations. are different to those 

usually employed in standard protocols involving these sss-nucleases (Till et al. 

2004). 

 

2.3.2 - Methods 

2.3.2.1 - PCR amplification, RNA synthesis and sss nuclease digestion 

A PCR reaction was carried out to synthesize a template from which to 

transcribe RNA. The reaction was done using Taq polymerase, reaction buffer and 

Mg2+ from Promega, deoxyribonucleotide triphosphate (dNTP) stock solutions from 

Promega and DNA template extracted from a cultured human carcinoma cell line, 

CaCo2, provided by Dr. Ann Macdonald, Griffith University. Methods for cell 

cultures and DNA extraction are provided in section 2.4.1.2 and 2.4.1.1. The PCR 

primers that were used were: 

INSR1F: 5’TAATACGACTCACTATAGGGTCCTGTGATTATGGTGTC and 

INSR1R: 5’CATCTGAGAAGTGCATGTC for INSR structure 1 and 

INSR2F 5’TAATACGACTCACTATAGGGAACAGAGAGCCAGGCAG and 

INSR2R 5’CGAGATCCTGTCACTGCACTCCAG for INSR structure 2. The T7 

promoter sequence that was incorporated into the 5’-end of each of the two forward 

primers is underlined. The PCR reaction conditions were as specified by the 

manufacturer of the Taq polymerase, except that a concentration of 2mM of Mg2+ was 

used for the INSR target 1 reaction. The PCR thermal cycler conditions were: 94oC 

for 30s, 64oC for 30s and 72oC for 1min and  94oC for 30s, 67oC for 30s and 72oC for 

1min for INSR target 1 and INSR target 2, respectively. All the reactions were carried 
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out in an Omnigene Hybaid thermal cycler. The PCR reactions were run for 35 cycles. 

Due to low yields from the initial PCR reactions, both reactions were repeated using 

1ul of the PCR product from the initial reactions as templates for a second round of 

reactions. This approach produced high yields for both reactions. The PCR products 

were evaluated on a 2% agarose gel and visualized under ultraviolet (UV) light, as 

described in 2.3.2.4. 

For the T7 transcription reaction 3ug of PCR product was used directly in a 

scaled-up reaction using T7 polymerase and ribonucleotide triphosphate (rNTP) from 

Promega, a final reaction volume of 100ul and an incubation time of 2 hours. 

Reaction conditions were otherwise as specified by the manufacturer. The transcribed 

RNA product was purified via ethanol precipitation as described in 2.3.2.2 and 

resuspended into 58.1ul of H2O. A volume of 6.5ul of mung bean nuclease reaction 

buffer was added to the resuspended RNA and 15ul of this solution was taken out to 

be used as a negative undigested control and 0.4ul (30 units) of mung bean nuclease 

(Promega) was added to the remaining RNA. After incubation at 37oC for 15minutes, 

15ul was taken off and the enzyme was neutralized by adding 1.5�l of 1M Tris-HCl 

(pH 8.0), the remaining solution was incubated for an additional 15 min and 

neutralized by adding 1.5�l 1M Tris-HCl (pH 8.0). The digests were analyzed on 

either agarose gels or via PAGE as described in 2.3.2.3. 

 

2.3.2.2 - Ethanol precipitation of DNA 

Ethanol precipitation was used to purify DNA from other reaction components 

as well as to concentrate nucleic acids. The method involved mixing 1/10 volume of a 

3M solution (pH 5.2) of sodium acetate (Sigma-Aldrich) with the nucleic acids that 
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were to be precipitated, followed by addition of 2.5 volumes of cold (-20oC) ethanol 

(Sigma-Aldrich). The tubes containing the samples were then mixed by inversion. 

This step was found to be particularly important when precipitating concentrated 

genomic DNA as the dense DNA molecules do not allow for complete penetration by 

the reagents without gentle agitation. Short DNA fragments were allowed to 

precipitate for ~30 min at -20oC to ensure complete precipitation. 

The precipitate was centrifuged for ~20 minutes at >10,000 times relative 

centrifugal force (RCF) and the supernatant was subsequently discarded, leaving 

behind the pelleted DNA. The pellets were washed twice with cold 70% ethanol (-

20oC), with 5min of centrifugation at >10,000 RCF after each wash-step if the DNA 

pellets dislodged during the wash step. The wash-solution was discarded and the 

pellets were dried under vacuum at room temperature. Pellets were resuspended in 

deionised H2O to desired volume or concentration. 

 

2.3.2.3 - Separation of DNA by polyacrylamide gel electrophoresis 

PAGE was used to estimate the size of small DNA or RNA fragments. Gels 

were made by mixing 6.66ml of a 29:1 stock solution of acrylamide (MERCK 

Sehuchardt) / bis-acrylamide (Schwarz/Mann Biotech) in tris acetate EDTA (TAE - 

0.4 M Tris [Sigma-Aldrich], 11.4% (v/v) CH3COOH [Sigma-Aldrich], 10 mM EDTA 

[Sigma-Aldrich], pH 7.6) using 1ml 10X TAE and H2O to a final volume of 10ml. 

Polymerization of the acrylamide was initiated by adding 10ul TEMED and 100ul 

10% freshly prepared ammonium persulfate (Sigma-Aldrich). The solution was 

poured into a gel mould and left to set. The gel mould measured 14cm x 15.1cm x 

~0.04cm and needed approximately 9ml solution to fill up. Gels were run at 100V 
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until the Xylene Cyanol green of the loading buffer (5x loading buffer: 3ml glycerol, 

0.01g Bromophenol blue, 0.01g Xylene Xyanol and H2O to 10ml) had migrated to the 

end of the gel. The glass plates encasing the gel were then separated, and the gel was 

stained with a 0.5μg/ml ethidium bromide solution for ~10 min. The gel was 

subsequently transferred onto a thin sheet of transparent plastic film and visualized 

and photographed using a UVP white/UV transilluminator (AGP Technologies).  

 

2.3.2.4 - Agarose gel electrophoresis 

Agarose gels were made with 2% w/v agarose (DNA grade - Progen) for short 

PCR fragments (>1kbp), 1% w/v agarose for long PCR fragments (>1kbp) and 0.7% 

w/v agarose for genomic DNA. The buffer used to prepare gels was TAE. After 

heating to the point of boiling the agarose solution was thoroughly mixed. Subsequent 

to cooling to ~60oC, ethidium bromide (Sigma-Aldrich) was added to the agarose 

solution to a final concentration of ~0.5ug/ml. The solution was poured into a gel-tray 

and left to set. DNA and RNA samples were loaded onto the gels, mixed with loading 

buffer (5x loading buffer: 3ml glycerol [Sigma-Aldrich], 0.01g Bromophenol blue, 

0.01g Xylene Xyanol [Ajax Chemicals] and H2O to 10ml total) and run at 100V using 

a generic power supply. Gels were visualized and photographed using a UVP 

white/UV transilluminator (AGP Technologies). 

 

2.3.3 - Results 

The PAGE that was performed on the two mung bean nuclease digested RNA 

transcripts both presented a variety of bands of different brightness and molecular 

weights (Figure 14 and Figure 17). Some of the fragments in Figure 14 correspond to 
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expected fragment sizes from Figure 13. However most are hard to rationalize with 

the predicted fragments. The fragment sizes where predicted from a secondary 

structure simulation created using Zukers (2003) mfold server. 

For INSR target 1 (Figure 13) bulges with more than 4 unpaired bases (sum of 

both strands) are indicated in the figure. Some of these bulges are expected to be 

digested by the mung bean nuclease creating a multitude of shorter fragments. An 

overview of possible fragments that could result from the digest of theses bulges is 

proposed in Table 3. The PAGE (Figure 14) shows the presence of many such 

fragments and some of these are estimated for approximate size in Table 4 using a 

plot of the molecular weight marker bands as a standard for rate of migration vs. 

fragment length (Figure 15). 

The second RNA sequence that was investigated, INSR target 2, was also folded 

using Zukers (2003) mfold server. The RNA sequence connecting the two base paired 

regions, i.e. the loop of the stem-loop structure, was omitted from the graphical 

representation due to its large size of 684bp (Figure 16). The agarose gel analysis of 

the digest reaction did not allow for estimations of the sizes of short fragments or low 

intensity fragments, and these were therefore omitted.  
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Figure 13 - Structure simulation of 
INSR structure 1. 

A putative hairpin structure of an in 
vitro RNA transcript formed between 
two adjacent inverted Alu repeats. 
Bulges and internal loops with more 
than three unpaired bases are indicated 
by the arrows. The structure was 
created using the mfold server (Zuker 
2003). 

 Table 3 - Possible cleavage sites  
    Segment  Length (bp)   

4 to 5   21 
5 to 6   21 
8 to 9   41 
10 to 11  45 

    12 to 13  76      
1 to 3   20 
3 to 5   27 
5 to 7   25 
8 to 10   45 
10 to 11  46 

    11 to 13  94      
1 to 7   78 
8 to 10   45 
10 to 11  46 

    11 to 13  94      
   1 to 7   78 
   8 to 10   45 
    10 to 13  143     
   Full   1 to 13   285     
Length of putative double stranded 
digest fragments from INSR structure 
1. Fragment lengths are defined, and 
organized, according to the size of the 
bulges (counted as number of 
mismatched bases) separating them. 
Column two contains coordinates for 
the fragments one would expected if 
the sss nuclease cut bulges in the 
hairpin of Figure 13 of the size 
indicated in column 1. Column three 
contains the Length of putative digest 
fragments. All the values are taken 
from Figure 13. Only segments with 
estimated lengths >20bp are included. 
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Figure 14 - RNA protection assay on Alu repeats upstream of exon 10 

Digestion of a PCR amplified, in vitro translated and mung bean sss nuclease treated 
sequence, containing two inverted Alu repeats upstream of exon 10 of the INSR gene. 
The gel was loaded with DNA template (lane T), undigested RNA transcript (lane 
UD), RNA transcript treated with mung bean nuclease for 15min (lane D15), RNA 
transcript treated with mung bean nuclease for 30 min (lane D30) and a molecular 
weight marker (Fermentas GeneRuler) in lane M. Some of the bands in lanes D15 and 
D30 are indicated and numbered to the left of the gel. Bands 6 and 7 are not 
reproducible on print. 
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Figure 15 - Plot of molecular weight marker migration for INSR1 

The log10 migration of the molecular weight marker (x-axis) plotted against the 
molecular weight in base pairs (y-axis). The formula for the best fit line through the 
data-points was calculated using Microsoft Excel, and is provided in the top right 
corner of the figure. 

 Table 4 - Migration of INSR1 digest products      

 Band    Migration    Size estimate      
  1     42 pixels    992bp  
  2      116 pixels    284bp 
  3     140 pixels     231bp 
  4     172 pixels     186bp 
  5     262 pixels     123bp 
  6     343 pixels     96bp 
  7     368 pixels      90bp          
Measurements of the migration of the bands of different 
digest products in Figure 15. The migration distance, 
measured in pixels on the original digital gel image, was used 
to calculate the approximate size of the fragments using the 
formula 6.2571x-0.197. The migration-formula is derived from 
the migration and size of the molecular weight marker. 
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Figure 16 - Secondary structure simulation of 
INSR structure 2 

A putative hairpin structure of an in vitro 
RNA transcript formed between two adjacent 
inverted Alu repeats, spaced by two exons. 
Only the bases involved in the stem or the 
loop are included. The sequence containing 
the two exons has been excluded form the 
figure. The total length of the mostly double 
stranded region is 336bp. The base of the stem 
is in the bottom left corner. The loop-sequence 
connecting the two strands of the base paired 
regions has been omitted from the figure due 
to its size and is indicated by its length, 684bp 
in the top right corner. The structure was 
created using the mfold server (Zuker 2003). 

684bp 
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Figure 17 - sss nuclease digestion of INSR target 2 

The agarose gel shows the result of mung bean nuclease treatment of an RNA 
transcript containing two Alu repeats 686bp apart. Lane T contains the T7 
promoter-containing DNA template that was used for RNA transcription (band 1). 
The Lane UD contains the transcribed RNA (band 2) mixed with DNA template 
(band1). Lanes D15 and D30 contain RNA transcript digested with mung bean sss 
nuclease for 15min and 30min, respectively (band 3). Lane M contains a molecular 
weight marker with bands at 100bp increments up to 1,000bp followed by bands at 
200bp increments up to 2,000bp. 
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2.3.4 - Discussion 

The incentive for carrying out a mung bean nuclease digest of a putative Alu 

induced secondary structure in vitro was two-fold; it is a simple method for studying 

certain aspects of RNA secondary structures, i.e. the base pairing potential of different 

RNA domains, and it is an experiment that may be used for future experimental 

approaches towards the research objective. The experiments were also meant to 

address differences in secondary structure formation between the closely spaced INSR 

target 1 Alu repeat pair and the more distant INSR target 2 Alu repeat pair.  

PAGE is the method of choice for separation of small RNA or DNA fragments 

and was used in the experiment to investigating the RNA fragments that were 

protected from mung bean nuclease digestion. A number of short faint bands in 

addition to some brighter higher molecular weight bands were expected and can be 

Figure 18 - RNA secondary structures from two inverted Alu repeats 

Two different structures are able to form from folding of a single stranded RNA 
containing two Alu repeat in an inverted configuration (i.e. sense and antisense). The 
structures are either (1) intramolecular folding into a stem-loop-structure (hairpin) or 
(2) intermolecular base pairing between two separate RNA molecules into a longer 
dsRNA molecule 

RNA folding in vitro

Sense Alu repeat Antisense Alu repeat 

1 

2
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readily identified from the PAGE of INSR target 1. The undigested band was 

expected to migrate in either one or two different configurations producing distinctly 

different bands when run on a gel. These configurations were either a hairpin formed 

between the two adjacent Alus in the same transcript or as a dsRNA formed from base 

pairing between two different transcripts (Figure 18). From the PAGE of INSR 

structure 1 (Figure 14) it appears that there is only one high molecular weight band in 

the lane containing the undigested sample. This band probably corresponds to the 

latter of these two possibilities, forming a dsRNA with a length of 777bp. However, 

this band, even though most likely double stranded, is not expected to migrate exactly 

like the similar size DNA fragments of the molecular weight marker as it will contain 

bulges, kinks and loops as a result of unpaired bases. There is no band corresponding 

to the ~390bp size expected for the hairpin in the lane of the undigested sample. 

The lanes containing the digested transcript contain a number of bands with 

lower molecular weights than the undigested transcript. These bands are presumed to 

be double stranded regions formed as a result of base pairing between sense and 

antisense Alu repeats, thus protecting them from mung bean sss nuclease digestion. 

The variety of different sizes and intensities of the bands suggests that the nuclease 

acts with different affinities for different single stranded regions creating a multitude 

of different fragments. An estimate of the size of some of the different fragments was 

carried out using the formula provided in Figure 15 and is presented in Table 4. 

The imperfect base pairing of the RNA molecules, including mismatches, small 

loops and bulges that were not cleaved by the mung bean sss nuclease probably cause 

differences in migration as compared to the dsDNA molecular weight marker. These 

factors, combined with other sources of errors such as sss-nuclease nibbling of the 

ends of the RNA fragments, as suggested by Kroeker et al.  (1976), means that the 
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size estimates in Figure 13 should not be expected to reflect the exact sizes of the 

fragments in Figure 14. The brightest of the bands, however, corresponding to a size 

of ~291bp, probably represents the full length of the hairpin stem (Figure 13). The 

theoretical size of this stem is 285bp (Table 3). 

The presence of a band in the lanes containing digested transcript in Figure 14, 

similar in size to the undigested transcript, could suggest that the reaction was 

terminated too early. This is probably not the case since there is little observable 

difference between digests done with different incubation times. Extending the 

incubation times further, or adding more enzyme, was deemed undesirable due to the 

increased risk of end-nibbling, and it is possible that the large variety of different 

fragments might further increase by new, less attractive, digest sites being attacked by 

the nuclease.  

The digest of INSR structure 2 is only presented as an agarose gel (Figure 17). 

The bands on this gel differ from the PAGE of INSR structure 1 in that the undigested 

sample appears to predominantly run as a single stranded molecule of ~850bp, most 

likely folded into a hairpin structure. The long sequence spacing the two Alus in this 

transcript probably makes this a more optimal structure than base pairing between two 

different transcripts. However, it is still possible that some molecules migrate as the 

latter of these two, perhaps co-migrating in the same band as the DNA template.  

The disappearance of the band at ~850bp, and appearance of a lower molecular 

weight band at ~450bp in the lanes containing the digested RNA transcript suggest the 

loop structure has been lost but that the stem still persists. The discrepancy between 

the size of this fragment and the predicted stem length of 336bp from Figure 16 either 

suggests that some of the RNA not involved in the stem still remains, or, more likely, 

that the bulges and kinks in the stem adversely affect its migration through the 
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agarose. The streaking and the fuzzy bands that are also present in these two lanes 

represent shorter fragments and intermediate fragments, in addition to general 

non-specific RNase degradation products. These low intensity bands are not possible 

to resolve on the agarose gel. 

The PAGE and agarose gel electrophoresis were performed using non-

denaturing TAE running buffer. More accurate estimates of the molecular weights of 

the digested RNA fragments might have been achieved using denaturing conditions. 

Under such conditions the RNA would have migrated as single strands and a standard 

RNA molecular weight marker could have been used for more accurate estimates of 

fragment sizes. Furthermore, a DNase treatment step should also have been included 

to remove the DNA template after the T7 transcription reaction. This treatment was 

omitted to reduce the chance of RNA degradation by RNases. 

It is also interesting that the exon-spanning Alu pair appears to form a hairpin 

preferentially to an RNA-duplex. While this experiment was carried out in vitro under 

non-physiological conditions, it does open up for the possibility that such structures 

are stable enough to form in vivo as well. This kind of exon-spanning secondary 

structure should be expected to have a much greater impact on gene expression than 

intronic secondary structures. 
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2.4 - Reverse transcription PCR and sequencing of Alu repeat pairs 

This experiment was designed to indirectly determine the presence of pre-

mRNA secondary structures via the action of ADARs on dsRNA. Such structures 

were hypothesized to form between inverted Alu repeats that base pair to form large 

double stranded regions in intronic pre-mRNA. Since the commencement of this 

experimental approach several publications have shown conclusively that such 

structures do in fact form in vivo (Athanasiadis et al. 2004; Blow et al. 2004; Levanon 

et al. 2004). However, in addition to targeting same-intron Alu repeat pairs, the 

experiment presented herein also targets Alu repeat pairs across exons.  

While the recent publications on ADAR editing of Alu repeats suggest editing 

occurs mostly, if not exclusively, from base pairing of Alu repeats within the same 

intron, we believe these can also base pair across exons. This theory is based on 

findings from bioinformatics studies, presented in section 4.2, which reveal a 

distribution pattern of Alu repeats across exons consistent with a function or an effect 

of these across exons, possibly due to formation of secondary structures. To increase 

the chance of ADAR editing in the investigated cell lines, some of these were 

incubated with interferon. Interferon is known to up-regulate at least one of the two 

ADAR1 alternative transcripts (George and Samuel 1999). ADAR editing events 

were expected to appear as ambiguous peaks in DNA sequencing chromatograms 

after RT-PCR. Such peaks are the result of a combination of As and Gs in the same 

position caused by a mixture of edited and unedited RNA molecules. 

The genes that were targeted in the experiment were selected because they have 

inverted Alu repeat pairs that span across exons without having other inverted Alu 

repeats nearby or in the same intron. These genes include the PSMD1 gene, which is 

part of the 26S proteosome and has been shown to be expressed in a variety of tissues 
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(Yokota et al. 1996), and the DKC1 gene, which is expressed in a variety of tissues in 

mice, and has been implicated in the disorder X-linked recessive dyskeratosis 

congenital in humans (Heiss et al. 2000).  

 

2.4.1 - Methods 

2.4.1.1 - Tissue culture and interferon treatment 

Two carcinoma cell lines were used; HeLa  (ATCC catalogue number: CCL-2) 

and JEG-3 (ATCC catalogue number: HTB-36), kindly donated by Associate 

Professor Diane Watters and Mr. Colm Cahill, respectively. Both cell lines were 

cultured under identical conditions. Cells were cultured at 37oC, in a normal air 

incubator, in 25cm2 sealed cap culture flasks (BD Biosciences Falcon™) and in 5ml 

of culture media (RPMI 1640 with L-glutamine supplemented with 5% fetal bovine 

serum, Gibco). The cell cultures were sub-cultured at confluence. This was done by 

aspirating the spent media, washing once with 5ml PBS followed by treatment with 

1ml trypsin (0.25% trypsin, 0.53mM EDTA, Invitrogen) pre-warmed to 37oC. After 

cell detachment was achieved, these were diluted with 5ml of fresh media, and 0.5ml 

was subsequently transferred into new flasks and further diluted by addition of 

another 5ml of fresh media. 

  Cells were treated with Interferon-�A/D (Sigma-Aldrich) at 1000 units per ml, 

as described by Kuhen and Samuel (1997) and George and Samuel (1999). The cells 

were incubated at 37oC for 12 and 24 hours and with parallel non-interferon-treated 

cultures as negative controls. 
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2.4.1.2 - DNA extraction from tissue culture cell lines 

Cultured human carcinoma cell-lines were used as a source of human genomic 

DNA, mRNA and pre-mRNA. The cultures were lysed directly in the culture flasks 

using 1ml of lysis buffer (0.1M Tris-HCl, 10mM EDTA, 1% w/v SDS, pH7.4). The 

lysed cells were further disrupted using a 1ml syringe with a 21 gauge needle. Lysate 

was passed through the needle until homogeneity was achieved. The crude extract 

was then split equally into two 1.5ml microcentrifuge tubes. A volume of 40ul of 

20mg/ml proteinase K (Sigma-Aldrich) was added to the tubes, these were mixed by 

inversion and then incubated at 50oC for >2hr. The nucleic acids were then separated 

from the crude lysate via phenol/chloroform extraction. One volume of phenol, 

saturated with tris-EDTA (TE) buffer (10mM Tris-HCl, 1mM EDTA, pH7.4) was 

added to the lysate and the content of the tubes was mixed by gentle inversion until 

homogenous. These were then centrifuged at 10,000 RCF for 10min, and the top, 

aqueous, layer of each tube was carefully transferred to new 1.5ml microcentrifuge 

tubes. One volume of a 1:1 phenol/chloroform solution was then added to the aqueous 

layers, and the tubes were mixed by inversion until a homogenous solution was 

obtained. The tubes were subsequently centrifuged at 10,000 RCF for 10min, and the 

top, aqueous, layers were transferred to new 1.5ml microcentrifuge tubes. One 

volume of chloroform was added and the tubes were again mixed by inversion until 

homogenous and centrifuged at 10,000 RCF for 10min. Finally, the resulting aqueous 

layer was transferred to a new 1.5ml tube and extracted via ethanol precipitation, as 

outlined in 2.3.2.2. 
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2.4.1.3 - RNA purification, RT-PCR and DNA sequencing 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the 

manufacturers instructions, except that the initial cell lysis step was carried out 

directly inside the culture flask immediately after an initial PBS wash step. To ensure 

absolute DNA removal, DNase treatment was carried out on the purified total RNA 

using RNase-free DNase (Promega) according to the manufacturers instructions. To 

ensure compatibility with the buffer-requirements of subsequent reactions, the DNase 

treated RNA was again purified using the RNeasy minikit according to the 

manufacturers instructions for RNA cleanup. Reverse transcription PCR was carried 

out on pre-mRNA targets in total RNA from IFN treated and non-treated cell cultures. 

The reaction was carried out as described by the manufacturer of the reverse 

transcriptase (SuperScripttm III Reverse Transcriptase, Invitrogen) using random 

hexamers (GeneWorks) as primers. A volume of 2ul of the resulting cDNA was used 

directly as template for 25ul PCR reactions without any further purification or 

treatments. 

 The PCR reactions were carried out as previously described in 2.3.2.1 on three 

different mRNA and pre-mRNA targets (Table 5). The PCR thermal cycle parameters 

were as stated in 2.3.2.1, except for the annealing temperatures that were primer 

specific as indicated in (Table 5). 

The sequencing reactions for the RT-PCR products were carried out using 

BigDyeTM Terminator, Version 3.1 (ABI PRISM), as indicated by the 

Table 5 - Primers for PCR and sequencing 
Target Forward primer Reverse primer Tm Product length 
ADAR1 5’CTACCCTGTCTTCGAGAATC 5’ACTCCCATCTCTTGTCACAC 61C 304bp 
PSMD1 5’TATGCACTGTGGGACAAC 5’AGAGCCTATAATCAAGCC 61C 564bp 
DKC1 5’GGTCTAATACTTCAACGGTT 5’TGTATCTCAGCCCATCAGAC 62C 457bp 
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manufacturer and sequencing was carried out through the Griffith University 

Sequencing Facility in Brisbane, Australia. 

 

2.4.2 - Results 

The target genes, DKC1 and PSMD1 were successfully reverse transcribed and 

amplified from pre-mRNA extracted from the JEG and HeLa cell lines. The RT 

negative controls, which are crucial when performing RT on pre-mRNA, were 

consistently negative. Figure 19 presents the results from an RT-PCR reaction carried 

out on PSMD1 and DKC1 pre-mRNA targets. The PCR product in RT2 is the only 

amplified pre-mRNA that was also successfully sequenced from the reactions run 

through the agarose gel. In addition, the corresponding positive control was also 

sequenced. 

The sequencing results can not be resolved in the low molecular weight range, 

presumably due to significant non-specific amplification in that size-range. The 

chromatogram can also not be resolved beyond the polyA-tail of the Alu repeat that 

was being sequenced. There appears to be no evidence of pre-mRNA editing of 

adenosines in the region of the chromatogram that can be resolved (Appendix 9). The 

sequence was confirmed to match the genomically encoded sequence via a pairwise 

DNA alignment (results not shown).  

Significantly, ADAR was shown to be expressed in the JEG-3 and HeLa cell 

lines via RT-PCR amplification of ADAR mRNA (results not shown). However, the 

amplification product was not investigated beyond an initial non-quantitative PCR 

reaction. Presence of the ADAR protein was also not investigated beyond 

amplification of the mRNA.  
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Figure 19 - PSMD1 RT-PCR amplification products 

Image of PCR products from pre-mRNA targets in the DKC1 gene and the PSMD1 
gene, run through an agarose gel. The lanes RT1-RT3 contain PCR products from 3 
separate RT reactions using whole RNA extracts from a JEG-3 cell line. JEG1 is a 
positive control using genomic DNA from the JEG cell line as PCR template. NC1 is 
a PCR negative control. Lanes RT5-NC2 are as RT1-NC1, except using PCR primers 
targeting the pre-mRNA of the PSMD1 gene. MW contains a molecular weight 
marker with bands in 100bp increments and a major band at 600bp, as indicated. 
Negative controls for the RT reactions are not presented on this gel. 

 

 

Because of the negative result obtained from the sequencing of the putative 

ADAR substrates Figure 19, cell lines were treated with interferon in an attempt to 

induce ADAR expression. Of these interferon treated samples only the PSMD1 Alu 

repeat was successfully amplified (Figure 20) and sequenced (Appendix 10). 

However, the resulting chromatogram has a very poor signal strength and there is also 

some interference, presumably caused by non-specific amplification during the PCR 

reaction. None of the ambiguous peaks in the chromatogram can be confidently 

attributed to ADAR editing. The corresponding HeLa genomic region was also 

sequenced and matches that of the sequenced pre-mRNA (results not shown). 

  RT1    RT2     RT3       JEG1   NC1     RT5     RT6     RT7      JEG2      NC2    MW 

PSMD1 600bp 
DKC1 



 102

 

 

 

 

 

 

 

 

 

 

Figure 20 - RT-PCR on RNA from interferon-treated cells 

The figure shows the results from amplification of an Alu repeat in PSMD1 pre-
mRNA. The lanes contain RT-PCR products from cell lines treated without interferon 
(RT1) and after incubation with interferon for 14hr (RT2) and 20hr (RT3). The lanes 
RT1-, RT2- and RT3- are the RT negative controls. The lane HeLa is the positive 
control using HeLa genomic DNA as a PCR template and the lane MW contains a 
molecular weight marker. 

 

 

2.4.3 - Discussion and conclusions 

The intention of the experimental work presented herein was initially to reverse 

transcribe and sequence inverted Alu repeats in pre-mRNA as a means to provide 

experimental evidence in support of large secondary structures forming from base-

pairing between intronic Alu repeats. At the time the experimental approach was 

designed such editing had only been demonstrated in very specific cases, and 

typically involving exonic rather than intronic Alu repeats. (Morse et al. 2002). Since 

then, large amounts of evidence supporting these structures have been published by 

others (Athanasiadis et al. 2004; Blow et al. 2004; Levanon et al. 2004). These 

 RT1    RT1- RT2   RT2-   RT3   RT3-  HeLa  Cont    MW 

PSMD1 500bp 
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publications specifically determine, via both bioinformatical and experimental 

approaches,  that Alus are edited in the introns of a vast number of pre-mRNA. 

In light of that evidence the experimental approach presented herein was 

changed towards investigating the more specific scenario of Alu repeats forming 

secondary structures across exons. This was done since the evidence that is presented 

in section 4.3 lends some support to the existence of such structures. Furthermore, by 

targeting exon spanning pairs, and by designing primers that are partially located 

inside exonic sequences, the question of whether or not ADAR editing only occurs in 

retained introns can be addressed. However, it would only be addressed under the 

assumption that there is only one retained intron, since two retained introns will still 

be able to base pair. Furthermore, it can not distinguish between RNA stem-loop 

structures within a pre-mRNA and an RNA duplex between two separate molecules. 

As of yet, the experimental approach has not proved to be successful at locating 

edited Alu repeats. The main reason for this is probably the so far limited scope of 

this experimental work. Furthermore, while editing seems to occur in transcripts of a 

large number of genes, it does not occur at equal efficiency in all tissues. Levanon et 

al. (2004) state that typically only one edited EST entry amongst multiple entries for a 

gene was found in their database analyses. This suggests that editing does not occur 

constitutively in all cells. They also found that Alus in the pre-mRNA sequenced from 

HeLa cell lines did not appear to be edited with a high efficiency by ADARs. HeLa 

and JEG-3 cell lines were used in the experiment presented herein. For future 

applications, other cell lines may be required. It also seems that the modified 

experiment in order to succeed will require extensive sequencing of multiple targets in 

multiple tissues and it may also be necessary to clone cDNA rather than just 

amplifying it via PCR. Cloning will provide less ambiguous results than PCR 
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amplification of a typically heterogeneous mixture of edited and unedited pre-mRNAs 

typically found in a cell. Furthermore, most aspects of Alu editing of ADARs were 

addressed to some extent by the previously mentioned publications, including some 

evidence against secondary structures across exons. Extensive experimental analyses 

much beyond what could be achieved in this project will therefore be required in 

order to add to what has already been published concerning ADAR editing of Alu 

repeats in pre-mRNA. 
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Chapter 3         
                             
                              

Gene family specific approaches 

 
In this chapter broad focus is on genes expressing proteins involved with 

metabolism of oxygen (as well as its toxic byproducts), this ancient yet essential 

partner in the development of the defining primate organs, such as the brain. The  

genes and gene families that were investigated includes genes involved with redox 

control, genes involved with the mitochondrial respiration and the hemoglobin 

clusters and related genes. 

The chapter first presents and discusses results of Alu repeat analyses involving 

these genes. Some additional genes and gene groups are also included. The purpose is 

to investigate whether or not there is a common pattern in the distribution of Alu 

repeats within and between these families.. Finally, an overview of electron transport 

chain (ETC) pseudogenes and a discussion regarding the prevalence and potential 

significance of these is also included. 
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3.1 - Alu features of some gene groups and families 

 

3.1.1 - Introduction 

Some genes, gene groups and gene families were investigated for presence of 

Alu repeats and are presented in this chapter. The incentive for carrying out this 

analysis was to investigate if there is a pattern in Alu distribution and Alu content in 

these genes that might suggest functional or evolutionary significance. A research 

article by Maguire et al. (2006) is also based on these results presented in this section. 

The following background information is sourced from literature relating to the 

genes, and gene families and groups that were investigated in this survey. It is not 

intended as a comprehensive analysis of these genes but an overview of some of the 

available information regarding certain aspects of these genes that may be of 

importance towards the research objective. This particularly applies to evolutionary  

and developmental background (age, homologues, duplicates, conservation, etc), 

some aspects of expression regulation and regulatory elements and finally features 

that may indicate the functional importance of a gene (known mutations, disorders, 

effects of reduced or increased expression, etc.). 

 

3.1.1.1 - The hemoglobin clusters and hemoproteins 

Hemoglobins 

The human hemoglobin clusters are amongst the most studied loci in the human 

genome, and some of those studies have also encompassed the intergenic DNA in 

these regions. The Alu content of the hemoglobin clusters has also been noted 
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previously, primarily because of their potential involvement in genetic disease 

through recombination events (Shen and Smithies 1982; Li et al. 1985; Nicholls et al. 

1987). There are two main clusters, the alpha cluster and the beta cluster, located at 

16p13.3 and 11p15, respectively. 

The hemoglobin genes are believed to be derived from ancient hemoproteins, 

and while the exact origin and age is unknown, similar, and presumably related genes, 

are found in organisms as distant as archea and bacteria (Goodman et al. 1988; 

Hardison 1996; Hardison 1998; Vinogradov et al. 2005). While the functional and 

structural nature of the original hemoproteins has not been determined (Hardison 

1996) the human hemoglobins are very well characterized. They are found in 

erythrocytes as heterotetramers. The most common of these, HbA, is comprised of 

two alpha-chains combined with two beta-chains and it accounts for 97% of all 

hemoglobin in normal adult humans (Dickerson and Geis 1983; Higgs et al. 1989). 

The remainder is made up of HbA-2 (two alpha chains combined with two delta 

chains) and the fetal hemoglobin HbF (composed of either two alpha chains combined 

with two gamma-A chains, HbG1, or two alpha chains combined with two gamma-G 

chains, HbG2) (Dickerson and Geis 1983; Higgs et al. 1989). 

The fetal hemoglobins and a third type, the embryonic hemoglobins, are 

predominant prior to birth. The latter of these, comprised of two epsilon chains 

combined with two zeta chains (Hb Gower I) or two epsilon chains combined with 

two alpha chains (Hb Gower II), are replaced by the fetal hemoglobins during 

gestation (Dickerson and Geis 1983; Higgs et al. 1989). 
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Myoglobin 

Myoglobin is another well characterized human hemoprotein. It is abundantly 

expressed in cardiac myocytes and skeletal muscle fibers where its primary role is to 

maintain a constant level of O2 in these tissues (Ordway and Garry 2004). Unlike the 

hemoglobins of the erythrocytes, the myoglobin hemoprotein is a monomer, and 

while it is distantly related to the hemoglobin alpha and beta chains, they are believed 

to have evolved separately from a common ancestral gene some 500-600 million 

years ago (Goodman et al. 1987; Burmester et al. 2002).  

 

Cytoglobin and neuroglobin 

In contrast to the very well characterized hemoglobins and myoglobin are the 

two most recent additions to the human globin family, the neuroglobin (Burmester et 

al. 2000) and cytoglobin (Burmester et al. 2002; Trent and Hargrove 2002), which are 

not yet very well characterized. The neuroglobin gene, which is specifically expressed 

in the nervous system, is believed to have evolved early in metazoan evolution, 

possibly along with the evolution of the nervous system itself, and separately from the 

other human globins (Burmester et al. 2000; Burmester et al. 2004). Its function may 

be to counteract hypoxia in tissues that are highly sensitive to oxygen levels, such as 

the brain (Wakasugi et al. 2005; Li et al. 2006).  

The exact function of cytoglobin is not well understood, however, it is expressed 

in a wider variety of tissues than neuroglobin and is also up-regulated in response to 

hypoxia (Schmidt et al. 2004; Li et al. 2006). Its evolutionary origin is more recent 

than that of neuroglobin, and it seems to be a distant relative of myoglobin (Burmester 

et al. 2004). 
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3.1.1.2 - Genes involved with redox control 

Several families of genes involved with redox control were investigated in the 

survey. These were two thioredoxins, two thioredoxin reductases, the peroxiredoxin 

family, catalase and the glutathione peroxidases. 

 

Thioredoxin 

The thioredoxins are perhaps the best known proteins involved with redox, or in 

their case, the reducing part of redox. They are the most important factor in 

maintaining cellular proteins in a reduced state. They carry out that role by breaking 

disulfide bonds in substrate proteins, and in the process, forming a disulfide bond 

between two cysteines at their own active site. The thioredoxins are also involved in a 

number of other metabolic pathways (Powis and Montfort 2001; Cumming et al. 

2004). Thioredoxin is found in prokaryotes and eukaryotes, and while the sequence 

homology between mammals and E. coli is only 27%, they have a conserved central 

core motif consisting of five beta-strands surrounded by four alpha-helices and a 

highly conserved active site (Holmgren 1989; Arner and Holmgren 2000). The two 

human thioredoxins have different sub-cellular localizations and tissue specificities. 

Bovine TXN1 localizes to a variety of different sub-cellular locations and it is 

expressed in a variety of tissues but with highest expression in liver, kidney and 

thymus (Holmgren and Luthman 1978). TXN2 is localized in the mitochiondria, and 

is also expressed in a variety of tissues, but is especially abundant in stomach, salivary 

and mammary glands, testis, ovary, liver and heart (Spyrou et al. 1997; 

Damdimopoulos et al. 2002). In the study by Spyrou et al. (1997) rat TXN was found 

to be expressed at similar levels in a variety of different tissues.  
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Thioredoxin reductase 

Thioredoxin reductase is the functional counterpart to thioredoxin. Its purpose is 

to catalyze the reduction of thioredoxin, thus returning thioredoxin to its functional 

state, and in the process becoming reduced itself. This reaction requires energy from 

NADPH + H+ (Mustacich and Powis 2000). In addition to that important reaction, 

thioredoxin reductase is also involved in many other cellular processes, including the 

recycling of ascorbate from its oxidized form (Mustacich and Powis 2000). The 

human thioredoxin reductase genes are not directly related to prokaryote thioredoxin 

reductase genes but appear to have originated early in eukaryote evolution, and the 

ortholog to the bacterial thioredoxin reductase genes were lost from the eukaryotic 

genomes some time after that event (Novoselov and Gladyshev 2003). Both animal 

versions of the proteins sets themselves apart from the bacterial version by the use of 

selenocysteine in a carboxy-terminal Gly–Cys–Sec–Gly motif (Gladyshev et al. 

1996). The selenocysteine is encoded by the codon UGA, which in normal transcripts 

functions as a stop codon, however a hairpin structure, known as the SECIS element, 

present in some rare transcripts converts this UGA into a tRNA binding codon (Berry 

et al. 1991; Berry et al. 1993). 

The two thioredoxin reductase genes, TXNRD1 and TXNRD2, produce proteins 

with different sub-cellular localization, with the former found in a variety of sub-

cellular locations, and the latter specifically in mitochondria (Lee et al. 1999; 

Miranda-Vizuete et al. 1999). Both are found in a variety of tissues with the former 

having highest expression in testis, ovary, placenta, heart and skeletal muscle and the 

latter in prostate, liver and testis (Miranda-Vizuete et al. 1999). 
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Peroxiredoxins 

The peroxiredoxins (PRDX) are a group of enzymes whose primary role is to rid 

the cells of damaging reactive oxygen species such as hydrogen peroxide (H2O2) 

according to the general reaction ROOH+2e��ROH+H2O (Wood et al. 2003; Rhee et 

al. 2005). Unlike most other redox enzymes, the peroxiredoxins do not use cofactors 

such as heme, flavin or metal ions, instead they use a conserved cysteine residue at 

their N-terminal end as the site of oxidation (Rhee et al. 2005).  

The peroxiredoxins PRDX1-4 are all closely related, with >70% amino acid 

sequence identity (Seo et al. 2000). PRDX5 is distantly related, sharing only 10% 

sequence identity with PRDX1-4 (Knoops et al. 1999; Seo et al. 2000), however 

PRDX5 is also homologous to peroxiredoxins in yeast and bacteria with 25-35% 

sequence identity (Knoops et al. 1999). The last of the peroxiredoxins, PRDX6 has 

only 10% sequence identity to the PRDX1-4, however, the conservation is much 

greater around the active site, the N-terminal cys47 (Seo et al. 2000). 

 

Catalase 

Catalase serves a similar function to the peroxiredoxins. Its purpose is to convert 

the potentially harmful hydrogen peroxide into oxygen and water, thus ridding the 

cells of that damaging oxidative agent. The catalase gene encodes for a tetrameric 

240kDa heme-containing protein in mammals (Deisseroth and Dounce 1970; Quan et 

al. 1986). The exact origin and evolution of catalase is not entirely clear, however it is 

clear that it is an old enzyme that is present in both prokaryotes and eukaryotes (Klotz 

and Loewen 2003).  In most cells catalase is found within the peroxisomes, and its 

expression is highly tissue specific (Tolbert and Essner 1981; Masters et al. 1986). 
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The glutathione peroxidases 

The glutathione peroxidase proteins (GPX) belong to the small group of 

selenium containing enzymes, or selenoproteins. This group includes the previously 

mentioned thioredoxin reductases (Chambers et al. 1986). The genes GPX5 and 7 are 

exceptions as these do not contain the selenocysteine codon and therefore do not 

belong to that group (Drevet 2006). The primary function of the GPXs are to 

scavenge reactive oxygen species such as H2O2. However, unlike other hydroperoxide 

scavengers, they also metabolize organic peroxide molecules such as peroxidized 

lipids (Duan et al. 1988; Kuhn and Borchert 2002; Drevet 2006). 

GPX5 is believed to be functionally different from the other members of the 

family in that it has only limited or no activity towards hydrogen peroxide or organic 

peroxides, however its exact function is still not known (Singh and Shichi 1998; 

Drevet 2006). The function of GPX7, which contains a normal cysteine instead of 

selenocysteine, has been speculated to involve reducing lipid peroxidation products in 

the cytoplasm before these are incorporated into critical cellular organelles (Utomo et 

al. 2004). GPX6 was only recently discovered, and not much is known about its 

function (Kryukov et al. 2003). 

The functional importance of different selenoproteins has been ranked according 

to their expression level in selenium starved environments. In such experiments, the 

gastrointestinal peroxidase, GPX2, appears to be the least negatively affected, and it 

has therefore been concluded that it may be the most important to the organism 

(Wingler et al. 1999). The effect of reduced selenium-levels on the expression of 

some of the other GPXs are as follows: GPX2 > GPX4 > GPX3 = GPX1 (Wingler et 

al. 1999). The differences in expression are believed to be due to a difference in 

mRNA stability and translation efficiency in the absence of selenocysteine and its 
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tRNA, tRNAsec. The levels of transcription and the efficiency of the different SECIS 

elements are not believed to be crucial in regulating the level of expression (Wingler 

et al. 1999; Muller et al. 2003). 

 

3.1.1.3 - The caspases 

The caspases are a group of proteins that are involved in apoptosis, or 

programmed cell death. Their main purpose is to initiate the destruction of cells that 

are damaged or otherwise no longer needed by the organism (Shi 2002). They belong 

to a family of cysteine-proteases with specificity for asparagine and initiate apoptosis 

by acting on a variety of different enzymes, structural proteins and regulatory 

proteins. These actions in turn lead to the degradation of critical cellular components 

including genomic DNA (Enari et al. 1998). 

The caspases are thought to have originated at least as far back as the time of the 

first multicellular organisms. It has been suggested that these enzymes and their 

apoptotic pathways arose because of a requirement to terminate unwanted cells in 

multicellular organisms (Koonin and Aravind 2002; Boyce et al. 2004). However, the 

exact origin of caspases is not known as related proteins such as paracaspases and 

metacaspases can be found in some bacteria (Aravind and Koonin 2002). 

The apoptotic caspases are generally divided into two groups, the initiator 

caspases (caspases 2, 8, 9 and 10) and the effector caspases (caspase 3, 6 and 7), 

which are activated by the initiator caspases (Shi 2002; Martinon and Tschopp 2004). 

Caspases 1 and 5 are not believed to be significantly involved in apoptosis but instead 

serve important roles in the immune system where their function is to cleave the 

interleukin-1ß precursor protein into its mature form (Thornberry et al. 1992; 
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Martinon and Tschopp 2004). Caspase-4 is grouped with caspase 1 and 5. Its function 

is not well characterized but it may be involved in endoplasmic reticulum (ER) 

stress-induced apoptosis (Hitomi et al. 2004).  

 

3.1.1.4 - Genes of the electron transport chain 

The mitochondria are arguably the most important of the cellular organelles and 

also the most significant evolutionary step of the eukaryotes. They are believed to 

have originated from bacteria that were acquired endosymbiotically, that is via 

endocytosis of a bacteria, followed by retention and mutually beneficial coexistence 

of the host and endosymbiont (Gray 1992).  Over time, the once independent bacteria, 

probably a proteobacter, lost the ability to function independently and has become an 

integral part of the host, and neither can now exist without the other (Yang et al. 

1985; Gray et al. 1999). The original bacterial genome, once thought to have encoded 

all the genes necessary for it to maintain its own existence, now only encodes a small 

number of certain essential genes. This number varies greatly between different 

organisms, and the genes that are still retained also varies (Gray et al. 1998). Most of 

the original bacterial genes have either migrated to the nuclear genome, or they have 

been made redundant by orthologous nuclear genes, and subsequently lost from the 

mitochondrial genome (Andersson et al. 1998). In the current primate species, certain 

genes appear to be essential for the mitochondrial genome, or have so far proved 

unsuitable for transfer to the nuclear genome and are therefore retained in the 

mitochondria of most species. These include two ribosomal RNA genes, and most 

also have 20 or more tRNA genes (Scheffler 1999). Metazoan mitochondria typically 
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also encode 13 peptides involved in oxidative phosphorylation (OXPHOS) (Scheffler 

1999).  

The most important feature of the mitochondria to the host organism is the ETC, 

which is involved in OXPHOS. The ETC involves four protein complexes 

(complex I-IV) that are assembled from multiple different proteins, some nuclear 

encoded and some mitochondrially encoded. They are found embedded in the inner 

mitochondrial membrane (Scheffler 1999). The ETC is the recipient of high energy 

electrons, donated by NADH (via complex I) and FADH2 (via the conversion of 

succinate to fumarate at complex II), and as these electrons pass through the 

complexes the released energy is used to pump protons from the mitochondrial matrix 

through the inner membrane and into the inter-membrane space (Scheffler 1999). 

In addition to these four complexes, there is also a fifth complex not directly 

involved with the ETC as it does not accept electrons from any of the other ETC 

complexes. Instead complex V uses the proton gradient generated by the ETC across 

the inner mitochondrial membrane as energy to synthesize ATP from ADP + Pi 

(Scheffler 1999). For simplicity, the five complexes will be referred to as belonging to 

the ETC within this report. 

 

ETC Complex I 

The first complex involved in the ETC, also called NADH:ubiquinone 

oxidoreductase, is also the most intricate. It is comprised of at least 46 different 

subunits with the genes of seven of these being mitochondrially encoded (Carroll et 

al. 2002; Ugalde et al. 2004). In E. coli complex I is comprised of 14 subunits 

referred to as the “minimal” subunits due to their evolutionary conservation. These 

subunits, which are also found in most other eukaryotes, are believed to be the most 
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important for complex I function (Friedrich et al. 1995; Friedrich and Bottcher 2004). 

In the human organism, seven of the “minimal” subunits are encoded in the 

mitochondrial genome and seven are nuclear encoded with the latter including 

NDUFS2, NDUFS3, NDUFS7, NDUFS8, NDUFV1 and NDUFV2 (Friedrich et al. 

1995; Friedrich and Bottcher 2004). 

Several studies have been carried out regarding the involvement of the ETC 

complexes in human disease, and it turns out that of the five, complex I is the one that 

is most commonly implicated. Loeffen et al. (2000) reported that 23% of patients with 

a suspected OXPHOS disorder had an isolated complex I deficiency, a higher 

percentage than any other complex. They also reported that screening for common 

mitochondrial mutations in OXPHOS-encoding genes usually revealed a mutation in 

less than 5% of patients suspected of such disorders.  Similar results were obtained by 

von Kleist-Retzow et al. (1998) reporting that complex I was involved in 33% of 

respiratory chain defects in childhood. The nuclear encoded genes that are most 

frequently involved in such disorders are the seven “minimal” genes (Benit et al. 

2004; Bugiani et al. 2004), however, other genes such as NDUFS4 (Petruzzella et al. 

2001; Iuso et al. 2006), NDUFS6 (Kirby et al. 2004) and NDUFA2, NDUFA8 and 

NDUFB6 (Bugiani et al. 2004) have also been shown to carry mutations in affected 

individuals. Significantly, it is not always possible to find mutations in the genes 

encoding the subunits of the complex, or other genes necessary for its assembly or 

activity in clinical practice (Triepels et al. 2001; Ugalde et al. 2004).  

 

ETC Complex II 

The second complex of the ETC, also known as succinate:quinone 

oxidoreductase, is comprised of four subunits. These subunits are encoded for by the 
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genes SDHA,  SDHB, SDHC and SDHD, all of which are encoded for by the nuclear 

genome (Scheffler 1999).  

Of the four subunits, SDHA and SDHB are evolutionarily highly conserved with 

orthologous sequences found in bacteria and Archaea (Van Hellemond and Tielens 

1994; Tielens and Van Hellemond 1998; Schafer et al. 2002). SDHC and SDHD on 

the other hand are not well conserved, and there are even significant differences 

between relatively closely related mammalian species (Hirawake et al. 1997). 

All the genes encoding for complex II have been implicated in genetic diseases. 

The genes SDHB, SDHC and SDHD have been implicated in the tumorigenic 

disorders phaeochromocytoma and paragangliomas, both sporadic and hereditary. 

However the mechanism behind their involvement is not clear (Eng et al. 2003; Pawlu 

et al. 2005; Bayley et al. 2006). Mutations of the SDHA gene have been implicated in 

diseases similar to Leigh syndrome, which is a syndrome also associated with 

complex I (Bourgeron et al. 1995; Parfait et al. 2000). It is also worth noting that the 

gene SDHC has been involved in genetic disease due to deletions of part of its coding 

sequence caused by an Alu mediated homologous recombination event (Baysal et al. 

2004). Such an event suggests a significant Alu presence in this gene. 

 

ETC Complex III 

The third ETC complex, also called ubiquinol:cytochrome c reductase, is 

comprised of 11 subunits, one of which is mitochondrially encoded. Ten of these have 

been shown to have sequence similarity to subunits present in complex III of potato, 

yeast and cow (Robertson et al. 1993; Jansch et al. 1995). The eleventh subunit is 

only found in mammals and is derived from the leader sequence of the rieske iron-

sulfur protein (encoded by the gene UQCRFS1). This leader sequence is retained in 
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complex III as a subunit after being cleaved off subsequent to mitochondrial import 

(Brandt et al. 1993). In bacteria, only three subunits are required. These three are 

believed to be the homologues of the subunits encoded for by the genes UQCRFS1, 

CYC1 and the mitochondrially encoded CYTB (Yang and Trumpower 1986; 

Robertson et al. 1993). 

There are few genetic defects associated directly with this complex, and only 

one nuclear encoded gene has so far been implicated. This gene, UQCRB, had a 4bp 

deletion causing a frameshift towards the 3’ end of the gene, thus altering the 

sequence at the C-terminal end of the encoded subunit QP-C. Both parents were 

heterozygous for the deletion (Haut et al. 2003). In contrast to the few mutations in 

the nuclear encoded genes, over 20 mutations have been identified in the 

mitochondrially encoded CYTB gene (Haut et al. 2003). 

 

ETC Complex IV 

The fourth complex of the ETC, also known as cytochrome c oxidase, is 

comprised of 13 different subunits. Of these, three are encoded in the mitochondrial 

DNA, the remainder are nuclear (Tsukihara et al. 1996). Of the 13 genes, only the 

mitochondrially encoded proteins are believed to be essential for the basic function of 

the complex, and these three are also the only ones with conserved bacterial 

homologues (Capaldi 1990; Das et al. 2004). The genes encoding the remaining 

subunits are believed to have originated in the nuclear genome and their purpose is 

probably to regulate the activity of the enzyme (Burke et al. 1997; Ludwig et al. 

2001). Many of the subunits have been shown to be encoded by duplicate genes 

coding for the same subunit in a tissue specific manner. These are discussed further in 

3.1.4.4. 
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While complex IV has been implicated in genetic disorders, none of its nuclear 

encoded structural genes have so far been found to be directly involved. These cases 

are instead believed to be caused by mutations in the mitochondrial DNA or in other 

proteins involved with complex IV assembly and function (Borisov 2002). 

 

ETC Complex V 

The final complex involved with OXPHOS, complex V, is where the energy of 

the proton gradient, created by the ETC, is used to form energy storage molecules in 

the form of ATP. The complex, also known as ATP-synthase, has two main 

components;  the F1ATPase and the F0 complex (Scheffler 1999). All the genes 

encoding the complex are encoded by the nuclear genome, except for two F0 protein 

encoding genes, ATP6 and ATP8, both of which are mitochondrially encoded. 

F0 is embedded in the mitochondrial membrane. It is capable of converting the 

energy potential of the proton gradient into mechanical energy. This mechanical 

energy, in the form of an assembly of rotating subunits, is in turn transferred to the 

F1ATPase which uses it to form ATP from ADP and Pi  (Cross 2004). The total 

number of subunits, and their functions, are still incompletely understood. The 

F1ATPase is believed to be comprised of five subunits encoded by the genes 

ATP5A1, ATP5B, ATP5C1, ATP5D and ATP5E. The F0 complex is believed to be 

comprised of at least 8 nuclear encoded subunits; b, c, d, e, f, g, F6 and OSCP 

(Belogrudov et al. 1996). The c-subunit is coded for by three separate genes, 

ATP5G1-3, derived from duplication events and encoding the same protein product 

(Farrell and Nagley 1987; Dyer and Walker 1993; Yan et al. 1994). The remaining 

genes are encoded by the genes ATP5F1, ATP5H, ATP5I, ATP5J2, ATP5L, ATP5J 

and ATP5O, respectively. Herein we also include the s-subunit as part of complex V 
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(encoded for by ATP5S), as suggested by Belogrudov and Hatefi (2002). Of the 

F1ATPase encoding genes,  ATP5A1, ATP5B, ATP5C1 and ATP5D have bacterial 

(E. coli) homologues (Scheffler 1999). Out of the human nuclear encoded F0 complex 

genes, only ATP5O, ATP5F1 and ATP5G1-3 have homologues in bacteria (Scheffler 

1999). 

While there are examples of disease-causing mutations in mitochondrial genes 

encoding complex V, no mutations have yet been found in the nuclear encoded genes 

of this complex (Shoubridge 2001). However, a disease-causing assembly defect due 

to a mutation in a nuclear encoded assembly gene has been described (De Meirleir et 

al. 2004). 

The duplicated genes encoding subunit c have not been well characterized for 

tissue specificity. However, in mice, it has been shown that the mRNA from the genes 

paralogous to ATP5G1 and ATP5G2 are expressed in a tissue specific fashion where 

both appear to be expressed in most tissues, at varying ratios (Andersson et al. 1997). 

The genes ATP5G1 and ATP5G2 have also been shown to be expressed in a tissue 

specific manner that apparently reflects the embryonic origin of the tissue in bovine 

studies (Gay and Walker 1985). ATP5G3 expression was not investigated in those 

two research articles. 

  

3.1.2 - Methods 

The genes described above were analyzed as previously outlined in 2.2.1 using 

the online version of RepeatMasker accessed in February 2005 and human genomic 

DNA sequences (genome version 35.1) obtained from NCBI 

(www.ncbi.nlm.nih.gov/). In addition; genes were determined to have an inverted Alu 

repeat pair if two inverted Alu repeats were spaced by less than 2kbp. It is also 
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important to record that inverted Alu repeat pairs spanning across exons were not 

considered as inverted repeats in this survey. Gene boundaries were set at the termini 

of the 5’ and 3’ UTRs, and all Alus between these were included. Furthermore, all 

Alus were intronic, unless an exonic Alu is specified.  

R version 2.5.0 (The R Foundation for Statistical Computing), was used for 

binomial distribution analyses via the two general expressions “PBINOM(x,n,p)”, 

where x is the number of successes in n number of trails and p is the theoretical 

probability of a success, and “binom.test(x, n, p=[integer],conf.level=0.95)”, where x 

is the number of successes in n number of trails, p is the theoretical probability of a 

success and conf.level is the confidence level at which the statistical analyses are 

carried out. 

 

3.1.3 - Results  

3.1.3.1 - The Globins 

The regions containing the human hemoglobin clusters were analyzed for Alu 

repeats using Smit et al.’s (unpublished data) RepeatMasker program. The analyzed 

regions also included intergenic DNA from flanking regions and the DNA separating 

the genes of each cluster. Our analysis confirm the absence of Alus in any of the 

hemoglobin genes. There are, however, some Alu repeats present in the intergenic 

DNA in these regions. The hemoglobin-related genes myoglobin and cytoglobin, and 

the less closely related neuroglobin, all have Alus within their transcripts. These do 

not account for a large percentage of the genes’ DNA and apart from an inverted Alu 

pair in the cytoglobin gene, all are direct repeats (Table 6). The amount of Alu repeat 

derived DNA inside each of these three genes appears to reflect the surrounding 
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regions with 13.9%, 24.2% and 9.0% Alu-derived DNA, respectively (as measured 

over 100kbp centered on each gene). 

 

3.1.3.2 - The redox genes 

The peroxiredoxin genes PRDX1-4 all have a high density of Alu repeats, 

ranging from ~28% to 42% Alu repeat derived DNA. However, the last two members 

of this group, PRDX5 and PRDX6, each only contain two Alu repeats (17% and 4% 

Alu-derived DNA, respectively), and none are in an inverted configuration (except for 

an exon-spanning pair in PRDX5). Other kinds of repeats are also not well 

represented inside these two genes while the surrounding regions appear to have a 

higher density of repeats (Figure 21). 

The genes encoding the caspases are heterogeneous in Alu content, with Alu-

derived DNA ranging from 0% for casp1 to 25.8% for casp6 (Table 6). Casp1, 4 and 

5, with protein products belonging to the same functional group, are the least Alu 

dense. There are several Alus in short introns and also inverted Alu pairs in the exons 

of two of the genes, casp6 and casp8. The exonic Alus in casp6 both belong to the 

AluS family (AluSx, intronic and AluSp, exonic) and their sequences are therefore 

quite homologous with great base pairing potential (Figure 22a2). The exonic Alu pair 

in casp8 are both in the 3’ UTR (Figure 22b). The upstream Alu belongs to the AluY 

family and the downstream Alu is a partial AluJb sequence. These two repeats do not 

align particularly well into a stem-loop structure, apart from one short 53bp region 

with only 4 mismatched bases (Appendix 1). 

  The GPXs are mostly short genes with few internal Alu repeats. The Alu 

content ranges from 0% to 12.4% intragenic Alu-derived DNA from at the most three 
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Alu repeats in any of these genes. Interestingly, only the genes GPX5 and GPX6 have 

similar Alu content to their genomic regions (these genes, located within 10kbp of 

each other, are in a region of 8.6% Alu-derived DNA, as measured over 100kbp 

centered around the genes). The other genes are located in regions with 53.1% 

(GPX1), 17.9% (GPX2), 9.1% (GPX3), 22.1% (GPX4) and 30.8% (GPX7) Alu-

derived DNA, as measured over 100kbp centered around each gene (Table 6). 

 

3.1.3.3 - The caspases 

The caspases are all believed to be related to each other, with three functional 

groups classified into sub-families (Martinon and Tschopp 2004). The genes coding 

for the non-apoptotic caspases (CASP1, 4 and 5) are almost devoid of Alu repeats, 

and they consequently do not have many inverted Alu repeats either. In fact, there is 

only one inverted Alu repeat, which is located in the middle of the first intron of 

Caspase-4. The members of the other two caspase families seem to have significantly 

more Alu-derived DNA, ranging from 8.6% to 26% Alu-derived DNA. Furthermore, 

all of these genes have inverted Alu repeat pairs as well, and the genes coding for 

caspase-6 and caspase-8 even have such pairs inside, or partially inside, exons (Figure 

22 and Table 6). 

 

3.1.3.4 - The electron transport chain 

  All the nuclear encoded genes belonging to complex I contain Alu-derived 

DNA with percentages ranging from 3.4% to 49.1% with a mean Alu content of 

23.4%. The values are, however, very spread out and one standard deviation within 



 124

the group can be calculated to be 13.6. One entirely exonic Alu pair was found in the 

gene NDUFC2. This Alu pair consists of an AluJo repeat followed by an AluJb repeat 

79bp downstream if it. No important sequence elements were found within the Alu 

repeats or the spacer. The palindromic Alus do not align particularly well (alignments 

not shown), however the 79bp spacer also has palindromic properties and folds into a 

single imperfect stem using Zukers (2003) mfold (Appendix 2). A DNA alignment, 

using Chenna et al’s (2003) clustalW, between human and the corresponding 

chimpanzee genomic region suggests the sequence is not highly conserved, however 

the differences are still only minor due to the short evolutionary distance between 

humans and chimpanzees (Appendix 2). However, due to these small differences, 

Zukers (2003) mfold program produces different RNA secondary structure 

simulations of these two regions. The secondary structure of the spacer remains 

largely unchanged (Appendix 2). 

  All the genes of complex II have a presence of Alu repeats in their introns, and 

all have inverted Alu repeats. The percentage of Alu-derived DNA for each of the 

genes largely corresponds to that of their genomic neighborhoods with Alu-derived 

DNA contents of 9.0%, 24.0%, 27.21% and 21.82% for the genes SDHA, SDHB, 

SDHC and SDHD, respectively (measured over 200kbp, centered around each gene). 

  Complex III genes are very heterogeneous for Alu repeat content. Three out of 

the nine nuclear encoded genes have no Alu repeats in their introns, and two genes 

have >40% Alu-derived DNA in their introns. The Alu contents of the genes encoding 

this complex seem to reflect the Alu density in their respective genomic 

neighborhoods. 

   The fourth complex is also quite heterogeneous in Alu content, ranging from 

0% for COX6A2 and COX7A1 to 53% for COX5A. Surprisingly, the genomic region 
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surrounding COX7A1 has 42% Alu-derived DNA (measured over 100kbp centered 

on the gene), as determined by Smit et al.’s (unpublished data) RepeatMasker. In 

contrast, the isoform to COX7A1, COX7A2, has 34.2% Alu-derived DNA, 

originating from seven separate Alu insertions (Table 6 and Table 7). These seven 

Alus all belong to the AluS sub-family suggesting similar times of insertion (Figure 

1). The region surrounding the gene (100kbp centered on the gene) only contains 

10.3% Alu-derived DNA from 38 Alu insertions. This gene therefore appears to have 

accumulated a relatively larger number of Alu repeats than the surrounding DNA. 

  There are also a number of other gene isoform pairs that code for proteins in this 

complex. These include COX4I1, COX4I2, COX6A1, COX6A2, COX6B1, 

COX6B2, COX8A and COX8C. Alu features relating to these genes, and to COX7A1 

and COX7A2, are summarized in Table 7. Notably, for four out of the five isoform 

pairs the less widely expressed gene contains a lower percentage Alu derived DNA. 

However, by using the binomial distribution it can be shown that four occurrences in 

a sample size of five are not sufficient to prove whether or not this is a real trend. The 

null hypothesis in this case is that the tissue specificities of the isoforms do not 

influence the Alu content and that each of the two isoforms therefore has an equal 

chance of being denser in Alu repeats, thus occurring at frequencies of 0.5. The null 

hypothesis is supported with a p-value of 0.375, and the alternative hypothesis that the 

tissue specificity of genes is correlated with Alu content is invalid. 

The isoforms for subunit 6b, COX6B1 and COX6B2, both have internal Alu 

repeats with many of the Alus in the COX6B1 gene found as closely spaced inverted 

Alu repeats, including exon-spanning pairs (Table 6). COX6B2 contains two Alu 

repeats of opposite sense, both of which are found inside the 3’ UTR. They belong to 

the AluJo and AluSp sub-families, respectively. These Alus only have limited 



 126

potential to form a stem-loop structure when folded with Zukers (2003) mfold 

program, presumably due to the difference in age and resulting divergence of the 

subfamilies. However, there are a number of short perfectly base paired regions 

(20bp-30bp), and if single base mismatches are disregarded, at least one 50bp long 

uninterrupted stem that can be observed in the secondary structure simulation 

(Appendix 3). 

Apart from the gene ATP5E, the genes of complex V all have Alu repeats in 

their introns, with ATP5A1 having the highest density (40.1%), and the greatest 

number (30), of Alu repeats (Table 6). The most notable genes coding for this 

complex are the three duplicated genes ATP5G1-3. The two younger copies, 

ATP5G1 and 2, have 8.8% and 35.1% Alu-derived DNA, respectively, whereas the 

older copy, ATP5G3, has 8.2% Alu-derived DNA, similar to that of ATP5G1. The 

single Alu repeats in both ATP5G1 and ATP5G3 belong to the AluJ family but they 

are not located in paralogous introns and therefore did not originate from the same 

Alu repeat insertion event. These isoforms are therefore likely to predate the AluJ 

subfamily. ATP5G2 contains a heterogeneous mix of Alu repeat families and sub-

families. Looking at the regions surrounding the three genes, ATP5G1 is located in a 

region with 38.3% Alu-derived DNA, ATP5G2 is in a region of 33.3% Alu-derived 

DNA and ATP5G3 in a region of 12.0% Alu-derived DNA (all measured over 100kbp 

centered around each gene). 
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  Table 6 - Alu features of some gene groups and families          
 Gene Gene mRNA Number Number Combined Alu  Inverted 
 name length  length  of    of Alus Alu length fraction Alu 
  (bp)  (bp)  exons     (bp)   (% )  repeats?     
Hemoglobins, Beta-Cluster                      
 HBB 1606  626  3   0   0    0.0   No  
 HBD 1650  624  3   0   0    0.0   No 
 HBG1 1586  584  3   0   0    0.0   No 
 HBG2 1591  583  3   0   0    0.0   No 
 HBE1 1794  816  3   0   0    0.0   No    
 
Hemoglobins, Alpha-Cluster                      
 HBZ 1651  589  3   0   0    0.0   No 
 HBA2 831   575  3   0   0    0.0   No 
 HBA1 842   576  3   0   0    0.0   No 
 HBQ1 844   651  3   0   0    0.0   No    
 
Other globin  genes                         
 MB 16591  1170  4   4   997   6.0   No 
 CYGB 10343  1951  4   4   1225   11.8  Yes 
 NGB 5828  1909  4   1   311   5.3   No 
       
Thioredoxin, thioredoxin reductase and peroxiredoxin              
 TXNRD1 63336 3923  15   46   13763   21.7  Yes 
 TXNRD2 66470 2180  18   43   10759   16.2  Yes 
 TXN 12469    508  5   8   2044   16.4  Yes 
 TXN2 14595    1342  4   15   4191   28.7  Yes 
 PRDX1 10903    1262  6   16   4326   39.7  Yes 
 PRDX2 5061      886  5   8   2108   41.7  No 
 PRDX3 11131    1591  7   11   3108   27.9  Yes 
 PRDX4 18870    921  7   18   5162   27.4  Yes 
 PRDX5 3715      959  6   2   625   16.8  Yes 
 PRDX6 11461    1715  5   2   445   3.9   No 
        
Caspases                           
 CASP1 9623  1373  10   0   0    0.0   No 
 CASP2 19387  4145  11   13   3544   18.3  Yes 
 CASP3 21751  2646  8   10   2857   13.1  Yes 
 CASP4 25699  1286  9   6   1495   5.8   Yes 
 CASP5 14730  1400  9   2   579   3.9   No 
 CASP6 14845  1661  4   14   3828   25.8  Yes, incl. exonic 
 CASP7 51235  2586  7   15   4386   8.6   Yes 
 CASP8 54220 2903  10   41   10932   20.2  Yes, incl. exonic 
 CASP9 32004  2034  5   34   8059   25.2  Yes 
 CASP10 46256  2054  10   44   11091   24.0  Yes     
        
Catalase                           
 CAT 33115 2279  13   12   3396   10.3  Yes 
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 Table 6 - Alu features of some gene groups and families  (Continued)    
 Gene Gene mRNA Number Number Combined Alu  Inverted 
 name length  length  of    of Alus Alu length fraction Alu 
  (bp)  (bp)  exons     (bp)   (% )  repeats?     
Glutathione peroxidases                       
 GPX1 1179  921  2   0   0    0.0   No 
 GPX2 3660  1024  2   2   454   12.4  No 
 GPX3 8631  1856  5   0   0    0.0   No 
 GPX4 2813  896  7   0   0    0.0   No 
 GPX5 8156  668  5   3   601   7.4   No 
 GPX6 12498  1712  5   3   924   7.4   Yes 
 GPX7 6679  1228  3   2   598   9.0   No 
        
ETC Complex I                          
 NDUFA1 4885  479  3   9   1702   34.8  Yes 
 NDUFA2 2283  600  3   1   310   13.6  No 
 NDUFA3 4109  360  4   6   1606   39.1  No 
 NDUFA4  6999  823  4   2   599   8.6   Yes 
 NDUFA5 16876  1550  5   5   1696   10.0  No 
 NDUFA6 5359  1202  3   7   1806   33.7  No 
 NDUFA7 10023  531  4   20   4246   42.4  Yes 
 NDUFA8 15762  859  4   11   2943   18.7  Yes 
 NDUFA9 38117  1334  11   6   1278   3.4   No 
 NDUFA10 64643 1557  10   10   2721   4.2   Yes 
 NDUFA11  9343  819  4   8   2433   26.0  Yes 
 NDUFA12 32403  600  4   33   8544   26.3  Yes 
 NDUFA13 12412  1023  4   19   4774   38.2  Yes     
 NDUFAB1 15305  804  5   16   4281   28.0  Yes 
 NDUFB1 5687  433  3   9   2396   42.1  Yes 
 NDUFB2 9966  509  4   11   2892   29.0  Yes 
 NDUFB3 13932  693  3   24   6121   43.9  Yes 
 NDUFB4 6047  541  3   1   303   5.0   No 
 NDUFB5 19714  1088  6   21   4664   23.7  Yes 
 NDUFB6 19660  862  4   14   3836   19.5  Yes 
 NDUFB7 5997  570  3   9   2246   37.5  Yes 
 NDUFB8 6140  686  5   3   924   15.0  Yes 
 NDUFB9 10864  740  4   7   1916   17.6  Yes 
 NDUFB10 2458  736  3   1   304   12.4  No 
 NDUFB11 2819  953  3   1   135   4.8   No 
 NDUFC1 5867  418  4   8   2020   34.4  Yes 
 NDUFC2 11536  2159  3   13   3767   32.7  Yes, incl. exonic pair 
 NDUFS1(1) 36385  3417  19   55   13126   36.1  Yes 
 NDUFS2(1) 15081  2061  15   13   3559   23.6  Yes 
 NDUFS3(1) 5483  899  7   3   869   15.8  Yes 
 NDUFS4 122684 668  5   49   13838   11.3  Yes 
 NDUFS5 8282  540  3   15   4064   49.1  Yes 
 NDUFS6 14660  750  4   2   602   4.1   No 
 NDUFS7(1) 11677  787  8   8   2278   19.5  Yes 
 NDUFS8(1) 6006  779  7   5   1431   23.8  No 
 NDUFV1(1) 5599  1566  10   1   294   5.3   No 
 NDUFV2(1) 31610  827  8   16   4061   12.8  Yes 
 NDUFV3 16396  2151  4   31   7211   44.0  Yes 
         
ETC Complex II                          
 SDHA 38346  2277  15   18   5241   13.7  Yes 
 SDHB 35394  1100  8   44   10826   30.6  Yes 
 SDHC 48808  1315  6   68   18037   37.0  Yes 
 SDHD 8896  1313  4   8   2127   23.9  Yes 
 
 



 129

 Table 6 - Alu features of some gene groups and families  (Continued)    
 Gene Gene mRNA Number Number Combined Alu  Inverted 
 name length  length  of    of Alus Alu length fraction Alu 
  (bp)  (bp)  exons     (bp)   (% )  repeats?     
ETC Complex III                          
 CYC1(8) 2430  1273  6   0   0    0.0   No 
 HSPC051 3045  934  2   2   595   19.5  Yes 
 QP-C 817   388  2   0   0    0.0   No 
 UQCR 8261  1305  3   13   3623   43.9  Yes 
 UQCRB 5078  965  4   2   396   7.8   No 
 UQCRC1 10667  1636  13   8   1967   18.4  Yes 
 UQCRC2 30060  1674  14   23   5925   19.7  Yes 
 UQCRFS1(8)5948  1203  2   0   0    0.0   No 
 UQCRH  13041  515  4   26   6299   48.3  Yes 
        
ETC Complex IV                          
 COX4I1(2) 7413  802  5   2   615   8.3   No 
 COX4I2(2) 7110  684  5   7   1600   22.4  Yes 
 COX5A 17754  645  5   38   9342   52.6  Yes 
 COX5B 2137  523  4   1   299   14.0  No 
 COX6A1(3) 2626  548  3   2   466   17.7  No 
 COX6A2(3) 667   425  3   0   0    0.0   No 
 COX6B1(4)  10530  578  4   20   5010   47.6  Yes 
 COX6B2(4) 5256  1679  4   2   611   11.6  Yes, incl. exonic 
 COX6C  15524  444  4   15   3011   19.4  Yes 
 COX7A1(5) 1948  783  4   0   0    0.0   No 
 COX7A2(5) 6022  470  4   7   2060   34.2  Yes 
 COX7B 5819  456  3   7   1819   31.3  Yes 
 COX7C 2800  448  3   1   297   10.6  No 
 COX8A(6) 1937  521  2   2   623   32.2  No 
 COX8C(6) 1160  531  2   0   0    0.0   No  
        
ETC Complex V                          
 ATP5A1(8) 20090  1950  13   30   8054   40.1  Yes 
 ATP5B(8) 7894  1857  10   11   2575   32.6  Yes 
 ATP5C1(8) 19672  1162  10   12   3048   15.5  Yes 
 ATP5D(8) 3076  1005  4   5   852   27.7  No 
 ATP5E 3690  498  3   0   0    0.0   No 
 ATP5F1(8) 12789 2116  7   7   1734   13.5  No 
 ATP5G1(7,8) 3086  663  5   1   272   8.8   No 
 ATP5G2(7,8) 11481  1094  5   17   4028   35.1  Yes 
 ATP5G3(7,8) 3847  1014  5   1   315   8.2   No 
 ATP5H 8120  628  6   12   3003   37.0  Yes 
 ATP5I 1898  368  4   3   589   31.0  No 
 ATP5J  11175  1303  4   8   2181   19.5  Yes 
 ATP5J2 8024  512  4   12   2646   32.9  Yes 
 ATP5L 8459  1343  3   6   1768   20.9  Yes 
 ATP5O(8) 12402  815  7   9   2640   21.3  Yes 
 ATP5S 13622  1567  5   8   2422   17.8  Yes 
 (1)Genes belonging to the “minimal” genes of complex I, (2), (3), (4) ,(5), (6) ,(7) tissue specific isoforms, (8)genes with homologues 
in bacteria. 

Gene groups and their members are provided as indicated, followed by the length of the 
gene transcripts. Gene lengths are color-coded according to their length (darker = 
longer), according to the following length intervals: 0 - <5kbp, 5kbp - <10kbp, 
10kbp - <20kbp, 20kbp - <50kbp, �50kbp. The mRNA length, number of exons, 
number of Alu repeats and the number of Alu-derived base pairs are provided as 
indicated. The fraction of Alu-derived base pairs is also provided and has been color-
coded (darker = higher Alu content) according to the following percentage intervals: 
0 - <5%, 5% - <10%, 10% - <20%, 20% - >40%, �40%. The final column identifies 
presence of inverted Alu repeat pairs, and whether these are exonic. 
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Table 7 - Alu content of gene-isoforms encoding part of complex IV of the ETC 

Gene name1 Intragenic Alu- Tissue Alu derived DNA in 
  derived DNA specificity surrounding region 
COX4I1 8.3% (2) Widely expressed (1) 19% ( 66) 
COX4I2 22.4% (7) Tissue specific(1) 41% (153) 
COX6A1 17.7% (2) Widely expressed(2) 44% (166) 
COX6A2 0% (0) Tissue specific(2) 26% (98) 
COX6B1  47.6% (20) Widely expressed(3) 38% (141) 
COX6B2 11.6% (2) Tissue specific(3) 25% (98) 
COX7A2 34.2% (7) Widely expressed(4) 10.3% (38) 
COX7A1 0% (0) Tissue specific(4) 42% (152) 
COX8A 32.2% (2) Widely expressed(5) 32% (116) 
COX8C 0% (0) Tissue specific(5) 17% (66) 

(1) Huttemann et al. (2001), (2) Fabrizi et al. (1992), (3) Huttemann et a.l (2003a), (4) Arnaudo et 
al. (1992) (5) Huttemann et al. (2003b). 

 
Several genes encoding complex IV of the electron transport chain are present in 
multiple isoforms in the human genome. These isoforms, organized pairwise in the 
table, also have distinct differences in tissue specificity, as indicated. The table 
present the percentage of Alu derived DNA within these isoforms and in the region 
surrounding the genes (measured over 100kbp centered around each gene). The 
counts of Alus inside each gene and in each 100kpb region is provided in brackets. 
Apart from the COX4I1 and COX4I2 isoform pair, the more widely expressed 
isoform in each of the remaining four pairs contains a greater fraction of Alu derived 
DNA than the isoform with low expression or very tissue specific expression. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 131

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   PRDX1              PRDX2                   PRDX3 

Figure 21 - The peroxiredoxin genes in their genomic context 
Genes are represented in the column “genes_seq” by a vertical blue line with blue boxes 
representing exons. An overview of the repetitive DNA in the regions is given in the column 
“repeats”. Each region spans 40kbp, with the peroxiredoxin in the centre. The image is adapted 
from the NCBI genome map viewer (www.ncbi.nih.gov). 

PRDX1 PRDX2 PRDX3 
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   PRDX4              PRDX5                 PRDX6 

Figure 21 - The peroxiredoxin genes in their genomic context (continued) 
Genes are represented in the column “genes_seq” by a vertical blue line with blue boxes 
representing exons. An overview of the repetitive DNA in the regions is given in the column 
“repeats”. Each region spans 40kbp, with the peroxiredoxin in the centre. The image is adapted 
from the NCBI genome map viewer (www.ncbi.nih.gov). 

PRDX4 PRDX5 PRDX6 
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Figure 22 - Exonic Alu repeat pairs in the Casp6 and Casp8 genes 

Two genes with exonic Alu repeat pairs. (a1) An Alu repeat pair with one repeat inside the 
UTR of the 3’ terminal exon of the casp6 gene, and a second Alu repeat in the preceding 
intron, and (b) an inverted Alu repeat pair completely inside the 3’terminal exon of the 
casp8 gene. The Alu repeat sequences are written in yellow and green letters for sense and 
antisense Alu repeats, respectively. The exon is on pink background and the intron is on 
white background. The stop codons for each of the transcripts has been underlined and 
typed in boldface. (a2) A secondary structure simulation, using the mfold server (Zuker 
2003), of the exonic Alu and the nearest upstream Alu in the sequence from casp6 is 
provided. The stem loop structure has been cut into three parts to fit on the page. The 
637bp loop was omitted and is instead denoted by a small oval  in the top right corner. 

(a1) 
GCTTTAAttttttttttttttgagacaaggtctcaactctgtcactgaggctgaagtgca
atggcatgatcatggctcactgcagcctcaatttctcaggctcaagcaatcctcccacct
cagcccccctgtagctgggactataggcatgcaccaccatgcttggctaactttttaatt
tttcggtagagattgggtcttgctatgttgcccaggctggtctcaaacaatcctccagcc
ttggcctcccaaagtgctgggagtacaggtatgagccattgcgTGCGTGCGTGCGTTTTT
TTTTTTTATAGTCTCACTCTGTTGCCCAGACGTGTGTGTGTGTGTGTAtttttttttttt
tttaatagtctcactctgttgcccaggcgggagtgcagtggtccaatgtcagctcactgc
aacctctgcctcctgggttcaagtgattctcctacctcagcctcccgagtagctgggaat
acaggtgcctgccaccacgccaagctaatttttgtagttttagtagagatggggtttcac
catgttggccaggctggtctcgaactcctgacctcaagtgatctgcctgcctcagcctcc
caaagtgctgggattataggcatgagccaccatgcccAACTGAAAAATATTTTGATAATG
GTTCTTTGCTTTTGTAGTAAATAATTTTGACTTCTTTTTAGTAATCTCATGTCTCAATCA
TTGTCTATCTTGGGAATTTTTTAGGAAATGGAAGAAATTATACAGAATTAACCCCGTGTA
TATAAAACTATATAGAATTAATCTCTTTTCCCATTTGAAAAGAGTCAAAAAAATTTAAAA
GCCATTTATATCATGGACACATCTTAAGACTCTTCTAAGGATTTTTAAGAACTTATACTT
CTGTAACTAAAAAGAATACACACAGTAATTGAAAGCCAGAAAACTGCAGCAACATTTTCC
TTCTCACTTTTTTAGGATATTATTCTCACCGGGAAACTGTGAACGGCTCATGGTACATTC
AAGATTTGTGTGAGATGTTGGGAAAATATGGCTCCTCCTTAGAGTTCACAGAACTCCTCA
CACTGGTGAACAGGAAAGTTTCTCAGCGCCGAGTGGACTTTTGCAAAGACCCAAGTGCAA
TTGGAAAGAAGCAGGTTCCCTGTTTTGCCTCAATGCTAACTAAAAAGCTGCATTTCTTTC
CAAAATCTAATTAATTAATAGAGGCTATCTAATTTTACACTCTGTATTGAAAATGGCTTT
CTCagccaggcgtggttactcacacctgtaatcccagcactttgggagtccaaggtgggc
ggatcacctgaggtcgggagttcgagaccagcctgaccaacatggagaagccccgtctct
actaaaaatgcaaaaaaaaatttagctaggcatggcggcgcatgcctgcaatcccagcta
cttggaaggctgaggcaggagaatcacttgaacccaggaggtggaggctgcggtgagccg
agattgcgccattgcactccagcctgggcaacgagtgaaactccgtctcaaaaaaaagaa
aaTGTCTTTCTCTTCCTTTTATATAAATATCGTTAGGGTGAAGCATTATGGTCTAATGAT
TCAAATGTTTTAAAGTTTAATGCCTAGCAGAGAACTGCCTTAAAAAAAAAAAAAAAAAGT
TCATGTTGGCCATGGTGAAAGGGTTTGATATGGAGAAACAAAATCCTCAGGAAATTAGAT
AAATAAAAATTTATAAGCATTTGTATTATTTTTTAATAAACTGCAGGGTTACACAAAAAT
CTAGCTGATTTAACTTGTATTTTGTCACTTTTTTATAAAAGTTTATTGTTTGATGTTTTT
AAAGGTTTTTGAAATCCAGGAATTAAATCATCCCTTAATAAAATATTCGAAATTCATATT

 
(b) 
TACAGAACTATCTCTGAGCACAGCAGAGGAGACAGTTCATCAGTTGCTTTCCCCCACAGA
CAGTCACAATATTATGTGATGTATTTCAGAGGCGATGATATTCTCACCATCCTGACTGAA
GTGAACTATGAAGTAAGCAACAAGGATGACAAGAAAAACATGGGGAAACAGATGCCTCAG
CCTACTTTCACACTAAGAAAAAAACTTGTCTTCCCTTCTGATTGATGGTGCTATtttgtt
tgttttgttttgttttgtttttttgagacagaatctcgctctgtcgcccaggctggagtg
cagtggcgtgatctcggctcaccgcaagctccgcctcccgggttcaggccattctcctgc
ctcagcctcccgagtagctgggactacaggggcccgccaccacacctggctaatttttta
aaaatatttttagtagagacagggtttcactgtgttagccagggtggtcttgatctcctg
acctcgtgatccacccacctcggcctcccaaagtgctgggattacaggcgtgagccaccg
cgcctggccGATGGTACTATTTAGATATAACACTATGTTTATTTACTAATTTTCTAGATT
TTCTACTTTATTAATTGTTTTGCACTTTTTTATAAGAGCTAAAGTTAAATAGGATATTAA
CAACAATAACACTGTCTCCTTTCTCTTATGCTTAAGGCTTTGGGAATGTTTTTAGCTGGT
GGCAATAAATACCAGACACGTACAAAATCCAGCTATGAATATAGAGGGCTTATGATTCAG
ATTGTTATCTATCAACTATAAGCCCACTGTTAATATTCTATTAACTTTAATTCTCTTTCA
AAGCTAAATTCCACACTACCACATTAaaaaaattagaaagtagccacgtatggtggctca
tgtctataatcccagcactttgggaggttgaggtgggaggattgcttgaacccaagaggt
caaggctgcagtgagccatgttcacaccgctgcactcaagcttgggtgacagaacaagac
cccgtctcaaaaaaaaTTTTTTTTTTAATAAAACAAAATTTGTTTGAAATCTTTTAAAAA
TTCAAATGATTTTTACAAGTTTTAAATAAGCTCTCCCCAAACTTGCTTTATGCCTTCTTA
TTGCTTTTATGATATATATATGCTTGGCTAACTATATTTGCTTTTTGCTAACAATGCTCT
GGGGTCTTTTTATGCATTTGCATTTGCTCTTTCATCTCTGCTTGGATTATTTTAAATCAT
TAGGAATTAAGTTATCTTTAAAATTTAAGTATCTTTTTTCAAAAACATTTTTTAATAGAA
TAAAATATAATTTGATCTTATTGCTCCTTGGAGATTTTTTGTGTTTGGTTTTGGTTTCTG

(a2) 637bp
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3.1.4 - Discussion 

3.1.4.1 - The globins 

Perhaps not surprisingly, in view of their functional importance, the hemoglobin 

genes do not contain any Alu repeats. It is therefore reasonable to assume that 

insertions of Alus into these genes would have a serious impact on the function of the 

genes. There are also very few other types of repetitive DNA in these genes. Clearly 

these genes are under strong selection for length, a feature that has been documented 

by others (Jhiang et al. 1988). The non-coding regions of the other globins seem to be 

less constrained by such selection, as determined by the presence of various types of 

repetitive DNA, and all of these genes contain at least one member of the Alu repeats. 

In regards to gene lengths, it should be noted that it is primarily believed to have 

an effect on the efficiency of transcription. Generally, genes producing high numbers 

of products are kept short to facilitate quick transcription and pre-mRNA processing 

(Chiaromonte et al. 2003). To keep a gene short, insertions of repetitive DNA must be 

selected against as these over time will add significantly to the total length of the 

gene. Such a selective pressure appears to exist amongst some genes in Table 6, 

especially the very short and conserved hemoglobin genes, and a few other very short 

genes. 

 

3.1.4.2 - The peroxiredoxins 

Most of the peroxiredoxin genes are dense in Alu repeats, and that density is 

mirrored in the Alu density of the surrounding regions (Figure 21). The genes PRDX5 

and PRDX6 are exceptions, both having relatively few Alu repeats within them. 

These two genes are not closely related to the other four (Seo et al. 2000), and 
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therefore may not be expected to mirror the Alu content either. Perhaps the low 

number of Alu repeats and other retroposons suggests the non-coding regions in these 

two genes are under selective pressure that does not allow for insertions of repetitive 

DNA. PRDX5 can probably be explained by a selective pressure to maintain its short 

length. PRDX6 on the other hand is a long gene (~11.5kbp) without harboring much 

retroposon-derived DNA in its introns. 

 

3.1.4.3 - The caspases 

The casp8 gene has an Alu pair entirely inside the 3’ UTR of the investigated 

transcript. Since neither of these Alus are in the protein coding region of the gene 

ADAR editing of these Alus can not change the protein function, should such editing 

occur. However, it is worth noting that secondary structures in the 3’UTR of certain 

gene transcripts have been shown to be involved in RNA localization and longevity 

(Scheper et al. 1995; Hew et al. 1999; Chabanon et al. 2005), and such a structure 

could be disrupted by ADAR editing. However, in this case it should be pointed out 

that the exonic Alus are not very homologous, and particularly the old AluJ repeat is 

quite degraded as compared to the consensus sequence for this family. This Alu pair 

is therefore less likely to form a stable secondary structure, or be a target for sufficient 

ADAR editing to alter such a structure. 

The other Alu-containing exon, in the casp6 gene, has one entirely exonic sense 

Alu repeat and another antisense Alu repeat in the upstream intron. These Alus both 

belong to the AluS family and are therefore quite homologous. Since one of the Alu 

repeats is intronic, any secondary structure formed between these two Alus would 

occur at the pre-mRNA level. Since the intron is short, the Alus are spaced by only 
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637bp (greater distances reduce the chance of base pairing between the Alus), and the 

fact that the exonic Alu is in the UTR suggests that these Alus are not of great 

importance in the expression of this gene. However, uncharacterized regulatory 

mechanisms involving such an Alu pair can not be excluded. 

 

3.1.4.4 - The Electron transport chain 

Complex I 

Complex I of the ETC is the largest of the complexes and is encoded by at least 

38 nuclear genes. All these genes have a presence of Alu repeats, and most have 

considerable amounts of intragenic Alu repeat derived DNA. Overall, this is greater 

than the genomic average of approximately three out of four genes containing at least 

one Alu repeat (Grover et al. 2004). Most of them (27 out of 38) also contain inverted 

Alu repeat pairs. The majority of these are in the middle of long introns and unlikely 

to have much impact on gene expression if they were to fold into secondary 

structures. 

The inverted Alu pair in the 3’ UTR of the NDUFC2 gene is probably also not 

ideal for formation of secondary structures as these Alu repeats belong to different 

Alu families (old and intermediate ages, respectively) and therefore have limited base 

pairing potential, as indicated by the partial structure simulation in Appendix 3. 

Whether this Alu pair and the short palindromic spacer will be able to form secondary 

structures can not be determined from the available data alone. However, since it 

would primarily be a feature of the mRNA, there would be ample time for base 

pairing to occur. Similar short imperfect palindromes have been known to form 

secondary structures in the mRNA in other genes, including the SECIS element of the 

thioredoxin reductases (Berry et al. 1991; Berry et al. 1993). 
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The “minimal” genes of complex I are believed to be the most essential 

components of this complex (Friedrich et al. 1995; Friedrich and Bottcher 2004). It is 

therefore reasonable to assume that these genes have been under greater evolutionary 

pressure than the more recently acquired subunits. However, these genes are not 

protected from Alu insertion. The same evolutionary pressure could be argued to exist 

for the five complex I genes listed in Table 6 that are not part of the “minimal” genes 

but that are known to be involved with genetic disease. All of these genes have less 

Alu-derived DNA (ranging from 4.1% for NDUFS6 to 19.5% for NDUFB6) than the 

mean Alu content of the genes encoding this complex. 

 

Complex II 

Complex II is encoded by only four genes and they all have a presence of Alu 

repeats. They also all have inverted Alu repeat pairs, some of which are potentially 

secondary structure forming. This complex is known to be implicated in genetic 

disease, which is caused by deficiencies in the expression or function of the complex 

(Bayley et al. 2005). If the inverted Alu repeats have an effect on expression through 

secondary structure formation, these must also be considered potential sites where 

mutations can cause genetic disease.  

 

Complex III 

  The genes of complex three were found the be very heterogeneous in Alu 

content. Three genes have no Alu repeats, and of these two are orthologous to genes 

in bacteria. It is possible that these genes are of greater importance than other genes, 

and thus intolerant of disruptive Alu insertions. However, the “minimal” genes of 

complex I are not protected from Alu insertions suggesting this is not a general 
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feature. Furthermore, like the third gene with no Alu repeats in this complex, QPC, 

these genes are quite short and may therefore be under selection for short lengths. 

Interestingly, the fourth least Alu dense gene, UQCRB, is the only nuclear encoded 

gene of this complex associated with genetic disease. 

 

Complex IV 

The nuclear encoded genes of this complex are very heterogeneous in their Alu 

content, ranging from 0%-53%. At least five of the subunits making up this complex 

are encoded for by multiple isoforms, and most appear to have isoform-specific 

differences in Alu content. 

The isoforms of subunit 4, encoded for by the genes COX4I1 and COX4I2, 

appear to have an intragenic Alu content that correlates with the Alu density of the 

surrounding regions. COX4I1 has the lower intragenic content of the two. Both have 

less intragenic DNA than the surrounding regions would suggest. It therefore appears 

that the genes have been subjected to random Alu insertions with some selection 

against Alu retention. The genes are known to be expressed in a tissue specific 

manner with COX4I1 ubiquitously expressed while COX4I2 in adults is expressed at 

higher levels in the lungs (Huttemann et al. 2001). 

The isoforms encoding the subunit 6a, COX6A1 and COX6A2, have only minor 

differences in intragenic Alu content with two and zero Alu repeats, respectively. The 

regions surrounding the genes are both dense in Alu repeats but with a higher 

percentage for the region surrounding COX6A1. There is therefore some degree of 

correlation between the Alu content of these genes and their surrounding regions. 

However, the very low percentage in both genes, as compared to the high intergenic 

Alu content suggests both are selecting against insertions, perhaps to maintain short 
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lengths. The two isoforms are expressed differently with COX6A1 being ubiquitously 

expressed and COX6A2 expressed in muscle (Fabrizi et al. 1992). 

Complex IV, subunit 6b, has two isoforms, COX6B1 and COX6B2. There is a 

large difference in the intragenic Alu content of these isoforms, with COX6B1 having 

significantly more. There appears to be some degree of correlation between intergenic 

and intragenic Alu-derived DNA for both genes. Interestingly, however, COX6B1 is 

enriched in Alu-derived DNA compared to its surroundings, while COX6B2 has less 

than its surroundings. The youngest of the two isoforms (COX6B2) is expressed in 

testis and is believed to have formed from a gene duplication event 250-300 million 

years ago (Huttemann et al. 2003a). COX6B1 is abundantly expressed. 

The two Alus in the testis-specific transcript are both inside the UTR of the  

UniGene transcript GI:40538807. If this represents the actual transcript, it opens up 

for the possibility that this transcript can form a large secondary structure in its 

3’UTR (Appendix 3). Such a structure may for instance be involved in selection of 

the polyA site or otherwise be involved in regulation of expression. However, other 

EST entries into the UniGene database for this gene (e.g. GI:34190657 and 

GI:40353034) suggest the predominant transcript is shorter than the one used to 

obtain the values in Table 6 and that the polyA site is actually located in the spacer 

between the inverted Alu repeat pair. The downstream repeat may therefore not be 

transcribed at all, depending on the actual site of transcription termination. The 

sequence of a putative polyA signal indicated in Appendix 3, 5’ATAAA, does not 

follow the consensus sequence of 5’AATAAA or ATTAAA. However, non-

consensus polyA signals are used by some genes (Myers et al. 1983; Hook and 

Kellems 1988) and since no other sequences are found that closely match the 

consensus elsewhere in the 3’UTR, that is most likely the actual polyA signal. 



 140

Subunit 7a is encoded by the two isoforms COX7A1 and COX7A2. These are 

also quite dissimilar in Alu content. Interestingly, the more Alu dense copy, 

COX7A2, is located in a region with a low percentage of Alu-derived DNA. The 

opposite is true for COX7A1, which has no intragenic Alu repeats but is located in a 

region with 42% Alu-derived DNA. COX7A1 is a tissue-specific isoform with highest 

levels of expression in heart and muscle. It has also been shown to be conserved 

between different mammalian species (Taanman et al. 1992; Wolz et al. 1997; 

Drogemuller et al. 2001). COX7A2 is widely expressed (Arnaudo et al. 1992). The 

lack of Alus and other retroposons in COX7A1 may suggest that the gene is under 

selective pressure to maintain its short length, or there may be regulatory elements in 

the introns, perhaps associated with splicing, that would be disrupted if retroposons 

were inserted. 

The last complex IV subunit that has been found to have separately encoded 

isoforms is subunit 8, encoded by COX8A and COX8C. The latter of these is the 

younger copy, believed to be at least 91 million years old (Huttemann et al. 2003b). 

Its expression pattern is not yet known but likely to be very low, or highly specific 

(Huttemann et al. 2003b). At 91 million years, and from its presence in mice, the 

younger gene would have arisen prior to the evolution of Alu repeats, however, no 

such repeats are found within it. The older copy, COX8A, has two intronic Alu 

repeats. While these isoforms are located in regions that largely reflect their Alu 

content both genes are very short. It is therefore possible that also these two genes 

select against Alu insertions to maintain short gene lengths. 

There are a number of possible explanations for the distribution of intronic and 

intergenic Alus associated with many of the preceding genes. It may simply be due to 

different expression of the two genes in the germ-line, which is the only place in 
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which Alu insertions can become fixed in the population and it may be caused by 

some genes being under selection to maintain short lengths. However, while Alu 

insertions are mostly associated with a negative [yet tolerable effect] it is also possible 

that Alus offer an advantage to one gene while being disadvantageous to another. A 

proposed selective advantage may be the involvement of Alu repeats in as-of-yet 

uncharacterized mechanisms of expression regulation. 

 

Complex V 

The genes of complex V offer another interesting example of gene duplicates. 

According to Yan et al. (1994) the genes ATP5G1-3 must have formed from 

duplication events where ATP5G3 is presumed to be the older copy due to a lower 

DNA sequence homology  (80%) as compared to the other two copies. ATP5G1 and 2 

were found to be 90% identical to each other. This relationship is interesting since the 

genes from the most recent duplication have very dissimilar Alu contents of 8.8% and 

35.1% comprised of 1 and 17 Alu repeats, respectively. It should be noted that the two 

genes from the more recent of the two duplication events are also found in cow (Yan 

et al. 1994), and both duplication events thus predate the introduction of Alu repeats. 

It is therefore possible that Alu insertions are tolerated (or selected for) in one gene, 

whereas the other is highly intolerant of them. However, because the only gene with 

inversely correlated intragenic and intergenic Alu content is ATP5G1, it seems most 

likely that this gene has not tolerated Alu insertions. The other two genes do not seem 

to be affected by Alu insertions and have acquired a similar intragenic Alu content to 

that of their surrounding regions. 
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3.1.5 - General conclusions 

There are few obvious patterns in the distribution of Alu repeats in the gene 

groups that were investigated. There is general trend that short genes are deprived of 

Alu repeats, despite being located in regions that clearly have a high concentration of 

Alu repeats. Presumably these genes select against Alu insertions in their introns in 

order to maintain their short length. This is probably a constraint imposed by 

evolution to keep introns short and facilitate rapid transcription, as proposed by  

Castillo-Davis et al. (2002). 

Of the five subunits of complex IV that have separately encoded isoforms, all 

but one seem to have a higher Alu content in the more widely expressed isoform 

(Table 7). However, the Alu content generally correlates to some extent with the Alu 

contents in the surrounding regions. Interestingly, it seems to be a trend that the genes 

with isoforms do not have intragenic Alu contents that closely reflects the nearby 

intergenic regions. Selective forces therefore seem to be involved, either promoting or 

demoting Alu insertions inside genes. This may be  a feature of these particular type 

of genes, or a general feature of most genes. However, only some genes were 

investigated for the Alu content of surrounding regions in this survey. This must be 

expanded upon for any conclusive pattern to emerge. 

The most interesting genes found in this survey are those with very different 

intragenic and intergenic DNA. Such genes may have evolved by a process of 

selective retention of Alu repeats, possibly due to involvement in some regulatory 

mechanism. More research needs to be undertaken into the possible function of 

intronic Alu repeats, and these genes may be appropriate as initial targets for such 

experimental research . 
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The incentive for carrying out this survey was to investigate the prevalence of 

inverted Alu repeats in the hope of finding a general pattern amongst this diverse 

selection of genes. No conclusive pattern was found, and the presence of inverted Alu 

repeats seem to be more a feature of Alu density than gene/protein function. It was 

concluded that this sample size is too small for conclusive patterns to emerge, and a 

genome-wide survey of inverted Alu repeats was carried out to address that 

shortcoming (Chapter 4). 
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3.2 - Pseudogenes and the electron transport chain 

This section presents and discusses pseudogenes associated with the genes 

encoding the electron transport chain. This section has also been accepted for 

publication in a form similar to the version below (Oey et al. In print). It was included 

in the thesis due to the many parallels between retrotransposons and pseudogenes, 

such as the mechanism behind their insertions, the seemingly random nature of the 

insertion sites and because of their proven and potential functional importance in the 

genome. 

3.2.1 - Introduction 

Pseudogenes are a well known genomic feature of virtually all types of living 

organisms. An exact definition of a pseudogene is hard to state; however, in order to 

be considered a pseudogene, a sequence should be paralogous to a functional parent 

sequence, a gene, and it should have lost the function of that parent gene. 

Pseudogenes are therefore mostly non-functional relics under minimal or no selective 

pressure. They are free to accumulate mutations and therefore usually only have 

limited homology to the functional paralogous gene. 

In mammals, there are two main types of pseudogenes; the processed 

pseudogenes and the duplicated pseudogenes (Vanin 1985; Goncalves et al. 2000). 

Duplicated pseudogenes are formed through recombination events or unequal 

crossing over of chromosomal DNA. In order to become a pseudogene, the duplicated 

gene must be disabled either transcriptionally, because of missing or damaged 

promoters or transcription initiation signals, or translationally due to mutations 

causing premature stop-codons, frameshift mutations, etc (Prince and Pickett 2002; 

Torrents et al. 2003; Zhang et al. 2003). 
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Processed pseudogenes are formed via an entirely different mechanism; it is 

believed that these sequences originate from processed messenger RNA transcripts 

(mRNA) that are reverse transcribed and reinserted back into the genome. These 

sequences are therefore intronless copies of the paralogous gene and are often found 

with remnants of post-transcriptionally added polyA-tails at their 3’ ends (Weiner et 

al. 1986; Pavlicek et al. 2002). 

The mechanism used in the reverse transcription event is believed to involve 

LINE1. LINE1 has two open reading frames, one of which encodes a reverse 

transcriptase that facilitates the reverse transcription and re-insertion back into the 

genome of LINE1s own transcript (Hattori et al. 1986; Luan and Eickbush 1995; Cost 

et al. 2002). Insertion of the Alu repeat, a SINE, involves use of the same mechanism 

and has led to the incorporation of more than 1.1x106 Alu copies spread throughout 

the human genome (Grover et al. 2004). Processed pseudogenes are also believed to 

rely on the same mechanism. It has even been shown that these pseudogenes had their 

greatest insertion rates concurrently with the Alu repeats, suggesting a shared 

mechanism for retroposing. In mice however, which do not have Alu repeats, the 

insertion rates  of processed pseudogenes appear to follow that of LINE1 (Zhang et al. 

2003; Zhang et al. 2004). 

Since processed pseudogenes are formed from RNA transcripts, it is perhaps not 

surprising that genes transcribed at high rates also tend to have greater numbers of 

processed pseudogenes (Goncalves et al. 2000). It has also been shown that shorter 

genes that are expressed in a wide variety of tissues also have more pseudogenes. The 

latter feature is probably caused by a requirement for the gene to be expressed in the 

germ-line in order to become fixed in the population (Goncalves et al. 2000). Most 
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housekeeping genes, including the genes involved with metabolic pathways, satisfy 

these parameters. 

Pseudogenes are generally considered to be junk DNA; non-functional DNA 

sequences that are not under any form of selective pressure and thus free to 

accumulate mutations and eventually lose coding capacity. While this assertion is 

generally true, there are exceptions and multiple examples of pseudogenes that are 

transcribed have been documented (Balakirev and Ayala 2003; Harrison et al. 2005). 

There are even suggestions that some are translated (McCarrey and Thomas 1987; 

Bristow et al. 1993; Ramos-Onsins and Aguade 1998). Furthermore, some 

pseudogenes have been shown to be involved in the regulation of the expression of 

their parent genes, which further complicates the definition of a pseudogene 

(Troyanovsky and Leube 1994; Podlaha and Zhang 2004). Other more theoretical 

functions of pseudogenes have also been proposed. These especially included the 

potential for pseudogenes to be transcribed in antisense and form RNA duplexes with 

the original mRNA transcript, thus affecting their expression (Zhou et al. 1992; 

Bristow et al. 1993; Weil et al. 1997). 

Some of the most fundamental proteins in eukaryote cells are the ones involved 

with the ETC and ATP production. These proteins reside at the inner mitochondrial 

membrane (Scheffler 2001; Berry 2003). While many of these proteins are thought to 

have been once encoded by the mitochondrial genome itself, and some still are, the 

majority are now encoded by the nuclear genome (Berg and Kurland 2000; Kurland 

and Andersson 2000). Most of the genes in this group fit the parameters for genes 

likely to give rise to processed pseudogenes quite well, and not surprisingly, most of 

them have done just that. An overview of the ETC genes and their pseudogenes is 

presented. 
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3.2.2  - Methods 

The mRNA sequences for the genes of the ETC (Table 8), were retrieved from 

ENSEMBL (www.ensembl.org). The corresponding gene sequence was retrieved 

from NCBI, human genome version 35.1. Paralogous DNA sequences were found 

using “cross-species MegaBLAST” (Altschul et al. 1990), at www.ncbi.nih.gov, 

allowing for more diverged sequences to be aligned. The searches were performed 

without filters for repetitive DNA unless such a filter was required to obtain a search 

result; no other advanced settings were defined. Aligned sequences were matched 

with corresponding entries at Pseudogene.org, available at www.pseudogene.org. 

Only aligned sequences longer than 200bp were included, no minimum score-

threshold was otherwise defined. Pseudogenes with discontinuous alignments were 

considered to be single processed pseudogenes unless the gaps matched the splice 

sites of the parent gene. 

Statistical analyses were carried out using SPSS v.14.0, SPSS Inc. The graphs, 

regression lines and associated values were calculated using the “Curve Estimation” 

feature of the program with pseudogene counts as dependent variables and gene 

features (exon counts, gene lengths and mRNA lengths, respectively) as independent 

variables. 

 

3.2.3 - Results 

A total of 73 nuclear encoded genes known to be involved with the electron 

transport chain were analyzed for pseudogenes, both from entries at Pseudogene.org 

and through BLAST-searches (Altschul et al. 1990) of the human genome. It was 

shown that at least 51 genes out of the 73 genes analyzed did have one or more 

pseudogenes, and about half of these genes had more than one pseudogene (Table 8). 
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Only four duplicated pseudogenes were found in this survey, all of which seem to 

have originated from the same gene, SDHA. ETC complex I was the complex with 

the greatest number of genes associated with it, and yet surprisingly it also has the 

smallest fraction of genes with pseudogenes. Using the sample set in Table 8, there 

does not appear to be any significant correlations between the pseudogene counts and 

exon number, gene length and mRNA length (Figure 23). 
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Table 8 - Genes and pseudogenes of the ETC           

ETC     Gene   Gene  mRNA   Count    Count of   
Complex    name   length  length   of exons  pseudogenes   
ETC Complex I  NDUFA1  4885  479   3    2   

NDUFA2  2283  600   3    1   
NDUFA3  4109  360   4    5   
NDUFA4   6999  823   4    25   
NDUFA5  16876  1550   5    14   
NDUFA6  5359  1202   3    None   
NDUFA7  10023  531   4    None   
NDUFA8  15762  859   4    None   
NDUFA9  38117  1334   11    1   
NDUFA10  64643  1557   10    None   
NDUFA11  9343  819   4    None   
NDUFAB1 15305  804   5    1   
NDUFB1  5687  433   3    2   
NDUFB2  9966  509   4    1   
NDUFB3  13932  693   3    5   
NDUFB4  6047  541   3    11   
NDUFB5  19714  1088   6    2   
NDUFB6  19660  862   4    1   
NDUFB7  5997  570   3    None   
NDUFB8  6140  686   5    4   
NDUFB9  10864  740   4    4 
NDUFB10  2458  736   3    2   
NDUFB11  2819  953   3    1   
NDUFC1  5867  418   4    1   
NDUFC2  11536  2159   3    None   
NDUFS1  36385  3417   19    None   
NDUFS2  15081  2061   15    None   
NDUFS3  5483  899   7    None   
NDUFS4  122684 668   5    None   
NDUFS5  8282  540   3    7   
NDUFS6  14660  750   4    1   
NDUFS7  11677  787   8    None   
NDUFS8  6006  779   7    None   
NDUFV1  5599  1566   10    None   
NDUFV2  31610  827   8    2   

       NDUFV3  16396  2151   4    None     
ETC Complex II  SDHAa  38346  2277   15    4   

SDHB   35394  1100   8    1   
SDHC   48808  1315   6    5   

        SDHD   8896  1313   4    8      
ETC Complex III  CYC1   2430  1273   6    None   

HSPC051  3045  934   2    1   
QP-C   817  388   2    5   
UQCR   8261  1305   3    1   
UQCRC1  10667  1636   13    None   
UQCRC2  30060  1674   14    3   
UQCRFS1  5948  1203   2    3   

        UQCRH   13041  515   4    6      
ETC Complex IV  COX4I1  7413  802   5    2   

COX5A  17754  645   5    4   
COX5B  2137  523   4    8   
COX6A1  2626  548   3    7   
COX6B1   10530  578   4    7   
COX6C   15524  444   4    30   
COX7A1  1948  783   4    None   
COX7B  5819  456   3    10   
COX7C  2800  448   3    6   

       COX8A  1937  521   2    None     
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Table 8 - Genes and pseudogenes of the ETC  (Continued)       
ETC     Gene   Gene  mRNA  Count    Count of   
Complex    name   length  length   of exons  pseudogenes   
ETC Complex V  ATP5A1  20090  1950   13    9   

ATP5B  7894  1857   10    2   
ATP5C1  19672  1162   10    1   
ATP5D  3076  1005   4    None   
ATP5E  3690  498   3    2   
ATP5G1b  3086  663   5    15   
ATP5G2b  11481  1094   5    14   
ATP5G3  3847  1014   5    3   
ATP5H  8120  628   6    4   
ATP5I   1898  368   4    None   
ATP5J   11175  1303   4    5   
ATP5L  8459  1343   3    12   
ATP5O  12402  815   7    2 

        ATP5S   13622  1567   5    None     
a The four pseudogenes for SDHA are all duplicated pseudogenes 
b The genes ATP5GI and ATP5G2 have homologous coding sequences and therefore align with the 

same pseudosequences. 
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Figure 23 - Regression analyses of pseudogene counts versus gene features 

Scatter plot of the number of pseudogenes for a gene versus the inverse of (a the 
number of exons encoding the parent gene, (b the length of the parent gene in base 
pairs and (c the length of the mRNA transcribed from the parent gene in base pairs. 
The inverse values were used since an inverse relationship was expected between the 
independent variables exon counts, gene length and mRNA length versus the number 
of pseudogenes (designated as dependent variables for the statistical analyses). It can 
not be show statistically that the number of pseudogenes originating from the genes in 
Table 8 is related to either (a the number of exons, (b gene lengths or (c the mRNA 
lengths of these genes with p-values  >>0.05 for all. The very low r2 values for the 
best fit linear regression lines, (a 0.008, (b 0.001 and (c 0.034, respectively, suggest 
that there is minimal correlation between the x and y values plotted on the graphs.  
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3.2.4 - Discussion 

It is evident that pseudogene formation is a common feature of the ETC genes. 

There are a number of potential reasons for this. The most important reasons are 

probably the fact that the ETC genes are housekeeping genes, and therefore are 

constantly transcribed at high levels and with little tissue specificity, consistent with 

genes that are likely to form pseudogenes as defined by Goncalves et al. (2000). 

However, the relationship between exon number and gene lengths shown by 

Goncalves et al. (2000) can not be confirmed using the dataset in Table 8, presumably 

due to the low sample size of this set or because the dataset does not contain genes 

that are representative for the remaining genes of the human genome. 

The ETC genes seem to almost exclusively form processed pseudogenes rather 

than duplicated pseudogenes. The reason for this preference is probably that 

duplicated pseudogenes are formed via an entirely different process than processed 

pseudogenes. The process of retropositioning favors highly transcribed housekeeping 

genes, such as the genes of the ETC. The recombination events that form duplicated 

pseudogenes, however, should not be significantly affected by the transcriptional 

nature of a gene, and such pseudogenes are therefore relatively less common amongst 

these genes. 

Some, but not all, of the nuclear ETC genes originate from the mitochondrial 

genome. While some of these mitochondrial genes persist in this genome, most have 

now been transferred to the nuclear genome where they have taken on eukaryotic 

characteristics. Exactly which genes this involves is not completely understood 

(Kurland and Andersson 2000; Gabaldon and Huynen 2004). The large difference 

seen between the different genes and complexes of the ETC for processed pseudogene 

formation may be due to these different origins. The age of a gene in the nuclear 
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genome may dictate how many processed pseudogenes they have had time to form 

and a mitochondrial versus a genomic origin of genes may also have had an effect on 

pseudogene formation. 

It seems that complex I has a lower percentage of genes with processed 

pseudogenes than the other complexes. Many of the genes encoding the proteins of 

this complex are believed to be of a nuclear origin since the mitochondrial genome is 

not believed to have supported the high number of proteins associated with it (Walker 

1992; Weidner et al. 1993; Carroll et al. 2002; Gabaldon et al. 2005). Perhaps the 

greater number of genes from a non-mitochondrial origin is one reason for this effect. 

A number of the entries in Table 8 have Alu repeats within them These 

sequences are sometimes mistakenly considered to be duplicated pseudogenes in 

some entries in pseudogene datasets such as pseudogene.org (Zhang et al. 2003; 

Harrison et al. 2005) and other datasets (Torrents et al. 2003; Khelifi et al. 2005). 

However, the presence of intervening retroposons, such as Alu repeats or LINE1, and 

lack of splice-sites matching the paralogous parent gene, suggest these are actually 

processed pseudogenes. 

Some entries in Table 8 are identical for different genes. This is probably due to 

a common origin or exchange of genetic material between these genes. This survey 

primarily looks at genomic regions with high similarity to each gene of the ETC, it 

does not try to identify the origin of each such pseudogene sequence. Therefore, some 

sequences are strictly speaking not pseudogenes of the genes in Table 8, but rather 

just homologous sequences originating from a paralogous gene. 

It is evident that processed pseudogenes may pose significant problems when 

using various methods common in molecular genetics research. These especially 

include protocols that involve reverse transcription of mRNA, such as real-time PCR. 
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A processed pseudogene is an exact replica of an mRNA transcript, incomplete 

removal of genomic DNA may therefore cause false positive results when amplifying 

cDNA from these genes. 

Poorly designed primers may also cause amplification of processed pseudogenes 

when the target is the genomically encoded gene itself. Use of primers that bind 

intronic DNA or at exon intron boundaries mediates this problem. However, if the 

gene has a duplicated pseudogene the problem will persist regardless of where the 

primers bind since such pseudogenes also have the same intronic sequences. 

Duplicated pseudogenes are well known to cause such problems (Kreuzer et al. 1999; 

Zheng et al. 2005). 

An overview of the genes and pseudogenes of the respirome is a valuable 

resource for molecular genetics research into the genes of the ETC, and may prove to 

limit problems surrounding primer design and non-specific amplification during PCR 

and reverse transcription of mRNA. 
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Chapter 4        
                             

                           
 Global approach 

 
This chapter deals with approaches that did not target specific genes, gene-

families or minor genomic regions. Three human genomic analyses will be presented 

and discussed. The first two are analyses of the Alu content of chromosome 7 and 19 

correlated with all the known genes encoded by these chromosomes. The analyses 

allow us to visualize the distribution of Alus in great detail and in their genomic 

context and are intended as a graphical tool for locating genes dense in Alu repeats for 

further in-depth research. They also confirm the correlation between Alus density and 

gene density, as previously determined by others (Castillo-Davis et al. 2002; 

Chiaromonte et al. 2003). 

This chapter also presents results from a comparative genomics analysis of Alu 

repeats in some primate genomes. While these analyses were rather limited in size and 

scope they are presented in this chapter due to the potential benefits such an approach 

would have if carried out on a larger scale. 

The third analysis is a human genome-wide survey of all Alu repeats 

immediately flanking exons of all the known human genes. This analysis involved 

searching for patterns in Alu distribution that might identify non-random Alu 

insertion events, or some other kind of selective pressure that either promotes or 

counteracts Alu repeat insertions in these regions. 
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4.1 - Alu repeat density of chromosomes 7 and 19 

From analyses of the Alu content of single genes it is evident that Alu repeats 

are a common feature that has a huge effect on the sequence of, in particular, the non-

coding regions of genes. Whether these Alu repeats have a function has still not been 

determined. However, investigations into the distribution of Alu repeats may offer 

some clues towards that end. 

Several studies into Alu repeat distribution had been undertaken by others prior 

to this study, and several more have been carried out after the study presented herein 

was carried out. Some findings from others’ analyses of Alu distributions in the 

human genome, and inside genes, are represented in the literature review 

section 1.2.2. Our study differs from these in that it is meant to be a tool to visualize 

Alu repeat density in the human genome, and allow us to locate genes and regions 

rich in Alu repeats for further analyses. It is not suitable for statistical analyses and 

does not address the direction of the Alu repeats in these regions. 

 

4.1.1 - Methods 

The sequence of the genomic regions from chromosome 7 and 19 were obtained 

from NCBI (http://www.ncbi.nlm.nih.gov), build 34 version 3. The sequences were 

analyzed for Alu repeats using Smit et al.’s (unpublished data) RepeatMasker and 

RepBase version 9.01 human repeat reference libraries (Jurka 2000). Repeatmasker 

was run locally using the command line parameters –h –alu –noins –s -no_is –nolow 

-frag 2000000 -max 80000000. The outputs were imported in Microsoft Excel 

(version 10.2605.2605) and the Alu repeat content per 5kbp and 10kbp of genomic 

DNA was calculated. The genes located in these regions were obtained as graphical 
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representations from the NCBI genome map viewer 

(http://www.ncbi.nlm.nih.gov/mapview) and superimposed onto a bar graph of the 

Alu density in each region. To obtain a good resolution of all the genes in the region, 

the x-axis was designed to be ~1m wide per 10mbp. The validity of the graphical 

representation was verified by manually mapping the Alu repeats of randomly 

selected genes throughout the two chromosomes. 

 

4.1.2 - Results 

Two chromosomes (7 and 19) were analyzed in their entirety for Alu repeat 

density relative to the genes in these regions. Both chromosomes were chosen because 

of their completeness at the time the analysis was carried out, and there are therefore 

no major gaps in the analysis. The graphs had to be made several meters wide in order 

to obtain a resolution that allowed distinguishing between individual genes and exons. 

Due to that large size, only highly compressed versions of the regions can be 

presented in this report (Figure 24, Figure 25 and Figure 26). However, four small 

sections of the full-size graph are reproduced in Appendix 4 and Appendix 5.  

A common feature in all the graphs is the correlation between gene density and 

Alu repeat density. This is a particularly obvious feature in the graph of chromosome 

7 (Figure 24 and Figure 25) where most (but not all) genes co-cluster with Alu 

repeats. The correlation is more evident when drawn as a scatter-plot of the gene 

density versus Alu density. The best linear curve estimation has an r2 value of 0.416. 

An ANOVA carried out on the data provides an F-value of 108.094 with an 

associated P-value of <0.001. The P-value in this case indicates that there is a very 

high chance that the independent variable (defined as gene density) can be used to 

reliably predict Alu density (Figure 27). Such a positive correlation is also observed 
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between genes and Alu repeats on chromosome 19 (Figure 28), although a linear 

correlation carried out on a scatter-plot of gene-density versus Alu density (using gene 

density as the independent variable) provides a lower r2 value of 0.321. An ANOVA 

carried out on the data provides an F-value of 26.061 with an associated P-value of 

<0.001, suggesting it is highly likely that the gene density can be used to predict Alu 

density on chromosome 19. It is also interesting to note the difference in Alu content 

between the two chromosomes with most values (99/154) clustering below 10% Alu 

derived DNA for chromosome 7 (Figure 27), whereas most values (42/57) cluster at 

or above 20% Alu derived DNA for chromosome 19 (Figure 28). 
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Figure 27 - Scatter-plot of  Alu density versus gene density, chromosome 7 

The graph shows the density of genes (x-axis) per million base pairs (mbp) plotted 
against the percentage of Alu-derived DNA (y-axis). The linear curve that best fits the 
data (R2 value of 0.416) is indicated on the graph. An ANOVA carried out on the 
data, using gene density as the independent variable, provided an F-value of 108.094 
with an associated P-value of <0.001, suggesting it is highly likely that the gene 
density can be used to predict Alu density. The graph and accompanying calculations 
were produced in the program SPSS version 14.0 (SPSS inc.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 28 - Scatter-plot of  Alu density versus gene density, chromosome 19 

The graph shows the density of genes (x-axis) per million base pairs (mbp) plotted 
against the percentage of Alu-derived DNA (y-axis). The linear curve that best fits the 
data (R2 value of 0.321) is indicated on the graph. An ANOVA carried out on the 
data, using gene density as the independent variable, provided an F-value of 26.061 
with an associated P-value of <0.001, suggesting it is highly likely that the gene 
density can be used to predict Alu density. The graph and accompanying calculations 
were produced in the program SPSS version 14.0 (SPSS inc.). 
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4.1.3 – Discussion 

The distribution of Alu repeats across genomes and relative to genes has been 

characterized in the past, although not with the same chromosome and gene specific 

focus as presented here. Amongst other things, these investigations have shown that 

Alu repeats tend to cluster in regions that are dense in genes (Chen et al. 2002; Grover 

et al. 2004), they tend to be located inside genes (Chen et al. 2002) and that different 

categories of genes, sorted by the function of the protein products, tend to acquire 

similar concentrations of Alu repeats (Grover et al. 2003). Furthermore, it has been 

shown how genes that are long tend to produce less mRNA than genes that are short; 

hence, a region with long genes will be transcriptionally less active than a region with 

many short genes (Castillo-Davis et al. 2002; Chiaromonte et al. 2003). 

  Most of the above mentioned features can be visually confirmed from the 

graphs, however this type of scalable graphical representation of Alu repeat density 

relative to genes is also a useful tool to locate genes, and even introns, that are 

particularly dense in Alu repeats. In these graphs an interesting long gene was also 

located that has an Alu content dramatically different than that of its surrounding 

region (Appendix 4). This gene, AUTS2 (autism susceptibility candidate 2), is 

particularly long (1.2mbp), with a very high density of Alu repeats flanking its 5’ end, 

as compared to very few Alus in the intronic regions. The reason for the low Alu 

content of this gene was not uncovered, however, added length is clearly not the issue. 

It is possible that secondary structure forming elements in introns of this magnitude, 

forming intron lariats of up to 400kp, are selected against. Several other long genes 

with similar Alu features were also found, and many genes were selected and 

characterized more carefully for Alu repeat distributions (most of these are omitted 

from this report).   
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4.2 - Comparative genomics approach 

4.2.1 - Introduction 

Alu repeats are a feature that is unique to the order of primates. Arguably, it is 

also the most significant genomic feature in the genomes of the higher primates. In 

the human there are more than 1x106 copies spread throughout, and importantly, they 

seem to have a preference for intragenic regions (Blinov et al. 2001; Grover et al. 

2004).  Due to the preference for insertions in functionally important regions, these 

elements may themselves have some general functional significance. This preference 

could be as secondary structure forming elements in pre-mRNA. If these elements 

play such a role, they may be under the influence of natural selection. Natural 

selection in this context implies sequence conservation, a feature that may be 

investigated by the use of comparative genomics. 

The natural history of the Alu repeats in primates is reviewed in section 1.2.5. 

From the information presented in that section, it seems that most Alu repeats in 

humans belong to the old AluJ and the intermediate age AluS families (Britten 1994) 

(Figure 1). Primates that diverged from our lineage during the time these families 

were most active may therefore have a different composition of Alu repeats, as 

compared to the human genome. The primates that diverged after the peak insertion 

time of the AluS family, which includes some of our close relatives, the great apes, 

will share most Alu insertions with our own genome. 

Significantly, during the active period of the AluS, the Cercopithecidae and 

Hominidae split (Shen et al. 1991; Mighell et al. 1997; Goodman et al. 1998), and 

these should therefore harbor a mix of unique Alu insertions as well as some that are 

also shared with the human genome. A comparative genomics approach was therefore 

attempted whereby genomic DNA from other higher primates was aligned with the 
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corresponding human genomic regions. The hypothesis was that there will be a 

pattern of conserved, or preferred, Alu repeat positions in primate species that have 

evolved along different evolutionary paths. This pattern should be apparent in regions 

were Alu repeats could assert an effect, such as in introns near splice sites or across 

splice sites. Baboon was used as the primary target for the analyses, however, other 

primate sequences were also investigated. 

 

4.2.2 - Methods 

The genomic sequences that were used for these analyses were obtained from 

the National Institute of Health Intramural Sequencing Center (NISC, 

http://www.nisc.nih.gov/). The NISC sequences that were investigated were: for olive 

baboon (Papio anubis); target 1 (~1.5mbp), target 2 (~3mbp), target 4 (~4mbp), target 

6 (~1.4) and target 10 (~330kbp) and for rhesus macaque (Macaca mulatta); target 1 

(~1.5mbp). Only the parts of the NISC target sequences that were available as of 

September 2003 were analyzed. The corresponding human genomic regions were 

located using BLAST (Altschul et al. 1990) and the associated sequence data was 

obtained from NCBI (http://www.ncbi.nlm.nih.gov). All the sequences were analyzed 

for Alu repeats using Smit et al.’s (unpublished data) RepeatMasker. Genes in the 

target regions were identified using the NCBI genome Map Viewer, and the 

corresponding genes’ mRNAs were aligned with the genomic DNA using BLAST. 

The genomic DNA from baboon and macaque was aligned pairwise with the 

corresponding human genomic DNA, both manually and via ClustalX (Thompson et 

al. 1994). ClustalX was run locally on a PC workstation. Potential secondary structure 

forming Alu repeat sequences were analyzed using Zukers (2003) mfold program. 
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4.2.3 - Results 

Most of the investigated target sequences were found to be almost devoid of Alu 

repeats, and consequently only a few interesting inverted Alu repeats were found. The 

region that was investigated from the rhesus macaque genome was found to have 

~8.5% Alu-derived DNA in the ~1.5mbp region that was analyzed. Due to that low 

Alu content there are very few closely spaced Alu repeats in this region and no 

closely spaced exon-spanning inverted repeats were found. This region was also 

investigated in baboon with 8.7% Alu-derived DNA. The corresponding region in 

humans has 8.2% Alu-derived DNA. 

The amount of Alu-derived DNA in the additional baboon targets were found to 

be 41% for target 2 (40.6% in the orthologous human region), 19.9% for target 6, 

(19.1% in the orthologous human region) and 29.7% for target 10, (27.3% in the 

orthologous human region). 

Accurate alignments with respect to Alu repeats in the genomic regions of these 

organisms were only carried out on a subset of sequences as manually aligning the 

complete set was deemed unfeasible. From these it is clear that even though the 

percentage of Alu-derived DNA is similar between the different organism many of the 

Alu insertions are still species specific. Of the 500kbp of target 2 that was accurately 

aligned with the human genome, ~30 Alus were found to be species specific to 

baboon while ~13 were specific to humans. Of  target 10, only 100kbp was accurately 

aligned to the human genome, revealing 20 species specific baboon Alu repeats, and 4 

specific  human Alu repeats. Other regions that were partially aligned reveal great 

heterogeneity in Alu insertions, especially in intergenic regions where large species 

specific Alu clusters often are encountered in both species. These clusters make 

accurate alignments particularly challenging. However, from the partial alignments 
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there seem to be a greater number of insertions in the baboon genome than in the 

human genome. 

While the aim of the survey was to investigate differences or similarities in the 

distribution of inverted Alu repeats caused by species specific Alu insertion events, 

only a few of these were encountered in positions that were deemed significant, such 

as in proximity to splice sites and are not presented. However, while pairwise 

alignments were only carried out on a subset of sequences all the genes in the entire 

target regions were investigated for presence of inverted Alu repeats as well as 

potentially conserved Alu repeats without performing a direct alignment with the 

entire corresponding human genome sequence. Some of these inverted Alu repeats 

were folded using Zukers (2003) mfold program and are presented below. 

The first secondary structure prediction is from a region in the baboon genome 

that contains the gene SMG1. This gene was found to have a number of inverted Alu 

repeats including one exon-spanning pair. The exon-spanning pair, presented in 

Figure 29, is comprised of Alu repeats that belong to the AluSc and AluSx 

subfamilies. The regions from both species’ genomes fold into classical stem loop 

structures; however, there are major differences between the two, as illustrated by the 

difference in the structures in Figure 29. Since the Alu repeats belong to the AluS 

family, they would have had quite similar sequences at the time of insertion. The 

mismatches that are seen in the stems were therefore introduced after these were 

inserted, and are only to a small extent the results of the endogenous differences 

between the subfamilies (an alignment of the consensus sequences for the two 

subfamilies is presented in Appendix 6). Furthermore, the Alu insertions would have 

occurred a relatively short period of time prior to the divergence of the two lineages 

that eventually gave rise to humans and baboons. This short period of time is also 
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reflected in the few identical mismatches in the stem of the stem-loop structure from 

the two organisms, the remaining non-identical mismatches are assumed to be species 

specific. Interestingly, the baboon appears to have accumulated a much higher 

number of these mismatches as compared to the number of mismatches in the human 

stem (Figure 29). Additionally, the stem in the baboon structure prediction is shorter 

than the predicted human structure.  

The second region that is presented is of an intronic Alu repeat pair in an 

inverted configuration. It is located in intron 36 of the SMG1 gene. The Alu pair is 

predicted to form long secondary structures in the pre-mRNA transcripts from both  

the human and baboon genomes (Figure 30). Neither of the predicted structures form 

perfect stems; the human stem has 109 unmatched ribonucleotides (not counting 

putative insertions/deletions >2bp) and the baboon stem has 128 unmatched 

ribonucleotides (not counting putative insertions/deletions >2bp). A pairwise 

alignment of the two regions was also carried out revealing only a few mismatches 

between the two genomes within the relevant Alu elements (Appendix 7). Most of the 

mismatches in stems of the two secondary structure predictions are therefore most 

likely from the time prior to the divergence of the shared human and baboon ancestor. 

This is also reflected in the mismatched bases that are indicated as identical between 

the two structure simulations. 

The third region that is presented is also from the alignment of human and 

baboon DNA and involves the gene CA5A. This gene contains a number of Alu 

repeats, including one closely spaced exon-spanning inverted Alu repeat pair. This 

Alu repeat pair, consisting of an upstream AluSx and a downstream AluSp, was 

folded using Zukers (2003) mfold program. The predicted secondary structures 

contain stems with a mix of shared and unique mismatched bases, as expected. The 
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human stem was found to contain fewer mismatched bases as compared to the baboon 

stem, a similar result to the previous two examples.   

The fourth region involves an intronic Alu pair in intron two of the IFNAR2 

gene (Figure 32). Again, there are more mismatches in the baboon stem than in the 

comparable region of the human stem. Additionally, there is also a partial deletion of 

the upstream Alu repeat in the baboon genome, resulting in a much shorter stem. The 

upstream Alu repeat belongs to the AluY family whereas the downstream Alu belongs 

to the AluSx subfamily. 

An inverted Alu pair from the alignments of human and macaque DNA was also 

folded using Zukers (2003) mfold. That Alu pair also folds into a large stem-loop 

structure, and the same pattern of increased numbers of mismatches in the stem 

predicted from the monkey sequence, as compared to the corresponding human stem-

loop structure, is observed (results not shown).  
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Figure 29 - Secondary structure 
simulation of human and baboon 
Alus 

The Two structures are from 
orthologous regions in the human 
and olive baboon genomes. It 
includes two Alu repeats that 
span exon 39 of the gene SMG1 
(NM_015092). Three identical 
mismatches are indicated. The 
exons are indicated by black arcs. 
The number of unmatched bases 
for the comparable regions is 77 
for the human stem and 105 for 
the baboon stem. 
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Figure 30 - Predicted secondary structure of an Alu repeat pair in the SMG1 gene 

Secondary structure prediction of a closely spaced intronic Alu repeat pair in an 
inverted configuration. The stem-loop structure from human and baboon are 
positioned parallel to each other, as indicated, and identical mismatches are connected 
with lines. Mismatches in identical positions but with differing numbers of 
mismatched bases are denoted by dotted lines. The human stem has 62 mismatched 
bases (excluding large insertions/deletions) whereas the baboon stem has 70 
mismatched bases. 
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Figure 31 - Putative structure in the human and baboon CA5A gene 

Secondary structure prediction for an inverted Alu repeat pair spanning exon 5 of the 
CA5A gene (NM_001739.1). The stem-loop structures, predicted from human and 
baboon DNA sequences, are positioned parallel to each other, as indicated. Identical 
mismatches are connected by lines. Mismatches in identical positions but with 
differing numbers of mismatched bases are denoted by dotted lines. The putative 
human stem has 66 mismatched bases whereas the baboon stem has 89. 
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Figure 32 - Putative structure in the 
human and baboon IFNAR2 gene 

Secondary structure prediction for an 
intronic inverted Alu repeat pair in intron 
two of the IFNAR2 gene. The stem-loop 
structures, predicted from human and 
baboon DNA sequences, are positioned 
parallel to each other, as indicated. 
Identical mismatches are connected with 
lines. Mismatches in identical positions 
but with differing numbers or types of 
mismatched bases are denoted dotted 
lines. There is a large gap in the baboon 
stem caused by a partial Alu deletion. The 
putative human stem has 45 mismatched 
bases whereas the baboon stem has 51 
(counted in comparable regions only). 
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4.2.4 - Discussion and conclusions 

It was found that there is a difference in the number of mismatches in secondary 

structures predicted from Alu repeats within the genomes of humans and baboons. 

This difference is probably due to different mutation rates between these genomes 

whereby baboons have a higher rate of mutations. Such differences in mutation rates 

between apes and monkeys has been shown by others (Yi et al. 2002; Elango et al. 

2006)  However, it is also possible that natural selection has played a role in 

maintaining the Alu repeat sequences of the human genome; clearly, if the Alu repeats 

are to form secondary RNA structures, too many mismatches caused by mutations in 

the inverted Alu repeats will destabilize the structures. If they serve a function such 

mutations may therefore be selected against. A larger survey of the mutation rates in 

the human and baboon genomes, and possible conservation of certain Alu elements, 

will have to be undertaken in order to obtain more conclusive results. Such a survey 

may be carried out by measuring the mutation rate in Alu repeats, either within one 

genome by comparing intragenic and intergenic Alu repeat sequences, or by 

extending the limited analysis presented herein to a greater number of orthologous 

sequences in one or more primate genomes. 

The regions that were included in this survey may be sufficient to investigate the 

mutation rate in Alu repeats between humans, baboons and macaque. However, the 

aim of the comparative genomics approach presented herein was to investigate 

patterns in the distribution of sense and antisense Alu repeats in introns of 

evolutionarily distant primates. At the time when this work was undertaken 

insufficient amounts of sequenced genomic DNA was available from such species. 

It should be noted that sequenced chimpanzee DNA was available at the time of 

this analysis. However, alignments that were carried out between chimpanzee and 
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human genomic DNA proved these to be far too similar with respect to Alu repeat 

content to be useful for these analyses (results not shown). It has since been estimated 

that there are 7,000 lineage specific Alu repeats in the human genome and ~2,300 in 

the chimpanzee genome (Chimpanzee-Sequencing-and-Analysis-Consortium 2005), 

thus the difference between the two genomes will amount to less than 1% of the 1x106 

(Grover et al. 2004) human Alus. 

The comparative genomics approach was put aside and another bioinformatics 

approach was designed to address the hypothesized selective distribution of inverted 

and direct Alu repeats inside genes. This approach involved a genome wide survey of 

Alu repeat conformations in genes encoded by the human genome. That survey is 

presented in section 4.3. However, with increasing amounts of DNA sequences now 

available from a variety of primates, a comparative genomics approach may still 

prove useful in the future. 
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4.3 - Genome wide analysis of Alu distribution near exons 

 

4.3.1 - Introduction 

The human genome has been found to be extraordinarily dense in the SINE the 

Alu repeat elements. Virtually no parts of the genome have avoided invasion by these 

sequences and there are more than 1.18x106 of them spread throughout the human 

genome (Grover et al. 2004). Despite their apparent ubiquity, they are not uniformly 

distributed throughout the genome, and interestingly, it turns out that they have a 

preference for intragenic rather than intergenic regions (Blinov et al. 2001). Alus are 

also often found in clusters where they can occur as a mix of both sense and antisense 

repeats. Characterization of single genes and various groups of genes, presented in the 

preceding chapters, suggests that Alu repeats may have potential for extensive base 

pairing, forming large secondary structures at the pre-mRNA level. 

More Recently, it has also been demonstrated by others that Alu repeats in 

introns are frequently edited by the ADAR enzyme (Morse et al. 2002; Athanasiadis 

et al. 2004; Blow et al. 2004; Kim et al. 2004; Levanon et al. 2004; Eisenberg et al. 

2005). These editing events presumably occurs due to inverted Alu repeats base 

pairing with each other in pre-mRNA to form the necessary double stranded substrate 

for ADAR action. This may indicate a general ability of Alu-rich pre-messenger RNA 

to form such structures. However, the complexity of the splicing event and short-lived 

nature of pre-mRNA molecules have so far made it difficult to identify the presence, 

and determine the extent, of such structures in vivo. 

The potential for functional significance offered by Alu-induced secondary 

structures suggests Alu repeats may be under selective pressure in genes, either to 

promote or to avoid formation of such structures. It also suggests a potential for these 
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structures to serve a function in gene transcripts. Therefore, in order to better 

understand whether Alu repeats have the potential to affect gene expression as a result 

of secondary structure formation, the distribution of Alu repeat pairs in various 

genomic contexts was investigated. The hypothesis is that there should be 

characteristic distributions of Alu repeats in parts of genes where secondary structures 

are most likely to exert an effect on gene expression. Differing distributions of 

directly repeated Alus (non-secondary structure forming) versus Alu pairs in inverted 

configurations (potentially able to form secondary structures) revealed in this study 

suggest a regulatory role may indeed exist for these structures.  

 

4.3.2 - Materials and methods 

All the DNA sequences that were analyzed in this survey were obtained from 

NCBI (http://www.ncbi.nih.gov/), and all were from human genome version 35.1. The 

chromosomes were analyzed for Alu repeat sequences with RepeatMasker open-3.1.0 

(Smit et al. unpublished data) using repetitive DNA libraries for RepeatMasker from 

RepbaseUpdate (version: 20040306), available online at http://www.girinst.org (Jurka 

2000). RepeatMasker was run locally on a Sun Fire V880 Server through the 

Queensland Parallel Supercomputing Foundation, which allowed for entire 

chromosomes to be masked in a single step.  The parameters that were used for the 

RepeatMasker analyses were: –h –alu –noins –s -no_is –nolow –frag 2000000 -max 

80000000. The output from RepeatMasker was imported into Microsoft Excel 

(http://office.microsoft.com) for further processing steps where all non-Alu repeats 

(not belonging to either AluJ, AluS, AluY, FLAM, FRAM or FAM), and all partial 

Alu repeats shorter than 150bp, were excluded from the final Alu repeat pool. 
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Figure 33 - Positions of the base pair coordinates used in the analyses 

A simplified three-exon gene diagram illustrating the data-points that were extracted 
for each exon of each gene included in the analyses. Black vertical arrows point to the 
nucleotide positions that were extracted and used to calculate all the values necessary 
for the analyses. For simplicity, all Alus are represented as antisense Alu repeats. 
These values, in addition to information on the direction of each element, are 
sufficient to make all the calculations presented herein. 
 

Positions of genes, introns and exons in all 23 chromosomes, as well as the 

NCBI reference sequence (RefSeq) status for each transcript were extracted from data 

obtained from the UCSC Genome Bioinformatics Site (http://genome.ucsc.edu/). The 

data was extracted from version HG16. For the analyses of Alu distribution inside 

genes, only genes with a RefSeq status of ‘provisional’, ‘validated’ or ‘reviewed’ 

were used. Identical entries and alternatively spliced entries were removed prior to the 

final analyses. The included entries were added to the final gene-pool sequentially 

from the telomeric end of the p-arm of each chromosome. They were selected as the 

longest (if multiple alternative transcripts were present) non-overlapping genes 

(overlapping genes were not compatible with the downstream gene analyses). In case 

of overlapping genes, only the gene that was further downstream from the telomeric 

end was excluded. Genes on both strands of the chromosome were treated as sense-

genes in the initial selection step, however, their directions were recorded for 

subsequent analyses. The exon/intron boundaries for each of the selected genes were 

extracted, and values for gene lengths, exon lengths, and intron lengths were 

calculated from these (Figure 33). This resulted in a pool of ~90,000 exons that were 

used for subsequent analyses. A small fraction of these were also discarded as 

duplicates in subsequent quality control steps. 

 5’UTR Exon Exon Exon  3’UTR 
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Positions of Alu repeat pairs relative to exon/intron boundaries were calculated 

in Microsoft Excel. Other factors and parameters, some of which are specified for 

each individual analysis in the results section, were also calculated in Excel. To avoid 

situations were Alus in the Alu repeat pairs could preferentially base-pair with 

flanking Alus (competing Alus), a requirement was imposed whereby any flanking 

Alu could never be closer than 300bp (defined by the approximate length of one Alu 

repeat) from the Alu pairs being investigated. In cases where the spacing of the Alu 

pair was greater than 300bp, the spacing of the central Alu pair was used as minimum 

distance to competing Alus. Scenarios where the distances to competing Alus were 

greater than 2x, 3x and 4x the spacing of the Alu pair were also investigated. 

For the analyses of intergenic Alu pairs, all DNA coding for RefSeq genes was 

excluded regardless of the RefSeq status of the genes. Overlapping genes were treated 

as a single gene with the upstream gene defining the upstream boundary, and the 

downstream gene defining the downstream boundary. Only intergenic regions >20kbp 

were included in the final intergenic DNA pool. The intergenic Alu pairs that were 

investigated in this part of the analysis were defined as the first Alu pair spanning the 

intergenic nucleotide that is located 10kbp downstream of the 3’ end of the upstream 

gene. If this nucleotide was located inside an Alu element, this element was used as 

the upstream Alu of the Alu pair. Subsequent Alu pairs were defined as the pair 

spanning the nucleotide located 10kbp downstream of the initial nucleotide. 

Intergenic sites were defined in this manner until the 5’ end of the next downstream 

gene was within a distance of <10kbp. The distance of 10kbp between each Alu 

element was chosen arbitrarily to obtain a reasonable sample size, while not including 

Alu pairs that may be overlapping. 



 180

Statistical calculations were carried out using R (version 2.5.0) and GraphPad 

Prism Graphpad, Inc. (version 4.03). R was used for binomial distribution analyses 

via the two general expressions “PBINOM(x,n,p)”, where x is the number of 

successes in n number of trails and p is the theoretical probability of a success, and 

“binom.test(x, n, p=[integer],conf.level=0.95)”, where x is the number of successes in 

n number of trails, p is the theoretical probability of a success and conf.level is the 

confidence level at which the statistical analyses are carried out. Graphpad Prism was 

used for linear regression analyses using the options “curves and regression>linear 

regression” and prompting the program to “graph the 95% confidence bands of the 

regression line” and to “test whether slopes and intercepts are significantly different”. 
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4.3.3 - Results 

4.3.3.1 - Alu distribution 5’ and 3’ of exons 

It has been shown previously that closely spaced Alu repeats in the human 

genome have a preference for inserting themselves in a direct repeat conformation. 

The preference was found to be mainly for Alus spaced by 20-40 bp (Stenger et al. 

2001). At greater distances, the distribution approaches 1:1 between the two groups.   

In this part of the analyses the distribution of Alu repeat pairs inside introns, 

near splice sites, was investigated to test the hypothesis that an ability of Alu repeats 

to form secondary structures in these regions has an impact on RNA transcript 

processing (Figure 34). The bars presenting  the frequencies of inverted and direct Alu 

repeat pairs located at the 5’ end and  the 3’ end of exons presented in Figure 35 

agrees with those of Stenger et al. (2001) insofar as that there is a general preference 

for direct repeat pairs. However, in the dataset presented in Figure 34, after 

subtracting all values originating from Alus spaced by <100bp, the preference appears 

to be mostly caused by a general preference for antisense Alu repeats. This preference 

is evident from the bars representing the fractions of sense and antisense Alu repeats 

in Figure 35 where a significantly larger fraction of Alu repeats are antisense when 

encountered on either side of an exon. The statistical significance of the difference 

was tested for using the binomial distribution under the assumption that each Alu 

insertion event (excluding Alus spaced by <100bp) has a constant probability of 

occurring in either the sense or the antisense strand of the genome (defined by the 

gene into which the Alu inserts itself), and that each successive insertion is 

independent of previous insertion events. The 95% confidence intervals that were 

calculated using the binomial distribution suggests single antisense Alus, antisense 
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pairs and antisense triplets are the only combinations that occur at significantly higher 

frequencies than sense Alu repeats, sense pairs and sense triplets, as well as all other 

mixed combinations, on either side of exons (Figure 35).  

The preference for antisense Alu repeats is also reflected in Alu triplets 

containing two antisense Alus and on sense Alu as most of these combinations appear 

to occur at a significantly greater frequency than triplets with two sense Alus and one 

antisense Alu repeats, especially in the dataset of Alus flanking the 5’ end of exons 

(Figure 35). However, for some of the mixed triplet combinations, especially those on 

the 3’ end of exons, the differences can not be shown to be statistically significant. It 

should be noted that the general preference for antisense Alu repeats inside genes is 

also in agreement with data previously published by others (Smit 1999; Medstrand et 

al. 2002).  

 

 

 

 

 

Figure 34 - Different Alu repeat scenarios, relative to exons 

The Alu repeat combinations that were tested were the first three Alus 3’ to the exon, 
the first three Alus 5’ to the exon, the first Alu pair spanning one (or multiple) exons 
and the first Alu pair spanning an arbitrary point (black vertical arrow) in intergenic 
DNA. In the illustration Alus are represented as black horizontal arrows randomly 
selected to be either sense or antisense. 
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Figure 35 - Distribution of different Alu combinations 5’ and 3’ to exons 

The figure presents the frequency distribution of the direction (sense) of the first Alu 
repeat, Alu repeat pair and Alu repeat triplet flanking either the 3’ end or the 5’ end of 
exons, as indicated. The counts that were used to calculate the frequencies are 
presented inside the corresponding columns. Error bars representing the 95% 
confidence interval were calculated using the binomial distribution and are presented 
for each of the counts. Only Alu repeats spaced by >100bp were counted. 
 
 
 

In the data-set presented (Figure 35), the first Alu repeat pair was always 

required to be inside the intron immediately next to the exon. The third Alu repeat 

was only required to be within the bounds of the gene. The less constrained 

requirement for the third Alu was used to obtain a greater sample size for the 

analyses. However, data was also obtained for a scenario where all three Alu repeats 
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are inside the same intron. This resulted in an approximately 40% reduction in sample 

size. Significantly though, the ratios between inverted and direct Alu repeats are 

similar (results not shown).  

The first Alu repeat pair before or after an exon were also investigated for any 

differences in the spacing of the Alu elements under the assumption that closely 

spaced repeats are more likely to form secondary structures and that this in turn leads 

to altered distributions of closely spaced repeats as compared to more distant repeats  

(Figure 36). Again the values correlate with those published by Stenger et al. (2001) 

insofar as that closely spaced Alu repeats tend to be direct repeats, followed by an 

equaling of the ratios as the distance between the Alus increase. The graph was 

plotted using data from Alu repeat pairs in introns immediately flanking an exon. Alu 

pairs with nearby potentially competing Alus were excluded according to the 

parameters outlined in 4.3.2. 

In Figure 36 the spacing of the Alus in the first Alu pair at the 5’ end or the 

3’ end of an exon are graphed, regardless of how far away from the exon the Alu pair 

is located. Linear regression analyses of the distributions of direct and inverted Alu 

repeat pairs from Figure 36 suggest there is a real difference between the numbers of 

inverted versus direct Alu repeats in a region of the graph that appeared linear after 

carrying out a log-transformation of the Alu counts in Figure 37. However, only the 

Alu pairs spaced by 100-700 bp were found to have significantly different counts by 

means of regression analyses (P>0.002). 

To test whether proximity to an exon has an effect on the distribution of inverted 

and direct Alu repeat pairs, the data from Figure 36 was also plotted with only Alu 

repeats in close proximity to an exon included (Figure 38). This data-set appears to 

follow the same distribution as that in Figure 36, however, only the Alu repeat pairs 



 185

within 300 bp of the exon on the 3’ side (Figure 38) could be shown to be statistically 

different using linear regression  (P>0.001). The remaining distributions all had P-

values >>0.05 in favor of the null hypothesis that there is no difference between the 

counts of inverted and direct Alu repeat pairs in these graphs. 

Data was also obtained for Alu pairs in long introns and of Alu pairs in short 

introns to ascertain whether intron length has a noticeable effect on the distribution of 

inverted and direct Alu repeats. Again there is no evident difference in these Alu 

distributions as compared to the distribution in Figure 36 (Results not shown). 

Distributions were also investigated for Alu repeat pairs that had greater 

distances to competing Alu repeats. These distances were defined as greater than 2x, 

3x and 4x the spacing of the initial Alu repeat pair, respectively. Again, these graphs 

do not appear to have distributions that are different from  Figure 36 and Figure 38 

(results not shown). 
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Figure 36 - Spacing of Alu repeat pairs flanking exons 

Counts of Alu repeat pairs, in either direct or inverted conformations, grouped 
according to the spacing of the Alu elements in each pair. Distributions of Alu repeat 
pairs immediately flanking the 5’ end and the 3’end of an exon are plotted, as 
indicated. Both Alus were required to be within the intron immediately flanking the 
5’end or the 3’ end of an exon, respectively. The graphs present counts from an 
analysis of the entire human genome. 
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Linear regression of Alu repeat pairs 5’ to exons 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Linear regression of Alu repeat pairs 3’ to exons 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 37 - Linear regression analyses of Alu repeat pairs flanking exons 

The graphs present linear regression analyses of the numbers of intronic Alu repeat 
pairs at the 5’ side and the 3’ side of exons (Figure 36). Each graph has two separate 
plots for direct Alu repeats (i.e. sense-sense or antisense-antisense) and inverted Alu 
repeats (i.e. sense-antisense or antisense-sense), as indicated. A 95% confidence band 
has been added to the best fitting straight line for both plots on both graphs. There is a 
small region on both graphs where the 95% confidence bands do not overlap 
suggesting there is a real difference between the number of inverted and direct Alu 
repeats within the analyzed regions (P>0.002 for both graphs). All four fitted lines 
have R2 values >0.99 (graphs and associated calculations were produced using 
GraphPad Prism V.4.03, GraphPad Software, Inc). 
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Figure 38 - Alu repeat conformations near exons 

Four graphs are presented displaying the ratio of inverted to direct Alu repeat pairs at 
two different maximum distances from an exon. The first Alu repeat pair either 5’ to 
an exon or 3’ to an exon are plotted, as indicated. Both Alus in a pair were required to 
be within the same intron and immediately flanking the exon. In these four graphs 
only Alu pairs within 150bp or 300bp of the exon were included, as indicated. The 
distance from the Alu pair to the exon was measured from the exon splice site to the 
start of the first Alu repeat. 

Alu repeat pairs within 150bp
of the 5' end of exons

0

50

100

150

200

250

300

350

0-99

200-299

400-499

600-699

800-899

1000-1099

1200-1299

1400-1499

Spacing of Alu pairs

C
ou

nt Inverted Alu repeats
Direct Alu repeats

Alu repeat pairs within 150bp
of the 3' end of exons

0

100

200

300

400

500

600

0-99

200-299

400-499

600-699

800-899

1000-1099

1200-1299

1400-1499

Spacing of Alu pairs
C

ou
nt Inverted Alu repeats

Direct Alu repeats

Alu repeat pairs within 300bp
of the 5' end of exons

0

100

200

300

400

500

600

700

800

0-99

200-299

400-499

600-699

800-899

1000-1099

1200-1299

1400-1499

Spacing of Alu pairs

C
ou

nt Inverted Alu repeats
Direct Alu repeats

Alu repeat pairs within 300bp
of the 3' end of exons

0

200

400

600

800

1000

1200

1400

0-99

200-299

400-499

600-699

800-899

1000-1099

1200-1299

1400-1499

Spacing of Alu pairs

C
ou

nt Inverted Alu repeats
Direct Alu repeats

5’    Exon   3’ Alu  Alu Alu Alu 

150bp or 300bp 150bp or 300bp 



 189

4.3.3.2 - Distribution of Alu pairs across exons 

The distribution of Alu pairs across exons was also analyzed for ratios of 

inverted or direct Alu pairs across one or multiple exons. The incentive for analyzing 

across multiple exons was to obtain a greater sample size since the parameters set out 

in section 4.3.2 exclude many Alu pairs. 

From Figure 39 it seems that there is a noticeable difference in the ratio between 

inverted and direct Alu repeats when these are spaced by up to ~2kbp. Beyond this 

distance the ratio appears more even, however the sample size is small at these 

distances and any pattern in the distribution is therefore less obvious.  Two graphs are 

provided; a high resolution graph that resolves well in the closely spaced Alu repeat 

range, and a low resolution graph that resolves better amongst the more distantly 

spaced Alu repeat pairs.  

To prove that there is a difference between the distributions of inverted and 

direct Alu repeat pairs across exons and across points in intergenic DNA a linear 

regression analysis was carried out. This analysis compared the ratios of inverted to 

direct repeats from the two distributions in Figure 39 and Figure 48. The data points 

that were used are reproduced in Appendix 8. Only the part of the graphs (Figure 39, 

Figure 48) that appears to follow a linear distribution in both sample groups were 

used. This included the Alu repeat pairs that are spaced by 500bp to 1,600bp. The 

regression analysis (Figure 40) suggests there is a difference in the ratios of direct to 

inverted Alu repeat pairs between the intragenic exon-spanning Alu pairs and Alu 

pairs that are in intergenic DNA (p<0.0001). 

A regression analysis was also carried out only on the data in Figure 39. The 

aim was to prove that there is a real difference in the counts of inverted Alu repeat 

pairs and direct Alu repeat pairs in this graph. Only a region of the graph that appears 
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to have a linear distribution of y-values was used. This region included Alu repeat 

pairs that are spaced by 500bp to 1,900bp. The regression analysis (Figure 41) 

confirms that there is a difference in the counts of inverted to direct Alu pairs in this 

region (p<0.0001). 
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Figure 39 - Alu repeat conformations across exons 

The bar-graph presents the incidence of direct and inverted Alu repeat pairs, spanning 
one or more exons, grouped according to the spacing of the Alu elements. Two graphs 
are reproduced; the first is high resolution where Alus are grouped according to the 
spacing of the Alu repeats in 100bp increments, and the second is lower resolution 
where Alu pairs are grouped in 200bp increments. 
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Figure 40 - Linear regression analysis of Alu repeat ratios 

The graphs present a linear regression analysis of ratios between inverted Alu repeat 
pairs and direct Alu repeat pairs across exons (Figure 39) and across points in 
intergenic DNA (Figure 48), as indicated. Only the data points that are plotted are 
sufficiently linear to achieve significant difference when comparing the two sample 
groups, as indicated by the non-overlapping 95% confidence bands. The fitted lines 
have r2 values of 0.06001 and 0.1741 for the exon-spanning Alu ratios and intergenic 
Alu ratios, respectively. The elevations of the fitted lines are statistically different 
with a P value <0.0001. The graphs were created using GraphPad Prism (GraphPad 
Software, Inc.).  
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Figure 41 - Linear regression analysis of exon-spanning Alu pairs 

The graph present a linear regression analysis of the distribution of inverted Alu 
repeat pairs and direct Alu repeat pairs across exons  (Figure 39), as indicated. Only 
the region that has been plotted (Alus spaced by 500bp-1900bp) is sufficiently linear 
to achieve significance when comparing the two sample groups, as indicated by the 
non-overlapping 95% confidence bands. The r2 values for the two graphs are 0.878 
and 0.961 for the direct Alu repeats and the inverted Alu repeats, respectively. The 
elevation of the two fitted lines are statistically different with a P value <0.0001. The 
graphs were created using GraphPad Prism (GraphPad Software, Inc.). 
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The distribution of Alu repeats was also broken down further by looking at the 

specific conformational nature of the Alu repeat pairs that were present in the total 

pool of Alu repeats satisfying the parameters in section 4.3.2. In this analysis the 

spacing of the Alu repeat pairs were disregarded (however, it is apparent from 

Figure 39 that the bulk of the Alu pairs are spaced by less than 2-3kbp). Furthermore, 

the sample size is smaller than that of Figure 39 due to a requirement of having at 

least two Alus on either side of the exon(s). This was done in order to obtain values 

for competing Alus for all the exon-spanning pairs. The data is presented in Figure 42. 

The first two parts of Figure 42, part (a) and (b), suggest that there is a preference for 

direct repeats over that of inverted repeats, and that difference does not appear to exist 

in intergenic DNA (Figure 47). This observation can be tested statistically using the 

binomial distribution. However, in order to use that approach an assumption must be 

made that each Alu repeat has a constant probability of inserting itself as either a 

sense or an  antisense Alu repeat relative to the nearest neighboring Alu repeat. 

Furthermore, it must also be assumed that Alu repeats that insert themselves into 

intergenic regions can be used to define that probability. Very closely spaced Alu 

repeats must however be excluded as these have been shown to have a strong 

tendency to occur as direct repeats, as shown by Lobachev et al. (2000) and Stenger et 

al. (2001). 

The total counts of inverted and direct Alu repeat pairs in Figure 47 is 9093 and 

8972, respectively (Alu repeats spaced by <100bp are excluded from the count). 

Using the binomial distribution and confidence intervals of 95%, the probability of an 

Alu repeat pair existing as a direct repeat pair can then be calculated to range from 

0.496 to 0.511, and conversely the chance of it existing as an inverted repeat pair 

ranges from 0.489 to 0.504.  
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The counts of direct and inverted Alu repeat pairs from Figure 42 (2244 and 

1799, respectively) are all spaced by at least one exon, none are therefore spaced by 

less than 100bp and the values can be compared directly to the intergenic Alu 

distribution. The 95% confidence interval from the intergenic Alu repeat distribution 

were used as a conservative estimate of the tendency of Alu repeats to insert 

themselves as either sense or antisense Alu repeats when there is no selective pressure 

from other sequence elements. The probability of obtaining the frequencies of same 

sense and opposite sense Alu repeat pairs across exons that is presented in Figure 42 

(a) by chance can be shown to be very small with a p-value of 1.15x10-7. The 

distribution of Alu repeat pairs across random points in intergenic DNA and 

intragenic Alu pairs spanning one or more exons is therefore not identical. 

The frequency at which the four different Alu combinations that each exon-

spanning Alu pair can occur as can also be shown to be significantly different from 

those of intergenic Alu repeat pairs using the binomial distribution. Again 

conservative 95% confidence intervals of the intergenic Alu repeat frequencies were 

used as the probabilities that Alu repeat pairs occur in either of the four possible 

conformations when there is no selective pressure caused by an intervening exon. 

However, the differences are marginal with p-values of 0.004, 0.03, 3.49x10-5 and 

0.002 for the Alu combinations antisense-antisense, antisense-sense, sense-antisense 

and sense-sense, respectively. 

There are also minor differences between some of the exon spanning Alu 

quadruplets in Figure 42 (c) and the corresponding Alu quadruplets in intergenic 

DNA presented in Figure 47 (c). These latter distributions were not analyzed beyond 

the side-by-side comparison in Figure 43 that directly compares the different 

quadruplet frequencies from intergenic and intragenic DNA.  
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Data was also obtained for Alu repeat pairs across exons where the competing 

Alus were spaced by at least twice the spacing of the exon-spanning pair. This was 

done to investigate whether the proximity of the flanking Alus has a noticeable effect 

on the distribution of the exon-spanning pair. No such effect can be observed (Figure 

44). 

Datasets in which the two Alus flanking the exon were either both of the same 

sense or both of opposite sense were also produced (as illustrated in Figure 45). In the 

case of the same sense scenario, an exon-spanning pair would essentially have its 

alignable length (in a secondary structure) doubled by the presence of a second same-

sense Alu repeat at both sides of the exon(s). It was expected that these same-sense 

Alu repeats would therefore have a cumulative effect on base pairing potential, and 

thus a corresponding effect on the ratio of inverted to direct exon-spanning Alu pairs. 

Such an effect is noticeable in Figure 45 when compared to the distribution of the Alu 

repeats in Figure 39. Despite the jagged nature of the bar-graph in Figure 45, likely 

due to the low sample size, a linear regression analysis of the values suggest there is a 

significant difference between inverted and direct Alu repeats in this group (Figure 

46). 

The same scenario, except with only inverted Alu repeats flanking the exon(s), 

produces a more ambiguous result. Like the previous distribution it suffers from a 

small sample size (Figure 45); consequently, there does not appear to be any 

significant differences between inverted and direct Alu repeat pairs within this group 

when analyzed using linear regression (Figure 46). The third graph, which is also 

presented in Figure 45, incorporates the remaining eight possible Alu repeat 

combinations in which the four Alu repeats can occur around an exon. Since there are 

twice as many possible Alu repeat combinations for this group as compared to the 



 197

previous two scenarios the number of repeat pairs included in this graph are also 

approximately double. The distribution appears to lie between those of the previous 

two. An analysis of the values in that graph using linear regression suggests there is a 

real difference between the counts of inverted and direct Alu repeats within the group 

(Figure 46). The associated r2 values also suggest there is a better linear relationship 

between these values as compared to the previous two groups, possibly as a result of 

the larger sample-size. 
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Figure 42 - Frequency of various Alu conformations across exons 

The bar graphs present the frequency of various Alu combinations and conformations 
spanning one or multiple exons. In (a) the overall frequency at which same sense Alu 
repeat pairs and  opposite sense Alu repeat pairs occur is provided. In (b) the 
frequencies of the four possible Alu repeat pair combinations are provided and in (c) 
the frequencies of all possible Alu repeat quadruplets are provided. The two different 
shades of the bars in (c) highlight whether or not the central Alu pair in the 
quadruplets is in a same sense or opposite sense configuration. The sense of each Alu 
is defined according to the gene inside which it resides is denoted as “sense” for sense 
Alu repeats and “anti” for an antisense Alu repeats. The symbol * denotes the exon 
that separates the Alus in each pair or quadruplet. Each bar represents the frequency 
at which each Alu repeat combination occurs in the human genome with the actual 
counts of occurrences provided inside the columns. The error bars represent the 95% 
confidence interval and were calculated using the binomial distribution. 

(a)      (b)       (c)   
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Figure 43 - Side-by-side comparison of Alu quadruplet frequencies  

Side-by-side comparison of the frequencies of Alu quadruplets centered around exons 
(light grey) and arbitrary points in intergenic DNA (dark grey). The sense of each 
Alu, defined according to the gene inside which it resides (for intergenic quadruplets) 
or from the genomic strand into which it was inserted (extragenic quadruplets), is 
denoted as “sense” for sense Alu repeats and “anti” for an antisense Alu repeats. The 
symbol * denotes the exon or arbitrary point in intergenic DNA that separates the 
central Alu pair in each quadruplet. The counts of occurrences that were used to 
calculate the frequencies are provided inside each bar. The binomial distribution was 
used to calculate the 95% confidence interval for each frequency. 
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Figure 44 - Alu repeats across exons, 2x competing 

This graph shows the distribution of Alu repeat pairs when pairs with competing Alu 
repeats closer than two times the spacing of the exon-spanning Alu pair are excluded. 
Two graphs are reproduced; the first is high resolution where Alus are grouped 
according to the spacing of the Alu repeats in 100bp increments, and the second is 
lower resolution where Alu pairs are grouped in 200bp increments. 
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  (a)                (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 

Exon

Figure 45 - Distribution of direct and inverted “competing” Alus 

(a) In this graph both Alus flanking the exon were required to be direct repeats, thus 
only allowing for the combinations outlined by the combination of arrows in (a*). The 
graph represents counts of inverted and direct Alu repeat pairs across the exon, 
grouped in 200bp increments according to the distance between the Alus of the 
central Alu pair. There are 1043 Alu pairs included in this group. 
(b) In this graph both Alus flanking the exon were required to be inverted repeats, 
thus only allowing for the combinations outlined in (b*) The graph represents counts 
of inverted and direct Alu repeat pairs across the exon, grouped in 200bp increments 
according to the distance between the central Alu pair. There are 772 Alu pairs in this 
group. 
 (c) This graph presents the combined values for all the remaining Alu combinations, 
as outlined in (c*). There are 1840 Alu pairs in this group. 
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Figure 46 - Linear regression analyses of the bar-graphs in Figure 45 

Linear regression analyses of the orientation of the first Alu repeat upstream and 
downstream of exons with respect to each other, either representing direct or inverted 
Alu repeats. The distributions were further divided into three groups of Alu repeat 
pairs according to the orientation of the preceding (relative to the upstream Alu 
repeat) and the succeeding (relative to the downstream Alu repeat) Alu repeat, as 
indicated in Figure 45. The best fitting straight line for counts of inverted and direct 
Alu repeats (y-axis) grouped according to the distance between the central Alu pair 
(x-axis), and its associated r2 value, is indicated for each of the three graphs. The 95% 
confidence were calculated for each of the linear graphs and are indicated by dotted 
lines. Only the counts for Alu repeats spaced by between 400bp and 1999bp were 
included as the remaining values do not appear to follow a linear distribution suitable 
for linear regression analyses. The graphs and associated calculations were produced 
using GraphPad Prism V.4.03, GraphPad Software, Inc 
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4.3.3.3 - Alus in intergenic DNA 

The distribution of Alu pairs in intergenic DNA was also analyzed to determine 

if there is any difference compared to the distribution across exons. All available gene 

positions were used to define the intergenic DNA. The analyses were carried out in 

the same way as the analyses of exon-spanning Alu repeats. According to the results 

in Figure 47 there appears to be only minor differences between direct and inverted 

Alu repeats in intergenic DNA. There are no significant differences between sense 

and antisense Alu repeats, presumably since these can only be artificially assigned as 

sense or antisense based on their direction relative to the chromosome (the 

exon-spanning Alus in Figure 35 were assigned as sense or antisense based on the 

direction of the gene in which they reside). 

The intergenic Alu repeats were also sorted into groups according to the spacing 

of the Alu repeats, and counts of these groups are presented as a bar-graph in Figure 

48. There is a strong preference for direct Alu repeats amongst the closely spaced 

repeats. However, when the spacing of the Alu pairs increases beyond 100bp, no 

significant differences are evident (Figure 49). This is in contrast to the obvious 

differences seen for the exon-spanning Alus in Figure 39.  
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Figure 47 - Frequency of various Alu conformations in intergenic DNA 

The bar graphs present the frequency of various Alu combinations and conformations 
surrounding arbitrary points in intergenic DNA. In (a) the overall frequencies of same 
sense Alu repeat pairs and opposite sense Alu repeat pairs are provided. In  (b) the 
frequencies of all possible Alu repeat pair combinations are provided and in (c) the 
frequencies of all possible Alu repeat  quadruplets. The sense of each Alu is defined 
according to which strand of the genome the Alus were inserted into and is denoted as 
“sense” for sense Alu repeats and “anti” for an antisense Alu repeats. The symbol * 
denotes the point in intergenic DNA around which the Alus are centered. Each bar 
represents the frequency at which each Alu repeat combination occurs and the actual 
counts of occurrences are provided inside the columns. The error bars represent the 
95% confidence interval and were calculated using the binomial distribution. Alu 
repeat pairs spaced by <100bp were excluded from the counts. 
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Figure 48 - Alu repeat conformations in intergenic DNA 

The bar-graph presents the incidence of direct and inverted Alu repeat pairs, spanning 
points in intergenic DNA. The Alu repeat pairs are counted and grouped according to 
the spacing of the Alu elements in 100bp increments. 

Figure 49 - Linear regression analysis of values from Figure 48 

The graph presents a linear regression analysis of the distribution of inverted Alu 
repeat pairs and direct Alu repeat pairs spanning arbitrary points in intergenic DNA, 
as indicated. Only the region that has been plotted (Alus spaced by 300bp-1799bp) 
appears sufficiently linear to be investigated using linear regression. The r2 values for 
the two fitted lines are indicated. The overlapping 95% confidence bands suggest the 
fitted lines are not statistically different. The graphs were created using GraphPad
Prism (GraphPad Software, Inc.) 
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4.3.4 - Discussion. 

There seems to be a general preference for direct Alu repeat pairs over inverted 

Alu repeat pairs in the human genome. For the closely spaced Alu repeats flanking 

exons such a distribution is easy to rationalize; it is an effect attributed to a tendency 

of closely spaced inverted Alu repeats, and palindromes in general, to cause 

recombination events at the DNA level. Such events occur either through formation of 

DNA cruciforms or via other forms of base pairing between the Alu repeats that 

disrupts the normal B-DNA  (Leach 1994; Lobachev et al. 2000; Stenger et al. 2001). 

Alu induced recombination events are especially well known to occur, even between 

Alus spaced at greater distances (Lehrman et al. 1985; Rudiger et al. 1995; Chae et al. 

1997; Zucman-Rossi et al. 1997). 

Formation of cruciforms does not readily occur in DNA except under certain 

well documented conditions including negative superhelical torsion, short distances 

between the palindromic elements and high degree of homology between the inverted 

repeats. (Murchie and Lilley 1987; Krasilnikov et al. 1999; Benham et al. 2002). It is 

certainly an unlikely scenario for the distantly spaced Alu repeat pairs found across 

exons where a significant difference was still found in the ratio of inverted to direct 

Alu repeat conformations. However, one can speculate that exon-spanning inverted 

Alu repeats may be selected against due to the potential damaging effect a 

recombination event would have on the transcript since the intervening exon would be 

lost in such an event. A similar intronic deletion would generally be thought of as 

insignificant if occurring sufficiently far from the splice sites. Perhaps this is enough 

to cause a difference in the distribution of Alus across exons. 

It is important to note that Alu pairs spanning an exon can never be closely 

spaced since the length of the exon, the splice sites and the branch site will define the 
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minimum distance by which these Alus can be spaced. Figure 39 suggest this 

minimum distance is 200bp-300bp and very few entries are spaced by less than that 

distance. It is also worth noting that because of these intervening elements the Alu 

repeats in the exon-spanning Alu repeat pair will have inserted themselves in distinct, 

and perhaps totally different, DNA environments. This is likely to mean that they are 

incorporate more independently of each other than if they were to insert into the same 

intron. 

Intergenic DNA was used as a control for the analysis of the exon-spanning Alu 

repeat pairs. It was used under the assumption that intergenic DNA is not subject to 

the same selective constraints as Alu repeats in a gene might be under. The 

distribution of Alu repeats in the intergenic DNA in Figure 48 suggest this assumption 

is valid as there appears to be a random distribution of direct to inverted repeats in 

these regions. However, it should be pointed out that the intergenic region was 

defined by a list of all the known genes at the time the analyses were carried out, and 

new genes are still being added to that list. It also does not take into account the 

ubiquitous yet poorly understood non-coding RNA that may be transcribed from these 

regions (Cheng et al. 2005). However, it was assumed that such sequences would 

have a minor effect on the final results, an assumption that also seems to be confirmed 

by the distribution of the intergenic Alu repeats. 

Another feature that was impossible to account for with the current dataset was a 

preferential difference in the direction of Alu repeats between intergenic and 

intragenic DNA. Intergenic regions have similar numbers of Alus in both directions 

whereas in genes it is skewed towards antisense Alu repeats. This skewed distribution 

is caused by a small preference for antisense Alu repeats over sense Alu repeats inside 

genes (Smit 1999; Medstrand et al. 2002). The difference is readily recognized from 
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the presented results but most notably it can be seen as a numerical difference 

between sense and antisense Alu repeat counts in Figure 35. The general preference 

for antisense Alu repeats also inevitably translates into a small preference for 

antisense-antisense direct Alu repeat pairs, which is evident both in Figure 35 and 

Figure 42. This should also in turn add to the total direct Alu repeat count. 

Significantly, the breakdown of the exon-spanning Alu pairs in Figure 42 into counts 

of sense-sense and antisense-antisense Alu repeat pairs does not reflect the expected 

antisense preference, however, it is reflected in the Alu repeats immediately flanking 

these. It is therefore concluded that the results in Figure 39, addressing only the Alu 

pair spanning the exon(s), is not affected by this preference for antisense Alu repeats. 

It is also notable that there is no preference for sense or antisense Alu repeats in 

Figure 47, apart for some minor differences between the different Alu quadruplets, 

confirming that it may be a specific preference of intragenic Alu repeats. The minor 

differences that are seen for same sense Alu repeats amongst the quadruplets in Figure 

47 may be due to Alus that were wrongly defined as intergenic due to genes that were 

not yet annotated at the time the analyses were carried out. 

In addition to the three main analyses (Alus near splice sites, Alus across exons 

and Alus in intergenic DNA), the data was also used to investigate a number of other 

features and theories regarding Alu repeat distribution (Figure 38, Figure 44 and 

Figure 45). All these minor investigations are deemed inconclusive as the dataset was 

not initially designed to accommodate such specific scenarios. The dataset was 

intended to be used exclusively for the analyses presented in Figure 36, Figure 39 and 

Figure 48. Adapting the dataset to investigate other features requires deletion of a 

large amount of data that is not relevant to these, which in turn results in poor 

resolutions of the final datasets, as indicated by the regression analyses in Figure 46. 
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Therefore, to fully investigate these scenarios new datasets need to be produced that 

takes this into account. This would especially include redefining the distance 

requirement to flanking (competing) Alu repeats as the current parameters severely 

compromises sample size. 

The results presented herein, that there is an apparent preference for certain Alu 

repeat pairs across exons, and that the same difference is negligible in intergenic DNA 

and in introns, suggests that transcription might be an important factor in defining Alu 

distribution. An obvious hypothesis would be that this difference exists because 

inverted Alu repeats have the potential to base-pair across exons at the pre-mRNA 

level, thus potentially affecting splicing of the pre-mRNA. Secondary structures 

caused by inverted repeats across exons have been proposed to have such effects in 

the past (Solnick and Lee 1987; Howe and Ares 1997; Miriami et al. 2003; Lian and 

Garner 2005). 

Significantly, all the recent articles published on ADAR editing of intronic Alu 

repeats suggest large Alu induced secondary structures can occur in pre-mRNA 

(Morse et al. 2002; Blow et al. 2004; Kim et al. 2004; Levanon et al. 2004; Eisenberg 

et al. 2005). Furthermore, Blow et al. (2004) indicate that Alu editing occurs most 

efficiently from base pairing between inverted Alus spaced by less than 2kbp. This 

number is in agreement with the preference for direct over inverted Alu repeats across 

exons presented herein, where inverted Alus seem to be selected against when spaced 

by less than ~2 kbp (Figure 39). However, Blow et al. (2004) suggest that ADAR 

editing, and thus secondary structure formation, does not occur readily across exons. 

Yet they acknowledge that some of the edited sites in their survey are in introns that 

do not include opposite sense Alu repeats; that is contrary to the normal scenario 

where edited Alus typically are found to have multiple inverted Alu repeats in close 
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proximity and in the same intron. Based on the results presented herein (Figure 39) it 

may be argued that the results in their study were not caused by an incapability of 

secondary structures to fold across an exon but instead that their results were skewed 

due to the relatively low frequency of inverted Alu repeats across exons as compared 

to direct Alu repeats. This may be also be in combination with other factors that may 

reduce but mot necessarily abolish the efficiency of secondary structure formation  

across exons, such as spliceosome assembly.  

 

4.3.5 - Conclusions. 

Previous studies have shown that there is a preference for direct Alu repeats, 

especially when these are found in very close proximity to each other (Lobachev et al. 

2000; Stenger et al. 2001), and to a lesser extent as the distance between them 

increases (Leach 1994).  We confirm this relationship, and also confirm the general 

preference for antisense Alu repeats in genes, especially in the first Alu pair and first 

Alu triplet flanking exons. Furthermore, we show that there is a preference for direct 

Alu repeats across exons where the exons and associated splice sites generally do not 

allow for Alus to be closely spaced. We propose that the preference for direct Alu 

repeats across exons is a result of negative selection against inverted Alu repeats 

forming secondary structures that may impact pre-mRNA processing. This may 

represent a general mechanism involved in gene expression regulation. 
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Chapter 5         
                             
                             
                             
                            

 General conclusion and future directions 
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The main focus of the research presented in this thesis has been into the possible 

involvement of Alu repeats in gene expression and most of the research has been 

specifically aimed towards that end. It is evident that Alu repeats are a defining 

feature of many human genes and significantly these are often found as a 

heterogeneous mixture of sense and antisense Alu repeats within introns. From the 

survey of Alu containing introns in section 2.1 it seems a large proportion of the genes 

in that region have clusters of such Alu repeats within introns, and this appears to be a 

common feature throughout the genome. These clusters seem particularly significant 

in light of the recent reports of extensive ADAR editing of exactly such groups of 

opposing sense Alu repeats in short introns (Athanasiadis et al. 2004; Blow et al. 

2004; Levanon et al. 2004). 

Exactly what the effect of large secondary structures is on a pre-mRNA 

transcript is not yet known, but it is interesting to note that the genes for some 

clinically significant proteins such as INSR and LDLR were found to be particularly 

rich in inverted Alu repeats. Investigations into potential involvement of these 

elements in genetic defects where the genes are implicated may be warranted, 

especially in defects that are characterized by reduced expression of a gene. Loss of 

function is more likely to involve classical exonic mutations disrupting a gene’s 

coding region. However, Alus may also be involved in mechanisms that could lead to 

loss of function, particularly if they are found to have important effects on splicing in 

some genes. 

It is also interesting to note that there may be an involvement of Alu repeats in 

the tissue specificity of isoforms encoding the same subunits in complexes of the ETC 

(Table 6). However, the results from these analyses were quite limited in scope, and 

the differences in the Alu content of these genes may also have been caused by other 
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factors. The analyses of genes’ intergenic Alu content compared to the Alu contents 

of their surroundings with respect to the tissue specificity and expression levels of the 

genes should be expanded upon to address the possibility of Alu involvement. Other 

genes with isoforms should also be investigated to address that issue on a larger scale. 

Furthermore, it should be investigated whether there is a temporal difference in 

expression that can be correlated to Alu content, in addition to the proposed tissue 

specificity.  

Some experimental work was also performed in this project. These components 

were undertaken in attempts to prove the existence of Alu-induced secondary 

structures and certain features of these. More than anything the experiments have 

shown how challenging it may be to investigate features of pre-mRNA in vivo, which 

probably also explains the paucity of such research in the literature. The in vitro mung 

bean nuclease protection assay was initially carried out primarily in the hope of 

finding an in vivo approach towards investigating pre-mRNA secondary structure, 

however such an approach was ultimately not attempted. Such an analysis would 

probably also be difficult to carry out on larger Alu-induced secondary structures due 

to the number of small fragments that are generated from sss-nuclease digestion of 

imperfectly base paired Alu repeats. The experiment does, however, illustrate the base 

pairing potential of such inverted Alu repeats.  

The second experimental approach, involving analyses of ADAR editing via 

RT-PCR, has a lot of promise for future investigations, however it is apparent that it 

will involve extensive research beyond what was possible in this project. Especially, 

such research should involve sequencing and characterization of ADAR editing of 

Alu repeats in multiple targets and in a number of tissues. It should also be 

specifically aimed towards characterizing various Alu repeat folding scenarios that 



 214

were not sufficiently addressed by Athanasiadis et al. (2004), Blow et al. (2004) and 

Levanon et al. (2004). This should include Alu-induced secondary structures across 

exons since these are suspected to occur based on the results in Chapter 4. 

Furthermore, in addition to investigating different types of tissues, ADAR editing of 

Alu repeats should also be investigated for temporal preferences in identical tissues at 

various developmental stages.  

The large survey of Alu repeat pairs across exons and near splice sites is 

considered concluded. However, there are still a lot of potential for other 

bioinformatics analyses into the distribution and possible functions of Alu repeats. 

The bioinformatics results presented in Chapter 4 were limited to Alu repeats 

immediately flanking an exon due to the complexity of analyzing the large clusters of 

multiple sense and antisense Alu repeats often found within introns. However, such 

clusters may still be worth investigating, for instance with regards to searching for 

common patterns in the distribution of Alu repeats. 

 

In conclusion, Alu repeats are receiving increasing attention as potential 

functional elements in genes. From evidence presented in this report, and from recent 

publications by others, these functions appear to be in the form of large intronic 

secondary structures. While the function of these structures is not yet clear, it is 

evident that they have the potential to influence gene expression. Their actual function 

needs to be established experimentally, and such functional studies should be 

extended into the possible involvement of these structure in genetic disease. 
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Appendix 1 - Secondary structure simulation of exonic 
Alus in the casp8 gene 
A secondary structure simulation of two exonic Alu repeats 
in the gene encoding the caspase-8 protein. The structure 
was created using Zukers (2003) mfold program. The end 
of the upstream Alu and start of the downstream Alu are 
indicated by “start of spacer” and “end of spacer” 
respectively. 

Start of spacer
End of spacer 
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(a) 
 
Pan     TGTACCTAACTGGAATGAGGTTACTTTTTATGGCTTATCAAATGCTTGTCCTGGCCCGAT 60 
Homo    TGTACCTAACTGGAATGAGGTTACTTTTTATGGCTTATCAAATGCTTGTCCTGGCCCGAT 60 
        ************************************************************ 
Pan     GCAGTGGCTCATGCCTGTAATCCCAGCACTTTGAGAGGCTGAGGCAGGGCAGATTGCGTG 120 
Homo    GCAGTGGCTCATGCCTGTAATCCCAGCACTTTGAGAGGCTGAGGCAGGGCAGATTGCATG 120 
        ********************************************************* ** 
Pan     AGCCCAGGAGTTCGAGACCAACTTGGGCAACATGGTGAAACACTGTCTCTACATAAAATA 180 
Homo    AGCCCAGGAGTTCGAGACCAACTTGGGCAACATGGTGAAACACTGTCTCTACATAAAATA 180 
        ************************************************************ 
Pan     CAAAAATTAGCTGGGCGTGGTGGCATGTTCCTGCAATCCCAGCTACTCATAAGGCTGAGG 240 
Homo    CAAAAATTAGCTGGGCGTGGTGGCACGTTCCTGCAATCCCAGCTACTCATAAGGCTGAGG 240 
        ************************* ********************************** 
Pan     TGGGAGGATCTATTGAGCCCTGGAATTCGAGGATGCAATTAATTGTGATTGTGTCACAGT 300 
Homo    TGGGAGGATCTATTGAGCCCTGGAATTCGAGGATGCAATTAATTGTGGTTGTGTCACAGT 300 
        *********************************************** ************ 
Pan     TCACTGCAGCCTGGGTGACAGACCAGCCTGGG-GACAAAGGAGACCCCGTCAAAAAAAAA 359 
Homo    TCACTGCAGCCTGGGTGACACTCCAGCCTGGGTGACAAAGGAGACCCCGTCAAAAAAAAA 360 
        ********************  ********** *************************** 
Pan     -GTACTTTTCCCAAAAGTTTTTGTTTCCTAGCTTAGAATTTATAATCAGATTAGGTTTTG 418 
Homo    AGTACTTGTCCCAAAAGTTTTTGTTTCCTAGCTTAGAATTTATAATCAGATTAGGTTTTG 420 
         ****** **************************************************** 
Pan     GAGATAAAGTATATGTGGT-TTTTTGTTTTTTTTTTTGAGAC---AGTCTTGCTCTGTCA 474 
Homo    GAGATAAAGTATATGTGGTATTTTTTTTTTTTTTTTTGAGACGACAGTCTTGCTCTGTCA 480 
        ******************* ***** ****************   *************** 
Pan     TCAGGCTGGAGTGCAGTGGCGCAATTTCGGCTCACTGCAACCTCCACCTCCTGGGTTCAA 534 
Homo    TCAGGCTGGAGTGCAGTGGCGCAATTTCGGCTCACTGCAACCTCCACCTCCTGGGTTCAA 540 
        ************************************************************ 
Pan     GCAATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGACTACAGGTGCATGCCACGACGCCC 594 
Homo    GCAATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGACTACAGGTGCATGCCACGACGCCC 600 
        ************************************************************ 
Pan     AGCTGATTTTTGTGTTTTTAGTAGAGACGGGGTTTCACCATGTTGGCCAAGATGGTCTCA 654 
Homo    AGCTGATTTTTGTGTTTTTAGTAGAGACGGGGTTTCACCATGTTGGCCAAGATGGTCTCA 660 
        ************************************************************ 
Pan     ATCTCTTGACCTTGTGATCCACCTGCCTTGGCCTTCCAAAGTGTTGGAATTACAGGCGTG 714 
Homo    ATCTCTTGACCTTGTGATCCACCTGCCTTGGCCTTCCAAAGTGTTGGAATTACAGGCGTG 720 
        ************************************************************ 
Pan     AGCCACCGCGCCTGGTCTATATGTGATTTCAAATTAGGTGGCCTTATAAATATAAGCAGA 774 
Homo    AGCCACCGCGCCTGGTCTATATGTGATTTCAAATTAGGTGGCCTTATAAATATAAGCAGA 780 
        ************************************************************ 
 

(b) 
 
 
 
 
 
 
 
 
Appendix 2 - Palindromic Alus in NDUFC2 gene 
(a) DNA sequence alignment between Homo sapiens and Pan troglodytes genomic 
DNA containing part of the NDUFC2 3’ UTR. The DNA sequence corresponding to 
the two Alu repeats has been highlighted. The alignment was carried out using 
ClustalW (Chenna et al. 2003). (b) A secondary structure simulation, using Zukers 
(Zuker 2003) mfold program, of the 79bp sequence spacing the two Alu repeats in the 
NDUFC2 3’ UTR. The start and end of the spacer is indicated by the arrows 
 
 

Homo sapiens 

Pan troglodytes 
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Appendix 3 - Inverted Alu repeats in the 3’ UTR of COX6B2 
Secondary structure simulation, using Zukers (Zuker 2003) mfold program, of an 
inverted Au repeat pair in the 3’ UTR of the COX6B gene. The position of a putative 
polyA signal is indicated by the black arrow. The RNA structure assumes 
transcription of the full GenBank mRNA sequence version GI:40538807. 
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Appendix 4 - Alu density of two regions on chromosome 7 
The two graphs above presents the Alu density in two short regions on chromosome 7 
with a graphical representation of the genes in the areas, obtained from the NCBI 
genome map viewer (http://www.ncbi.nlm.nih.gov/mapview/), superimposed above and 
below each graph. The genes’ exons are represented by boxes and these are connected 
by thin lines representing introns. The genes above the horizontal black dividing line 
(indicated by arrows) are transcribed from the left to the right, the genes below are 
transcribed from the right to the left. The height of each bar represents the percentage 
of Alu-derived DNA (y-axis) per 10kbp of DNA (x-axis). The first graph (a) represents 
Alus and genes in a ~3mbp region on the p-arm (21.2mbp-24.1mbp), and the second 
graph (b) represents Alus and genes in a ~3mbp region on the q-arm (68mbp-71mbp). 

(a) 

(b) 
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Appendix 5 - Alu density of two regions on chromosome 19 
The graphs above present the Alu density in two regions on the p-arm of chromosome 
19. There is a graphical representation of the genes in the area, obtained from the NCBI 
genome map viewer (http://www.ncbi.nlm.nih.gov/mapview/), superimposed above and 
below the graph with the genes’ exons represented by boxes connected by thin lines 
representing introns. The genes above the horizontal black dividing line (indicated by 
an arrow) are transcribed from the left to the right, the genes below are transcribed from 
the right to the left. In the graph, the height of each bar represents the percentage of 
Alu-derived DNA (y-axis) per 10kbp of DNA (x-axis). (a) This region includes the 
INSR gene and spans ~0.9mbp (from 6.63mbp to 7.5mbp as measured from the end of 
the chromosome). (b) This region includes the LDLR gene and spans ~0.6mbp from 
10.63mbp to 11.23mbp, as measured from the end of the chromosome. 
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(a) Alignment of the AluSc and AluSx subfamilies (ClustalW score: 98) 
 
AluSc           RGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGA 60 
AluSx           RGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGA 60 
                ************************************************************ 
 
AluSc           TCAC--GAGGTCAAGAGATCGAGACCATCCTGGCCAACATGGTGAAACCCCGTCTCTACT 118 
AluSx           TCACCTGAGGTCAGGAGTTCGAGACCAGCCTGGCCAACATGGTGAAACCCCGTCTCTACT 120 
                ****  ******* *** ********* ******************************** 
 
AluSc           AAAAATACAAAAATTAGCCGGGCGTGGTGGCGCGCGCCTGTAGTCCCAGCTACTCGGGAG 178 
AluSx           AAAAATACAAAAATTAGCCGGGCGTGGTGGCGCGCGCCTGTAATCCCAGCTACTCGGGAG 180 
                ****************************************** ***************** 
 
AluSc           GCTGAGGCAGGAGAATCGCTTGAACCCGGGAGGCGGAGGTTGCAGTGAGCCGAGATCGCG 238 
AluSx           GCTGAGGCAGGAGAATCGCTTGAACCCGGGAGGCGGAGGTTGCAGTGAGCCGAGATCGCG 240 
                ************************************************************ 
 
AluSc           CCACTGCACTCCAGCCTGG-CGACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAAAAAAA 297 
AluSx           CCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAAAAAAA 300 
                ******************* **************************************** 
 
AluSc           AAAAAAAAAAAA 309 
AluSx           AAAAAAAAAAAA 312 
                ************ 
 

(b) Alignment of the upstream Alu repeat (ClustalW score: 82) 
 
 
papio_anubis      ---TTTTCTAACTTGATTTACTGAAAGAGAAACAAAGAAACAAGAAACTGGTCTTAGAAC 57 
homo_sapiens      TGATTTTCTAATTTGATTTACTGAAAGGGAAACAAAGAAACAAGAAACTGGTCTTAGAAC 60 
                     ******** *************** ******************************** 
 
papio_anubis      ACAAGGAAACACAGGCCAGGAGTGGTGGCTCACACCTGTAATCCCAGCAATTTGGGAGGC 117 
homo_sapiens      ACAAGGAAACGCAGGCCGGGAGCAGTGGCTCACACCTGTAATCCCAGCACTTTGGGAGGC 120 
                  ********** ****** ****  ************************* ********** 
 
papio_anubis      CAAAGAGGGTGGACCACT--------------CGAGACTAGCCTAGCCAACATGGTGAAA 163 
homo_sapiens      CGAGGAGGGTGGATCACTTGAGGCCAGGAGTTCGAGACCAGCCTGGCCAACATGGTGAAA 180 
                  * * ********* ****              ****** ***** *************** 
 
papio_anubis      CTCCATCTCTACCAAAAGTATAAAAATTAGCCAAACGTGGTACTGCATGCCTGTAATCCC 223 
homo_sapiens      CTCCGTCTCTACTAAAAGTACAAAAATTAGCCAAGCATGGTGGTGTGTGCCTGTAATCCC 240 
                  **** ******* ******* ************* * ****  **  ************* 
 
papio_anubis      AGCTACACGGGAGGCTAAGGCAGGAGAATCACTTAAACTCGGGAGGCAGAGGTTGCAGGG 283 
homo_sapiens      AGCTACACGGGAGGCTGAGGCAGGAGAATCACTTAAACCCGGGAGGCAGAGGCAGCAGTG 300 
                  **************** ********************* *************  **** * 
 
papio_anubis      AGCCAAGACTGTGCCACTGCACTCCAGCCTGGGCAACAGAGTGAGACTCCATCTCAAAAA 343 
homo_sapiens      AGCCAAGATCGTGCCACT-CACTCCAGCCTGGGCAACAGA----GACTCCATCTCAAAAA 355 
                  ********  ******** *********************    **************** 
 
papio_anubis      AA---------------CAAACAACACCCCCCC-----ACCCACCTACACACACACAAGG 383 
homo_sapiens      AAAACAAACAAAACAAACAAACAACACCCCCCCCCCCCGCCCACCTACACACACACACAC 415 
                  **               ****************      ******************    
 
papio_anubis      AAACTCGAGTTTTGGCAAGAACACATA-ATAAACTTC 419 
homo_sapiens      ACACACACACACACACACACACACACACACACAC--- 449 
                  * ** *         **   ***** * * * **    
 

Appendix 6 - Alignments of Alu elements in SMG1 from human and baboon 
The alignments (above and overleaf) are of two Alu elements in the human and baboon 
genomes, found in the SMG1 gene. (a) An alignment of the consensus sequence for the 
AluSc and AluSx subfamilies. (b) An alignment of the Alu repeat, belonging to the 
AluSc subfamily, located 160bp upstream of SMG1, exon39, from both the human and 
the olive baboon genomes. (c) An alignment of the Alu repeat, belonging to the AluSx 
subfamily, located 980bp downstream of SMG1, exon 39, from both the human and the 
olive baboon genomes. 
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(c) Alignment of downstream Alu repeat (ClustalW score: 91) 
 
 
papio_anubis      ------------ACCAAGGAATAAGTCTAAATAGAGCAATAACATATTCACAAAGTAAAT 48 
homo_sapiens      TAAGTAAACAGTACCAAGGAATAAGTCTAAATAAAGCAATAACATATTCACAAAGTAAAT 60 
                              ********************* ************************** 
 
papio_anubis      TACTAACAAAGAATCTTT----------------------------TTTTTCTGTCGCCA 80 
homo_sapiens      TACTAACAAAGAATTTTTGGTTTTGTTTTTTTTTGGAGACAGAGTTTTGCTCTGTCACCA 120 
                  ************** ***                            **  ****** *** 
 
papio_anubis      GGCTGGAATGGAGTGGTGCAATCTTGGCTCACTACAACCTCCACCTCCTGGGTTCAAGCA 140 
homo_sapiens      GACTGGAGTGGAGTGGTACAATCTTGGCTCACTGCAACCTCCACCTCCCGGGTTCAAGCA 180 
                  * ***** ********* *************** ************** *********** 
 
papio_anubis      ATTCCTCTGCCTCAGCCTCCTGAGTAGCTGGGACTACACACGCGTGTGCCACCACGCCCA 200 
homo_sapiens      ATTCCTCTGCCTCAGCCTCCTGAGTAGCTGCGACTACACACGCGCG--ACACCACGCCCA 238 
                  ****************************** ************* *   *********** 
 
papio_anubis      GCTTATTTTTCGTATTTTAGTAGAGACGGGGTTTCACCATGTTGGCCAGGATGGTCTAGA 260 
homo_sapiens      GCTAATTTTTTGTATTTTAGTAGAGATGGGGTTTCACCATGTTGGCCAGGATGGTCTCGA 298 
                  *** ****** *************** ****************************** ** 
 
papio_anubis      TCTCCTGACCTTGTGATCCGCCTGCCTTGGCCTCCCAAAGTGCCAGAATTACAGGCATGA 320 
homo_sapiens      TCTCCTGACCTCGTGATCCGCCCGCCTCAGCCTCCCAAAGTGCCAGAATTACAGGTATGA 358 
                  *********** ********** ****  ************************** **** 
 
papio_anubis      GTCACCGTGCCCGACCAATAACTGTTTTTTTGTTTTTTTAAAAAATGCAGCTCACAAAAG 380 
homo_sapiens      GTCACCGTGTCCAGCCAAGAA----TTTTTTGTTTTTTAAAAAAATGCAGCTCATAAAAG 414 
                  ********* **  **** **    ************* *************** ***** 
 
papio_anubis      AGGCAGCTCCTCTTTTCAACGAATTA-------- 406 
homo_sapiens      AGGCAGCTCCTCTTTTCAATGAACTAAATGATAC 448 
                  ******************* *** **         
 
 

 
 
 
Appendix 6 - Alignments of Alu elements in SMG1 from human and baboon 
(continued) 
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homo_sapiens      CAAAGGAGAAAGATAATGAGTGTTTAACAAATAATGTATTCTTCAAGCCAGAGTTCAAAA 60 
papio_anubis      ---AGGAGAAAGATAGTAAGTGTTTAACAAATAATGTATTCTTCAAGCCAGAGTTCAAAA 57 
                     ************ * ****************************************** 
 
homo_sapiens      CTTGGTATAATCCTTTTTTTTTTTTTTTT------GGAAACAGGGTCTAGCTCTGTTGCC 114 
papio_anubis      CTTGGTATAATCCTTTCTTTTTTTTTTTTTCCTTTGGAAACAGGGTCTAGCTCTGTTGCT 117 
                  **************** ************      ************************  
 
homo_sapiens      CAGGTTGGAGTACAGTGGCACAATCTCGGCTCACTGCAACCTGTCTCCTGGGTTCAAGTG 174 
papio_anubis      GAGGTTGGAGTACACTGGCACAATCTCGGCTCACTGCAACCTGTCTCCTGGGTTCAAGTG 177 
                   ************* ********************************************* 
 
homo_sapiens      ATTCTTGTGCCTCAGCCTCCTGAATAGCTGGGACTACAGGTGTGTGCTACCATACCCAGC 234 
papio_anubis      ATTCTTGTGTCTCAGCCTCCCGAATAGCTGGGACTACAGGTGTGTGCTACCACACCCAGC 237 
                  ********* ********** ******************************* ******* 
 
homo_sapiens      TAATTTA------------ACAGAAACAGGGTTTCACCATGTTGTCCAGGCTGGTCT--- 279 
papio_anubis      TAATTTTTTGTATTTTTTCATAGAAACAGGGTTTCACCATGTTGTCCAGGCTGGTCTGGT 297 
                  ******             * ************************************    
 
homo_sapiens      --CAAACTCCTGGCCTCAAATGATCCACCCTCCTCGGCCTCCCAAAGTGCTGGTATTACA 337 
papio_anubis      CTCAAACTCCTGGCCTCAAGTGATCCACCCTCCTCAGCCTCCCAAAGTGCTGGTATTACA 357 
                    ***************** *************** ************************ 
 
homo_sapiens      GGTGCGAGTCACTGCTCCTGGCCAAAAATT-GGTATAATTCTTATCCATCAGTAACAGCT 396 
papio_anubis      GGTGTGAGCCACCGCACCTGGCCAAAAGTTCGGTACAATTCTTATCTACCAGTAACAGCT 417 
                  **** *** *** ** *********** ** **** ********** * *********** 
 
homo_sapiens      CAGTGAGCCTGGCAGAGGTACTCCATTTCTCCACGTCTTGGTGGATTACTGTCAAGGCTA 456 
papio_anubis      CAGTGAGCCTGGCAGAGTTACTCTATTTCTCCACGTCTTGGTGGATTACTGTCAAGGCTA 477 
                  ***************** ***** ************************************ 
 
homo_sapiens      CAGATAATGTGTAAAGCACATGTCCTGGTGCCAGATACATAGTAGTTACTCCCTCAATAA 516 
papio_anubis      CAGGTAATGTGTAAAGCACACGTCCTGGTGTCAGATACATAGTAGTTACTCC-TCAATAA 536 
                  *** **************** ********* ********************* ******* 
 
homo_sapiens      ATGCTAATTATTACTATTAAAAAACCTACAGCCGGGCACGGTGGCTCATACCTGTAATCC 576 
papio_anubis      ATGCTAATTATTACTATTAAAAAACCTACAGCCAGGCGCAGTGGCTCATGTCTGTAATCC 596 
                  ********************************* *** * *********  ********* 
 
homo_sapiens      TATCACTTTGGGAGGCCGAGGCAAGTGGATCACGAGGTCAGGAGTTCAAGACCAGCCTGG 636 
papio_anubis      CACCACTTTGGGAGGCCGAGGTAAGTGGATCACCAGGTCAGGAGTTCAAGACCAGCCTGG 656 
                   * ****************** *********** ************************** 
 
homo_sapiens      CCAAGATGGTGAAACCCCGACTCTACTGAAAGTACAAAAATTAGCTGGGCGTGGTGGCAC 696 
papio_anubis      CCAAGATGGTGAAACCCCTACTCTACTAAAAGTACAAAAATTAGCTGGGCGTGGTGGCAC 716 
                  ****************** ******** ******************************** 
 
homo_sapiens      GCACATGTAATCCCAGCTACTCGGGAAGCTGAGGCAGAGAACTGCTTAAACCTGGGAGGC 756 
papio_anubis      ATGCACGTAATCCCAATTACTCGGGAAGCTGAGGCAGAGAACTGCTTAAACCTGGGAGGC 776 
                     ** *********  ******************************************* 
 
homo_sapiens      AGAGACTGCAGTGAGCTGAGATGGTGCCACTGCACTCCAGCCTGGGTGACAGAGTGAGAC 816 
papio_anubis      AGAGATTGCAGTGAGCTGAGATGGCACCACTACACTCCAGCCTGGGCAACAGAGTGAGAC 836 
                  ***** ******************  ***** **************  ************ 
 
homo_sapiens      TCCATCTCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCTACAAACTCTAA 876 
papio_anubis      TCCATCTCAAAAAAGAAAAAAGAAAAAAGAAAAAAAAAAAAAAG--CCTACAAACTCTAA 894 
                  ************** ****** ****** **************   ************** 
 
homo_sapiens      CAACTCTGGAACATAAAGCTTAAAAACTTTGACCTCACTAAAATTATTGGCACAGTCATT 936 
papio_anubis      CGACTCTGGAACATAAGGCTTAAAAACTTTGACCTAACTAAAATTACTGG---------- 944 
                  * ************** ****************** ********** ***           
 
homo_sapiens      TATACTCAAAGTAG 950 
papio_anubis      -------------- 
 

Appendix 7 - alignment of intronic Alus in the human and baboon SMG1 gene 
ClustalW alignment of two Alu repeats in intron 36 of the human and olive baboon 
SMG1 gene (ClustalW score: 93). The Alu repeat sequences are highlighted. The 
upstream Alu belongs to the AluSg1 subfamily and the downstream Alu belongs to the 
AluSx subfamily.  
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  Across exons  Across intergenic points  
spacing of 
elements 

DRs in 
group 

IRs in 
group 

Ratio 
(DR/IR) 

DRs in 
group 

IRs in 
group 

Ratio 
(DR/IR) 

0-99 0 0 0.00 631 256 2.46 
100-199 10 4 2.50 269 285 0.94 
200-299 47 26 1.81 323 313 1.03 
300-399 107 58 1.84 344 348 0.99 
400-499 148 86 1.72 343 298 1.15 
500-599 159 136 1.17 290 298 0.97 
600-699 166 129 1.29 282 284 0.99 
700-799 151 118 1.28 252 280 0.90 
800-899 140 121 1.16 265 257 1.03 
900-999 148 108 1.37 229 237 0.97 
1000-1099 134 102 1.31 222 222 1.00 
1100-1199 102 87 1.17 219 205 1.07 
1200-1299 135 103 1.31 227 227 1.00 
1300-1399 114 87 1.31 189 209 0.90 
1400-1499 112 82 1.37 220 177 1.24 
1500-1599 86 72 1.19 169 166 1.02 
1600-1699 74 65 1.14 175 159 1.10 
1700-1799 87 52 1.67 160 162 0.99 
1800-1899 81 47 1.72 181 172 1.05 
1900-1999 52 54 0.96 166 156 1.06 
2000-2099 69 60 1.15 158 149 1.06 
2100-2199 68 46 1.48 156 122 1.28 
2200-2299 52 47 1.11 140 156 0.90 
2300-2399 47 49 0.96 133 131 1.02 
2400-2499 52 45 1.16 138 110 1.25 
2500-2599 49 44 1.11 135 117 1.15 
2600-2699 34 36 0.94 133 118 1.13 
2700-2799 42 35 1.20 122 124 0.98 
2800-2899 44 35 1.26 106 116 0.91 
2900-2999 34 17 2.00 114 107 1.07 
3000-3099 31 36 0.86 113 110 1.03 
3100-3199 21 22 0.95 95 101 0.94 
3200-3299 33 31 1.06 95 94 1.01 
3300-3399 32 22 1.45 111 84 1.32 
3400-3499 29 13 2.23 92 92 1.00 
3500-3599 21 16 1.31 91 106 0.86 
3600-3699 26 17 1.53 100 91 1.10 
3700-3799 20 14 1.43 96 86 1.12 
3800-3899 18 12 1.50 95 91 1.04 
3900-3999 19 10 1.90 74 61 1.21 

 
 

Appendix 8 - Counts of direct and inverted Alu repeat pairs 
This table provides the numerical data that was used for Figure 39 and Figure 48 and 
in the linear regression analysis in Figure 40 and Figure 41. 
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Appendix 9 - Chromatogram from sequencing of DKC1 pre-mRNA 
Chromatogram of a sequencing reaction of a reverse transcribed Alu repeat from pre-
mRNA of the DKC1 gene. Only the region that can be interpreted is included. The 
sequence is a sense orientation compared to the gene. The signal strengths that were 
reported for the sequencing run were A=44, C=33, G=51, T=28. The chromatogram 
was produced using FinchTV, version 1.4.0 (Geospiza.inc). 
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Sequence: 
TAATCCTGGCACTTTGGGAGGCCGAGGTGGGCAGATCACCTGAAGTCAGG
AGTTCA(A/T)GACCAGCCTGGCCAACATGGCAAAAGCCTGTCTCTACTAAA
AATATAAAAATTAGCCAGGCATAGTGGCGTGCGCCTGTAATCCCAGCTAC
TTGGGAGGCTGAGGCAGGAGA(AT)TCGCC(T/C)GAA(T/C)CCAGGAGATGG
AAGTTGCAGAGAGCCGAGATCGCATCACTGCCCTCCGGCCTGGGCCACAG
AGNAAGACTGC 
 

Appendix 10 - Chromatogram from sequencing of DKC1 pre-mRNA 
Chromatogram of a sequencing reaction of a reverse transcribed Alu repeat from pre-
mRNA of the PSMD1 gene. Only the region that can be interpreted is included. The 
start and end of the segment that corresponds to the attached nucleotide sequence is 
indicated by arrows. The sequence is antisense to the gene. The signal strengths that 
were reported for the sequencing run were A=9, C=9, G=8, T=10. The chromatogram 
was produced using FinchTV, version 1.4.0 (Geospiza.inc). 
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Appendix 11 - Publication number one;  reference and reproduced copy 

 
Reference: Maguire, D. J., Oey, H. and McCabe, M. (2006). Alu sequences 

in the human respirome. Adv Exp Med Biol 578: 73-9. 
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Appendix 12 - Publication number two;  reference and reproduced copy 

 
Reference: 
Oey, H. M., Maguire, D.J and McCabe, M. Pseudogenes and the electron transport 
chain. Adv Exp Med Biol. Accepted. 
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