
From 
The Programme for Genomics and Bioinformatics 

Department of Cell and Molecular Biology 
Karolinska Institutet, Stockholm, Sweden 

 
 
 
 
 

GENE COMPLEXES AND REGULATORY 
DOMAINS IN METAZOAN GENOMES 

 
 
 

Pär Engström 
 
 
 
 
 

 

 
 
 
 
 
 

Stockholm 2007  



 

 
 
Published By Karolinska Institutet. Printed by Larserics Digital Print. 
© Pär Engström, 2007, except: 
  Paper I © 2005, the authors 
  Paper II © 2005, American Association for the Advancement of Science 
  Paper III © 2006, the authors 
  Papers IV and V © 2007, Cold Spring Harbor Laboratory Press 
  Paper VI © 2007, the authors 
ISBN 978-91-7357-361-0 



 
 
 
 
 
 

Watching a coast as it slips by the ship is like 
thinking about an enigma. There it is before you - 
smiling, frowning, inviting, grand, mean, insipid, or 
savage, and always mute with an air of whispering, 
Come and find out. 

 - Joseph Conrad, Heart of Darkness 
 
 





ABSTRACT 
Despite the recent massive increases in genome and transcript sequence data, including 
whole-genome sequences for humans and many other metazoans, our understanding of 
the content of these sequences is far from complete. This thesis is about making use of 
metazoan sequence data to detect functional genetic elements on a genome-wide scale 
and examine the distribution of those elements on chromosomes. Specifically, the 
thesis focuses on the occurrence of gene complexes, such as pairs of overlapping genes, 
and on chromosomal regulatory domains of importance in development and disease. 

Mammalian genomes contain a larger than expected number of complex loci, in 
which genes on opposite strands share transcribed regions, exons and/or core 
promoters. We find that, in both human and mouse genomes, 25% of transcriptional 
units (TUs) share exon sequence with a TU on the opposite strand. The true proportion 
is likely to be significantly higher because transcriptomes are not fully sequenced. 
Intriguingly, most pairs of overlapping TUs consist of one coding and one noncoding 
TU. We have included a large dataset of transcript sequences from such noncoding TUs 
in a database of noncoding RNA (http://research.imb.uq.edu.au/RNAdb). While nearly 
a thousand cases of overlapping TU arrangements are conserved between human and 
mouse, these constitute only 17% of all detected TU overlaps, suggesting that many 
species-specific arrangements exist. Taking advantage of newly available CAGE tag 
data on transcription start site locations, we analyze bidirectional promoters and show 
that their divergent transcription initiation regions are broad and often separated only 
by a small region (<60 bp) at which overall sequence composition changes strand. 

Vertebrate, insect and nematode genomes contain an abundance of highly 
conserved noncoding elements (HCNEs) that appear to function as enhancers for 
developmental regulatory genes around which they cluster. We show evidence that 
large blocks of conserved synteny (genomic regulatory blocks, GRBs) have been 
maintained, across vertebrates and across insects, to keep arrays of HCNEs intact. 
GRBs often contain “bystander” genes whose functions and expression patterns are 
unrelated to those of the presumptive target genes of HCNE enhancer activity. By 
analyzing the fate of duplicated genes and HCNEs after whole-genome duplication in 
teleosts, we show that bystander genes are indeed independent of the regulatory input 
of HCNE arrays. In addition, we describe differences in core promoters between target 
genes and bystander genes that might explain the differences in their responsiveness to 
long-range enhancers. We present a web resource (http://ancora.genereg.net) for 
exploring the distribution of HCNEs on metazoan chromosomes. 

Together with other recent studies, this work challenges the canonical “colinear” 
model of how genes and their regulatory elements are arranged in metazoan genomes. 
Vertebrate and insect genomes appear to contain an abundance of nested and 
overlapping gene structures, giving rise to both coding and noncoding transcripts. In 
addition, regulatory elements controlling the expression of a gene are frequently 
distributed within or beyond other genes. These findings should be taken into account 
in future studies of regulation of gene expression and effects of genetic variation by 
considering the genomic neighborhood of genes and polymorphisms of interest, up to 
distances on the order of a million base pairs in the human genome.  
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1 INTRODUCTION 
I began my doctoral studies in 2002, one year after a draft sequence of the human 
genome was published [1, 2]. This draft sequence was a crucial milestone in the human 
genome project, which was launched in 1990 with the aim to produce a high-quality 
reference sequence for the human genome. Now, five years later, the human genome 
project has been declared finished [3], and reference genome sequences for many other 
animals have been published (for examples, see [4-12]). At the UCSC Genome 
Browser web site [13], researchers can view alignments between genome sequences of 
28 vertebrate species and alignments between genome sequences of 14 insect species. 
Advances in sequencing technology will likely make it affordable to determine genome 
sequences of individual humans on a large scale in the near future [14]. Pioneering 
efforts in this area have recently provided draft genome sequences of two scientists 
who have made fundamental contributions to the understanding of genomes: James 
Watson, co-discoverer of the structure of DNA [15], and Craig Venter, advocate of 
high-throughput methods for transcriptome and genome sequencing [2, 16, 17]. 
 
Despite the recent massive increases in genome sequence data, our understanding of the 
content of these sequences is far from complete [18]. A major goal of genomics - the 
study of genomes - is to identify functional elements in genome sequences. If we could 
produce a complete parts list for a genome, we would have a better foundation for 
understanding how these parts function together in living organisms, and how their 
disruption, for example by genetic mutations, leads to disease. This thesis is about 
making use of sequence data for metazoans (humans and other animals) to detect 
functional genetic elements and examine the distribution of those elements on 
chromosomes. Specifically, the thesis focuses on the occurrence of gene complexes, 
such as pairs of overlapping genes, and on chromosomal regulatory domains of 
importance in development and disease. 
 
The first two sections of this introduction describe genome-wide discovery and analysis 
of two types of functional elements that are of primary interest: genes and their 
regulatory elements. This is followed by a section on how whole-genome sequences 
from different species can be compared to reveal how genomes have been rearranged in 
evolution and how functional elements have been shuffled. The final section discusses 
the arrangement of genes and regulatory elements into higher-order structures on 
chromosomes. 
  
1.1 GENES 

Although most contemporary biologists have an intuitive understanding of what is 
meant by a gene, there is no precise consensus definition of this term, which has taken a 
variety of meanings since its conception by Wilhelm Johannsen in 1909. For a 
comprehensive historical review about the definition a gene, see [19]. In this thesis, the 
word gene is used in a broad sense: any part of a genome that is transcribed is 
considered to belong to a gene. 
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Genes can be further subdivided into those that encode proteins and those that only give 
rise to RNA transcripts (RNA genes). While protein-coding genes historically have 
been given more attention than RNA genes, recent studies have shown that non-protein 
coding RNAs (ncRNAs) are more abundant and diverse than previously thought and 
thus caused the focus to shift somewhat [20]. In particular, the discovery of 
microRNAs has fueled research in the field of RNA genes [21]. While microRNAs are 
increasingly well understood, the function of many other ncRNAs is unclear [22, 23]. 
 
1.1.1 Gene discovery 

Most known transcripts have been discovered by sequencing from complementary 
DNA (cDNA) libraries [24-30]. Briefly, a cDNA library is constructed by purifying 
RNA from cells or tissues, reverse-transcribing RNA into double-stranded cDNA, and 
inserting cDNA into vectors that can be maintained in bacteria [31]. Selected cDNA 
inserts are then sequenced and, for species with assembled genomes, resulting 
transcript sequences are aligned to the genome sequence to reveal the locations and 
exon-intron structures of genes [32]. In large-scale projects, cDNAs to sequence are 
often selected at random from a library. As a result, more sequences are obtained for 
transcripts that are more abundant in the original RNA samples. To increase the rate of 
discovery of new genes, normalization and subtraction techniques can be applied in the 
library construction to reduce the difference in abundance between different transcript 
isoforms and remove sequences that are already known [33]. In addition, a number of 
techniques have been developed to control the extent to which obtained cDNAs 
represent full RNA transcripts, as opposed to partial transcripts. In the now common 
case when full mRNA sequences are desired, a primer that recognizes the poly-A tail of 
mRNAs is typically used in the reverse transcription reaction, and modern approaches 
also include a step where the cap structure at the other (5’) end of mRNAs is 
recognized [34, 35]. 
 
Most mammalian mRNAs are several kb in size [36]. Because a sequencing run only 
can cover a few hundred bp, several rounds of sequencing are usually required to obtain 
full-length transcript sequences, making the process laborious. It is therefore common 
to perform only one round of sequencing at either or both ends of inserts. The products 
of such one-pass sequencing are called expressed sequence tags (ESTs) [16]. While 
ESTs rarely represent full-length transcripts (hence the name tags) and often contain 
low-quality sequence, they can be produced in a very high-throughput fashion and have 
proven highly useful for gene discovery [24-30, 37]. The first publication on the dbEST 
database, which was created in 1992 to store all publicly available EST sequences, 
reported a content of 14,556 sequences from human [38]; today the database contains 
more than eight million human ESTs, demonstrating the popularity of this approach. 
For comparison, there are only 245,820 sequences supposed to represent full-length 
human transcripts (cDNA sequences) in the public domain (the sequence count was 
obtained from the UCSC Genome Browser database [13]), and many of them are not 
truly full-length [39]. A number of other methods for obtaining sequence tags in even 
more high-throughput have been developed. These methods, which produce shorter 
tags (9-21 bp), include serial analysis of gene expression (SAGE) [40-42], massive 
parallel signature sequencing (MPSS) [43], cap-analysis of gene expression (CAGE) 
[44] and paired-end ditag (PET) sequencing [45]. In MPSS, the higher throughput is 
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achieved by cloning on microbeads instead of in bacteria, while SAGE, CAGE and 
PET gain efficiency by concatenating tags so that multiple tags can be sequenced in one 
run. The CAGE and PET methods have the advantage of capturing tags from 5’-ends of 
transcripts, thereby allowing accurate mapping of transcription start sites and 
corresponding promoters on the genome [46]. If large numbers of tags are sequenced 
from non-normalized libraries, they can also be used as a measure of transcript 
abundance: a higher proportion of tags with a particular sequence corresponds to a 
higher abundance of the corresponding RNA species. 
 
While the many publicly available transcript sequences provide a rich source of 
information, sequences that have been produced in high-throughput must be interpreted 
with caution. Transcript sequence databases contain many artifacts, including truncated, 
chimeric and incompletely spliced sequences [47-50]. One particular problem is that 
many libraries were not constructed by a directional cloning procedure [31]. Sequences 
from such libraries therefore have no information about orientation of transcription. 
Examples of such sequences include 700,000 ESTs from the ORESTES project, in 
which cDNAs were produced using random primers to increase the representation of 
coding sequence in ESTs [26]. For ESTs that come from directionally cloned libraries, 
annotated read direction (5’ or 3’) usually reveals orientation with respect to the 
original transcript. However, this annotation can be inconsistent between libraries and 
sometimes incorrect, due to cloning of cDNAs in the wrong orientation or so-called 
lane-tracking errors [48, 49]. Reference sequence collections where many of the above-
mentioned errors have been screened out are available [36, 51, 52], but they fail to 
capture much of the complexity of animal transcriptomes [18, 53-55]. 
 
Recently, several groups have used high-density oligonucleotide arrays to reveal 
transcribed regions [18, 23, 53-56]. In this approach, up to several hundred million 
unique oligonucleotide probes are arrayed on chips. Each probe is about 30 nt in size 
and designed to uniquely identify a genomic region. The chips are called tiling arrays 
because the probes are designed to collectively cover as much as possible of a genome, 
or of selected chromosomal segments if the genome is too large. Labeled nucleic acids 
obtained from RNA samples are hybridized to the arrays to determine regions 
corresponding to stable transcripts and their expression levels. While conventional 
expression arrays are designed to detect known transcripts, the use of tiling arrays has 
revealed many previously unknown exons (see below). 
 
It is also possible to predict genes based on genome sequence alone. A number of such 
prediction methods have been developed for metazoan genomes [57-59]. These 
methods model properties of known genes, such as exon and intron sizes, codon usage, 
sequence composition, translational and splicing signals, repeat content and cross-
species conservation, and, for comparison, properties of intergenic regions. Although 
many predicted exons have been validated as expressed [53, 56, 60], it is thought that 
the prediction methods have a considerable false-positive rate [61], and predictions are 
usually not trusted unless they show similarity to known genes in other species or have 
been confirmed by transcript sequencing or hybridization. 
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1.1.2 Pervasive transcription 

Around the time of the publication of the draft human genome sequence, Wong et al. 
argued that most of the human genome is transcribed [62, 63]. It is now clear that this is 
this is the case for both human and mouse genomes. By aligning transcript sequences to 
the mouse genome sequence, the FANTOM consortium found evidence for 
transcription of 63% of the mouse genome sequence [30]. Recently, the ENCODE 
consortium used a variety of technologies to investigate transcription in selected cell 
lines for 44 genomic regions, which together comprise 1% of the human genome, and 
detected 74% of the bases in these regions as transcribed by at least two different 
technologies [18]. While it is not straightforward to extrapolate this result to the entire 
human genome, the number is similar to the earlier estimate for the mouse genome.  
 
Although human and mouse genomes are pervasively transcribed, the fraction of these 
genomes that corresponds to stable transcripts appears to be much smaller, because 
many genes contain large introns. Remarkably, only ~2% of the human genome is 
covered by exons of known protein-coding genes from the commonly used reference 
collections at NCBI, Ensembl and UCSC, and only half of that sequence is predicted to 
be protein coding (the other half is predicted as 5’- and 3’-untranslated regions, UTRs) 
[51]. However, it now clear that these gene collections lack many exons, the majority 
of which may be noncoding. For example, in a large-scale tiling array experiment 
interrogating 380 Mb of non-repeat human genome sequence (about 30% of the 
genome) with polyadenylated cytosolic RNA from eight different cell lines, transcripts 
were detected for 16.5% of the interrogated sequence, and only a quarter of the detected 
expressed bases corresponded to known genes [54]. These observations are supported 
by several other recent studies [18, 23, 30, 53]. 
 
Gene annotations are denser in the more compact genome of the fruit fly Drosophila 
melanogaster: annotated exons cover 24% of the euchromatic genome sequence [64] 
(although this number is from 2002, the estimated percentage has not changed since 
then). Nevertheless, even this percentage is likely to be an underestimate, because a 
recent tiling array study reported that 30% of all genomic bp found to correspond to 
transcripts expressed during embryonic development were not covered by known 
genes, cDNAs or ESTs [55]. Based on correlation analysis of developmental expression 
profiles, the authors estimated that that at least 85% of the non-repeat portion of the D. 
melanogaster genome is transcribed.  
 
1.1.3 Transcript diversity 

A transcribed region can typically give rise to multiple transcript isoforms due to 
alternative transcription initiation, alternative splicing, and alternative polyadenylation 
[65, 66]. It is well established alternative transcript isoforms produced from the same 
region can have related functions [67]. However, many loci appear to contain a network 
of exon-intron structures giving rise to transcripts with potentially diverse functions 
[54, 68]. Protein-coding and noncoding transcripts may be transcribed from the same 
region [23], and many genomic regions are transcribed on both strands [69-71]. At 
some loci, a switch from generation of protein-coding to noncoding isoforms may be a 
way to downregulate protein expression. This hypothesis seems particularly plausible 
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for noncoding transcripts that are targets of nonsense-mediated decay [72]. However, in 
most cases the relation between protein-coding and noncoding isoforms emanating 
from the same locus is not clear [23, 68].  
 
The ability of single loci to give rise to a rich diversity of transcripts conflicts with most 
biologists’ notion of what a gene is, and makes it difficult to devise general rules for 
grouping transcripts into “genes” in a meaningful way based on sequence information 
alone [19]. Nevertheless, grouping of transcripts is often done in large-scale analysis to 
remove redundant information and answer questions about the extent of phenomena 
such as alternative splicing and alternative promoter usage. The FANTOM consortium 
defined transcriptional units (TUs) by grouping together all cDNA sequences that 
mapped to the same genomic strand and shared one or more bases of exon sequence 
[22]. More recently, the FANTOM consortium introduced the notion of a 
transcriptional framework, which is a grouping of transcripts that takes into account 
sites of splicing, polyadenylation and transcription initiation [30]. Based on experiences 
in the ENCODE pilot project, Gerstein et al. [19] proposed a way of grouping 
transcripts that emphasizes the final expressed products (protein or ncRNA) and always 
puts mRNAs and ncRNAs in separate groups.  
 
1.2 GENE REGULATORY ELEMENTS 

Protein-coding genes and many noncoding RNAs, including some microRNAs, are 
transcribed by RNA polymerase II from specific transcription start sites (TSSs) in 
genomes [73, 74]. TSSs are surrounded by sequence elements involved in the 
regulation of their transcription. These elements, which are often binding sites for 
transcription factors, are called cis-regulatory elements because they occur on the same 
molecule (the chromosome) as the regulated gene, as opposed to transcription factors, 
which are separate molecules and therefore said to act in trans. Gene expression is also 
regulated at the post-transcriptional level through cis-regulatory elements in transcripts, 
such as binding sites for splicing regulatory proteins and target sites for microRNAs 
[21, 75]. The summary below focuses on cis-elements involved in the regulation of 
transcription, because of their relevance for the thesis work. 
 
1.2.1 Genome-wide discovery of transcription factor binding sites 

DNA segments directly or indirectly bound by specific proteins in vivo can be purified 
by a technique called chromatin immunoprecipitation (ChIP) [76]. Because the 
purification is facilitated by crosslinking chromatin and its bound proteins, the 
recovered DNA segments represent a snapshot of bound segments at the time the 
crosslinking is performed. In an alternative technique, DamID, the protein of interest is 
fused to a DNA methyltransferase, so that DNA methylation levels are increased at 
sites bound by the protein [77]. Regions with increased methylation compared to a 
control experiment are then identified. The DamID technique thus provides a 
cumulative measure of chromatin binding over the time the fusion protein is expressed. 
Recently, these methods have been used extensively in combination with tiling arrays 
or large-scale sequencing to determine bound DNA segments in targeted genomic 
regions or even genome-wide (for examples, see [18, 78-80]).  
 



 

 6 

Transcription factor binding sites can also be predicted in sequences by matching 
against profiles (motifs) that capture documented binding preferences of transcription 
factors [81]. One problem with this approach is that we do not know the binding 
specificity for most transcription factors, but this may soon be solved by progress in 
high-throughput determination of transcription factor binding specificities [82, 83]. A 
more severe limitation is that many false positive predictions are generated because of 
the notoriously low DNA binding specificity of transcription factors. By requiring 
predicted sites to be conserved in a genome at suitable evolutionary distance, the 
signal-to-noise ratio can be increased by an order of magnitude [84]. However, due to 
the vast noncoding content of metazoan genomes, in particular the mammalian ones, 
additional information about which regions are likely to contain regulatory information 
is required to reduce the number of false positives to a manageable level. Although 
individual transcription factor binding sites are hard to identify with high confidence in 
genome sequences, regulatory modules consisting of multiple sites can be found by 
searching for regions enriched for site combinations. This approach has been 
successfully used for genome-wide detection of functional enhancers in D. 
melanogaster by additionally requiring that site combinations be preserved in D. 
pseudoobscura [85]. 
 
1.2.2 Core promoters 

Prior to initiation of transcription, the required components are assembled at a region 
around the TSS called the core promoter [86]. Core promoters contain cis-regulatory 
elements that are recognized by components required for transcription. These cis-
regulatory elements may include a TATA box 28 to 34 bp upstream of the TSS, an 
initiator element (Inr) at the TSS, a downstream promoter element (DPE) about 30 bp 
downstream of the TSS, as well as other elements identified by biochemical studies and 
computational searches for overrepresented motifs in core promoter sequences [46, 86-
89]. However, most mammalian core promoters do not contain matches to well-
characterized cis-regulatory motifs, but instead coincide with a region enriched for CpG 
dinucleotides (CpG island) [46]. These core promoters typically contain multiple TSSs 
distributed over a region that can span more than 100 bp. CpG dinucleotides are 
otherwise underrepresented in the genome because they are substrates for methylation, 
and methylated cytosine can be converted to thymine [90]. It has been suggested that 
core promoters used during early embryonic development escape de novo methylation 
[90]. Accordingly, broadly expressed genes and some developmental regulatory genes 
tend to have core promoters with CpG islands, while tissue-specific genes tend to have 
core promoters without CpG islands [46, 91]. 
 
1.2.3 Proximal and long-range regulation 

Cis-regulatory elements outside core promoters mediate additional control over 
transcription initiation. Such elements include enhancers, silencers, insulators and locus 
control regions [73]. The region 200 bp upstream of a TSS tends to be well conserved 
between human and mouse [46], and researchers often explore sequence up to 5 or even 
10 kb upstream of a TSS in search of putative transcription factor binding sites. 
However, cis-regulatory elements for a gene can also be found within its boundaries. 
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For example, the zebrafish shh gene contains enhancers in its first and second intron 
that appear to be responsible for its embryonic expression pattern [92].  
 
Long-range cis-regulatory elements occur at larger distances from their target genes.  
One of the most spectacular examples to date is an enhancer 780 kb upstream of human 
DACH1, a gene implicated in regulation of several aspects of development [93]. This 
and several other enhancers around DACH1 were discovered by searching for 
sequences conserved between human, mouse, frog, and three fish genomes (zebrafish, 
fugu and Tetraodon nigroviridis). The conserved sequences were found to possess 
enhancer activity by cloning each element upstream of a reporter gene and measuring 
reporter expression in transgenic mice, where reporters displayed spatial developmental 
expression patterns compatible with the endogenous expression pattern of DACH1. It 
should be noted that long-range cis-regulatory elements and their target genes may not 
always be far from each other in the cell, because chromosomes can bend to bring 
together elements that are distant in the linear genome sequence. In addition, 
undiscovered alternative TSSs may exist closer to cis-regulatory elements located far 
upstream of currently known TSSs [18, 55]. 
 
Genomic regions that contain enhancers can be detected by inserting reporter genes at 
random genomic locations [94]. The reporter gene should have a promoter that requires 
an enhancer for full activation, so that an increase in reporter expression can be 
detected if the insertion occurs in a location where the promoter is activated by a 
neighboring enhancer. Genomic locations of insertions can be determined by using 
primers specific to the inserted constructs to clone and sequence flanking genomic 
regions. This technique has been widely applied for enhancer detection in D. 
melanogaster [94], and more recently also in zebrafish [95]. It is suitable for locating 
genomic regions of interest based on tempo-spatial expression patterns of reporters and 
for making hypotheses about expression patterns of genes in the identified regions. For 
example, a recent insertion screen for developmental enhancers in zebrafish produced 
95 transgenic lines of fish with distinct embryonic reporter expression patterns [95]. 
 
Since enhancers can be located at great distances from their target genes, and even 
inside neighboring genes [96], there must exist mechanisms by which enhancers 
specifically target certain genes in their vicinity. DNA elements called insulators play a 
role in this by restricting the reach of enhancers to within defined chromosomal 
domains [97]. It has also been demonstrated that enhancers can selectively target 
certain promoters [98, 99] and that this selectivity may be facilitated by the occurrence 
of different core promoter types [100, 101]. For example, Butler and Kadonaga carried 
out an enhancer detection screen by inserting constructs containing two reporter genes 
at random locations in the D. melanogaster genome [101]. While the two reporter 
genes were identical, they had different types of core promoters. The core promoters 
had motif combinations TATA-Inr and Inr-DPE, respectively. The constructs were 
designed so that, following insertion, either reporter gene could be selectively excised 
together with its associated core promoter. By analyzing pairs of fly lines with 
insertions in the same position but different core promoter types, the authors identified 
three pairs of fly lines with higher expression from the TATA-Inr promoter and one 
line with higher expression from the Inr-DPE promoter, suggesting that the different 
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core promoter types responded differently to enhancers located in the vicinity of 
insertion sites. 
 
1.2.4 Highly conserved noncoding elements 

Searches for enhancers by comparison of distantly related vertebrate genomes, as 
described for the DACH1 locus above, have now been performed genome-wide and 
revealed many examples of long-range enhancers [102-106]. There are thousands of 
elements that are highly conserved between human and fish and do not overlap known 
exons [102, 107, 108]. These highly conserved noncoding elements (HCNEs) do not 
tend to be near known TSSs, but form broad clusters around developmental regulatory 
genes. Hundreds of HCNEs have been characterized as developmental enhancers by 
reporter gene assays in transgenic mice, frogs or zebrafish, and the list is growing 
rapidly [103, 109-112]. Success rates in these experiments have been high, considering 
that only discrete developmental time points have been explored, suggesting that most 
HCNEs function as enhancers. For example, Woolfe et al. [102] tested 25 human-fugu 
conserved HCNEs in transgenic zebrafish and detected enhancer activity of 23 on the 
second day of development. The elements generally showed reproducible tissue-
specific activity. In a more recent study, Pennacchio et al. [106] tested 167 HCNEs in 
transgenic mice and detected reproducible tissue-specific enhancer activity of 75 (45%) 
at embryonic day 11.5. Figure 1 illustrates one of the loci investigated in this study and 
demonstrates how positive elements act as enhancers in distinct anatomic regions, 
suggesting that they function together in a modular fashion to specify the complete 
expression pattern of the target gene SALL1. In agreement with their function as 
enhancers, HCNEs conserved between mammals and fish tend to be enriched for 
matches to binding site profiles for homeodomain proteins and some other 
developmental transcription factors [104, 113].  
 
The numbers and sizes of HCNEs identified in different genome-wide studies vary 
depending on the method used. For example, Bejerano et al. [107] identified 381 
elements perfectly conserved between human, mouse and rat over at least 200 bp. 
These elements, which the authors termed ultraconserved elements, include 256 that 
did not show evidence of transcription from any matching cDNA or EST from any 
species. The three largest ultraconserved elements, which all exceed 700 bp in size, are 
located in introns of a gene neighboring the homeobox gene ARX. Sandelin et al. [108] 
identified 3583 HCNEs with a median length of 125 bp by searching for non-exonic 
sequences with >95% sequence identity over at least 50 bp between human and mouse, 
as well as evidence of conservation in fugu. They inspected HCNE densities along 
chromosomes and found peaks at many developmental gene loci. The largest HCNE 
cluster was found around the homeobox gene MEIS2 (Figure 2). HCNEs are also 
abundant and associated with developmental genes in insect [114] and nematode 
genomes [115]. Vavouri et al. [115] found 26 groups of orthologous genes that are 
spatially associated with HCNEs in human, flies and worms, although the HCNE 
sequences are not conserved between the three phyla, suggesting that the mechanisms 
by which these sequences control gene expression and by which their conservation is 
maintained existed before the divergence of these phyla. 
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Figure 1. HCNEs with enhancer activity around the human SALL1 gene. Figure from Pennacchio et 
al. [106]. The middle tracks depict human fragments that were tested in a transgenic mouse enhancer 
assay, and their classification as either ‘negative’ or ‘positive’ refers to their enhancer activity at 
embryonic day 11.5. All elements tested were conserved in the fugu genome, and two of these elements 
were also defined as ultraconserved (denoted by arrowheads). The bottom panel indicates the positive 
enhancer activities captured in transgenic mice. Reprinted by permission from Macmillan Publishers Ltd: 
Nature 444:499-502, copyright 2006. 
 
 
 
 
 
 
 
 
 

 
Figure 2. HCNE locations and densities around the human MEIS2 gene. Screenshot from the Ancora 
genome browser (Paper VI). MEIS2 is embedded in an array of HCNEs detected by comparison with 
mouse and fugu genomes. Overlaid density plots show densities of HCNEs detected at similarity 
thresholds of 95% (yellow), 98% (orange) and 100% (red) in the mouse comparison and similarity 
thresholds of 70%, 80% and 90% in the fugu comparison. Density values indicate the percentage of 
HCNE sequence in a 300 kb window. 
 
Curiously, the conservation level of many HCNEs exceeds what is thought to be 
required for preservation of transcription factor binding sites, which typically can 
tolerate mutations in accordance with binding preferences of corresponding 
transcription factors [81]. It is therefore likely that additional mechanisms, which 
remain to be understood, act to preserve HCNEs in evolution. To investigate whether 
ultraconserved elements may be mutational cold spots, Katzman et al. [116] sequenced 
315 ultraconserved elements from 72 individuals. They found that polymorphisms do 
exist in the ultraconserved elements, but that the derived alleles are of low frequency in 
comparison to derived alleles in protein-coding sequence, suggesting that the 
ultraconserved elements experience negative selection to a greater degree than protein-
coding sequence does. 
 
Comparisons of distant genomes appear to be particularly well suited for revealing cis-
elements that regulate embryonic development, an intricately regulated process with 
many similarities even between distantly related species, such as human and fish [117]. 
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However, comparisons of distantly related genomes miss the potentially large number 
of elements that have appeared or disappeared following the ancient speciation events. 
Identification of evolutionarily constrained elements between closely related genomes 
is more challenging because there has been less time for neutrally evolving sequence to 
diverge, resulting in a lower signal-to-noise ratio. Published approaches to this problem 
involve comparison of multiple closely related genomes and comparison of likelihood 
estimates for observed sequence similarity under phylogenetic models of constrained 
versus neutral sequence evolution [105, 118].  
 
1.3 GENOME EVOLUTION 

One incentive for sequencing a large number of metazoan genomes is to further the 
understanding of our own genome by identifying genomic features that have been 
conserved in evolution and therefore are likely to be functional. As described in the 
previous section, identification of genomic regions that are well conserved greatly aids 
detection of cis-regulatory elements. Genomes can also be compared on a larger scale, 
to determine which genetic elements have been kept in proximity in evolution, and 
which ones have been separated. Based on such comparisons, hypotheses can be made 
about selective pressures acting to keep certain elements in proximity and the possible 
functional relations between those elements. 
 
1.3.1 Genome rearrangements 

Chromosomes rearrange through a variety of mechanisms: segments can be deleted, 
inverted, duplicated, exchanged (translocated) between chromosomes and moved 
(transposed) to other locations [119]. Signs of ancient whole-genome duplications are 
also visible in extant genomes. For example, there is evidence that two rounds of 
whole-genome duplication occurred early in the evolution of vertebrates [120]. Another 
whole-genome duplication occurred in the lineage leading to teleost fish, which 
includes the now sequenced fugu [7], Tetraodon [9], medaka [12], zebrafish (The 
Sanger Institute, unpublished) and stickleback (The Broad Institute, unpublished). 
Whole-genome duplications are typically followed by loss of the majority of gene 
duplicates, because the additional copies are redundant [121]. Explanations for why 
some genes survive in duplicate include subfunctionalization, where the copies take on 
different subsets of the function of the single original gene, and neofunctionalization, 
where one or both copies evolve new functions [122]. 
 
1.3.2 Methods for comparing whole genome sequences 

To directly compare genome sequences, it is necessary to align them. The goal of an 
alignment strategy is typically to match segments that derive from the same ancestral 
segment. Such segments are called homologs (or homologous segments) and can be 
further classified as orthologs or paralogs [123]. In evolution, homologous segments 
can be created by speciation, which results in orthologs. Homologous segments can 
also be created by duplication in the genome of one species, which results in paralogs. 
In whole-genome alignments, one often wants to maximize the number of matches 
between orthologous segments, and minimize the number of matches between 
paralogous segments, because the goal is to match segments that were the same at the 
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time of speciation. Alignment of whole genome sequences is challenging because of 
the large size of the sequences involved (the human genome contains about 3×109 bp), 
the occurrence of lineage-specific insertions, the many duplications that have persisted 
in evolution, and the generally low similarity between noncoding sequences of distantly 
related genomes [6, 124]. 
 
In the first comparison of the human and mouse draft genome sequences, two whole-
genome alignment strategies were used [6]. In one of these approaches, orthologous 
landmarks corresponding to perfect matches of 40 bp were determined. These are 
useful for studying large-scale rearrangements, but do not reveal the details of how 
genomes have diverged. In the other approach, more sensitive local alignments were 
independently created with the program BLASTZ, designed to align even neutrally 
evolving human and mouse sequences [125]. One difficulty with interpreting such 
sensitive local alignment matches is to distinguish orthologous from paralogous 
matches. In a later study addressing this problem, Kent et al. [124] described two 
algorithms, implemented in the programs axtChain and chainNet, to post-process 
BLASTZ alignments. AxtChain uses a new scoring scheme for alignment gaps to 
combine local matches into larger “chained alignments” that can contain simultaneous 
gaps in both sequences. The chained alignments can thus span regions of highly 
diverged sequence or independent insertions in both lineages. To make rearrangements 
apparent, axtChain only chains together matches that occur in the same order and 
orientation in the two sequences. The chainNet program further processes the chained 
alignments by selecting, for each position in each of the genomes, the best match to the 
other genome. The result is two sets of “nets”, one created from the perspective of each 
genome. In selecting best matches, higher-scoring chained alignments are given 
priority, on the assumption that long matches of high similarity are more likely to be 
orthologous matches. The advantage of chaining together matches before creating the 
nets is that much larger alignments form the basis for deciding which matches are best. 
The authors of these programs have since applied them to a variety of pairwise genome 
comparisons and made the results available for visualization and download on the 
UCSC Genome Browser website [13]. For example, the site currently provides 
pairwise alignments between the human genome and the genomes of 19 other 
vertebrates. 
 
An alternative alignment strategy underlies the VISTA portal for comparative 
genomics [126]. In this approach, the program Shuffle-LAGAN is used to select local 
matches as a starting point for more sensitive alignments. By modeling rearrangements 
explicitly in the selection of local matches, Shuffle-LAGAN performs the tasks of both 
axtChain and chainNet in a unified framework. Alignments produced with this 
approach are available for browsing and download at the VISTA portal, but the set of 
alignments provided is currently not as extensive and up-to-date as the chained and net 
alignments in the UCSC Genome Browser. 
 
1.3.3 Synteny blocks 

Two genes or other features that are located on the same chromosome are said be in 
synteny (literally “same thread”) [127]. If orthologs of the genes in a different species 
also share chromosome, the genes are said to be in conserved synteny between the 
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species. The terms “conserved linkage” and  “conserved microsynteny” can be used to 
denote the preservation of proximity between genes on the same chromosome in 
evolution [127, 128]. In this thesis, I refer to regions that contain genes in conserved 
microsynteny or that otherwise have been largely maintained in evolution as “synteny 
blocks”. This is in agreement with recent studies [124, 129], although other terms and 
definitions have been used earlier in the field [6, 130]. 
 
Synteny blocks were investigated before whole genome sequences were available. In a 
study from 1984, Nadeau and Taylor [130] used linkage maps and cytogenetic data to 
compare the chromosomal locations of homologous human and mouse genes. Based on 
the limited data available, they detected thirteen synteny blocks and estimated that there 
are about 180 human-mouse synteny blocks in total. The length distribution of the 
thirteen synteny blocks is compatible with a model where autosomal rearrangements 
that have been fixed in evolution are randomly distributed within the genomes, 
suggesting that there is no reason to assume that long synteny blocks have been 
protected from rearrangements in evolution. The initial comparison the mouse and 
human genome sequence detected 342 synteny blocks, with a length distribution 
compatible with the random breakage model of Nadeau and Taylor [6]. However, this 
model has recently been challenged by several studies based on more detailed 
sequence-based maps of synteny blocks [124, 131]. These studies have revealed the 
existence of many short synteny blocks that were not detected by earlier approaches. 
The short blocks are clustered in regions between longer blocks, suggesting the 
existence of fragile regions more prone to breakage and/or that selection has acted to 
maintain the longer blocks intact. Importantly, Pevzner and Tesler [131] argued that the 
apparent existence of many short blocks can not be explained by lower genome 
assembly quality or lower alignability of those regions, because even if only large 
blocks (> 1 Mb) are considered, any rearrangement scenario transforming the mouse 
genome into the human genome would require multiple breaks in some of the regions 
between the large blocks. They invented the term “breakpoint reuse” for referring to the 
occurrence of multiple breaks in the same region between two large blocks and 
estimated that at least 190 breakpoint reuses have occurred in the divergence of human 
and mouse genomes. While this controversial result has been questioned [132-134], 
deviance from the random breakage model has also been observed in comparisons of 
multiple mammalian species [135] and multiple insect species [136]. 
 
1.4 GENE COMPLEXES AND REGULATORY DOMAINS 

Irrespective of whether large synteny blocks have been maintained by natural selection 
or not, it is clear that genes in metazoan genomes are not randomly distributed [137]. 
There are many clusters of functionally and structurally related genes that have arisen 
by tandem duplication, i.e. the duplication of a chromosomal segment into two 
adjacently situated copies [138-140]. At the well-studied Hox loci, which contain 
clusters of paralogous genes encoding key regulators of embryonic development, the 
established gene order appears to be required for proper sequential activation of the 
genes in the course of development [140, 141]. Another well-studied example are the 
globin loci, where genes also tend to be arranged in the order of their temporal 
activation [140]. As described below, animal genomes also contain an abundance of 
gene complexes of more mysterious nature. 
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1.4.1 Clusters of coexpressed or functionally related genes 

A tendency for genes with similar expression profiles to occur in clusters on 
chromosomes has been found in the genomes of Caenorhabditis elegans [142], D. 
melanogaster [143], mouse and human [144-146]. In nematodes, this phenomenon can 
be largely explained by the existence of operons, i.e. gene clusters that are transcribed 
as multi-gene transcripts [142]. This explanation may not apply to the other genomes, 
in which operons are considered to be rare, although a recent study suggests that 
numerous operons exist in D. melanogaster [147]. 
 
At least two studies have further classified coexpression clusters in the human genome. 
Based on SAGE expression data for different tissues, Lercher et al. [144] found 
statistically significant spatial clusters of coexpressed human genes to span up to 350 
kb in size. They argued that these broad clusters of coexpressed genes are best 
explained by a tendency for genes expressed in most tissues (housekeeping genes) to 
cluster rather than a tendency for tissue-specific genes to cluster. The authors did, 
however, see a significant trend for tight (<100 kb) clusters of coexpressed genes even 
after correcting for clustering of housekeeping genes. This result - that housekeeping 
genes and otherwise coexpressed genes might be independently clustered in the human 
genome - was corroborated by Singer et al. [146], who used expression data from 
microarrays instead of SAGE. These authors further investigated the conservation of 
observed clusters in the mouse genome, and found that both housekeeping gene clusters 
and other clusters of coexpressed genes tend be in conserved synteny in mouse 
compared to a null model where chromosomal breakpoints are randomly distributed 
between genes, suggesting that the clusters are maintained by natural selection. 
 
The functional significance of the coexpression clusters remains poorly understood. For 
example, the coexpression clusters observed in D. melanogaster did not tend to contain 
genes with similar functions according to their Gene Ontology annotation [143]. Other 
studies have described large-scale clustering of functionally related genes in animal 
genomes, but the relation of those clusters to the coexpression clusters has, to my 
knowledge, not been investigated. Lee and Sonnhammer [148] analyzed the 
distribution of genes in the genomes of five different species - human, D. melanogaster, 
C. elegans, Arabidopsis thaliana and Saccharomyces cervisiae - and showed that, in 
each of these genomes, genes involved in the same pathway tend to be less dispersed 
than expected if genes were randomly ordered. It is not clear how this observation 
relates to the coexpression clusters found by others, because the clusters observed by 
Lee and Sonnhammer may be very diffuse. Petkov et al. [149, 150] analyzed linkage in 
inbred mouse strains and found that some allelic combinations occur more often than 
expected by chance among genes in the same chromosomal region. They found several 
hundred such regions across the mouse genome and argued that these regions contain 
clusters of functionally related genes. In support of this, some of the identified regions 
were enriched for genes annotated to the same pathway. 
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1.4.2 Bidirectional promoters 

One possible mechanistic explanation for the occurrence of coexpression clusters is that 
the clustered genes share cis-regulatory elements. Intriguingly, the human genome 
contains over a thousand pairs of neighboring genes that are transcribed in opposite 
orientation and are so closely spaced that it seems likely that they share upstream 
regulatory elements [151-153]. The upstream regions of such genes are therefore called 
bidirectional promoters. Investigators surveying the human genome for bidirectional 
promoters have typically searched for divergently transcribed genes with their TSSs 
separated by less than 1 kb, and found that the distribution of distances between TSSs 
has a peak between 100 and 300 bp [151-153]. Experiments measuring the activity of 
truncated bidirectional promoters to drive expression in a reporter gene assay indicate 
that the elements required to drive expression in one direction are either are nested or 
overlapping with those required to drive transcription in the other direction [153, 154]. 
It seems that these arrangements are not readily disentangled in evolution, because 
most bidirectionally promoted pairs found in human appear to have mouse orthologs in 
the same arrangement [153]. Because of the relatively limited number of chromosomal 
rearrangements that have occurred since the divergence of human and mouse, however, 
this observation should be confirmed in more distant or multiple-species comparisons. 
Many human gene pairs in bidirectionally promoted arrangement appear to be 
conserved in order and orientation in the chicken or fugu genome [155, 156], but it has 
not been determined to what extent the spacing between paired genes is conserved. 
Such an analysis is currently difficult to carry out because of the lack of data on TSS 
locations in those genomes. 
 
The set of genes transcribed from bidirectional promoters appears to be enriched for 
genes with housekeeping functions – for example, more than 5-fold enrichment for 
genes annotated to be involved in DNA repair has been found. Most bidirectional 
promoters (70-80%) overlap a CpG island [151-153] and certain transcription factor 
binding sites preferentially occur in bidirectional promoters [154]. These observations 
are consistent with a common mode of regulation across the entire set of bidirectional 
promoters, and the genes expressed from these promoters may be represented in some 
of the clusters of coexpressed housekeeping genes discussed in the previous section.  
 
Are genes transcribed from the same bidirectional promoter coregulated? There are 
several examples of pairs of functionally related and coordinately expressed genes that 
share a bidirectional promoter (reviewed in [153]). Recent studies have investigated the 
correlation within bidirectionally promoted gene pairs on a larger scale. Takai and 
Jones [152] used SAGE and EST data to analyze the expression of genes transcribed 
from bidirectional promoters on human chromosomes 20, 21 and 22, and did not see 
any trend for genes sharing a bidirectional promoter to be coexpressed compared to 
several control sets. On the other hand, other investigators have used gene expression 
data from different microarray studies to analyze genome-wide sets of bidirectional 
promoters and noted a trend for genes sharing a bidirectional promoter to be 
coexpressed more often than randomly paired genes [153, 154, 156]. However, the 
positive correlations between expression profiles were only significant for a minority of 
bidirectional promoters (17%-36% of promoters at P < 0.05, without correction for 
multiple testing) and two of the studies [153, 156] noted that a smaller subset of the 
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pairs have significant negative correlations between their expression profiles. In 
summary, while some bidirectional promoters appear to underlie coregulation of 
associated genes, it is not clear to what extent this is a general phenomenon. 
 
1.4.3 Overlapping genes 

Metazoan genomes also contain numerous loci where oppositely transcribed genes 
overlap [49, 54, 69-71, 157-160]. Overlapping genes may share exon sequence or just 
transcribed regions. Genome-wide surveys for overlapping and oppositely transcribed 
genes have typically focused on pairs of overlapping genes that share exon sequence 
(cis-antisense pairs) [49, 54, 69-71, 157-160]. One reason behind the interest in cis-
antisense pairs is that they give rise to mature transcripts that are partially 
complementary (antisense transcripts) and therefore may form duplexes in the cell 
[161, 162]. Duplex formation could serve to regulate transcript stability or other aspects 
of gene expression. Duplexes can also be formed by partially complementary 
transcripts emanating from different loci (trans-antisense pairs); microRNAs could be 
considered to belong to this category [21]. Based on cDNA and EST data, Chen et al. 
[71] estimated that up to 22% of human genes are involved in cis-antisense pairs. 
Results presented in this thesis (Papers II and III) and data from tiling array 
experiments [54] suggest that cis-antisense pairs are even more common in the human 
genome. Surveys of transcript sequence data for other organisms indicate that cis-
antisense pairs are abundant in most vertebrate genomes and in fly genomes, and that a 
few hundred also exist in nematode genomes [64, 69, 159, 160]. 
 
A number of regulatory mechanisms have been proposed for cis-antisense pairs [161, 
162]. As mentioned above, complementary transcripts may form duplexes that impact 
transcript stability. RNA duplexes can also be targets for editing by the ADAR enzyme. 
Duplex formation could occur before maturation of one or both transcripts and thereby 
affect splicing. Transcripts from cis-antisense pairs may also interact with DNA to 
mediate DNA methylation or histone modifications that result in silencing or 
monoallelic inactivation. In addition, transcription of cis-antisense pairs may be 
affected by collision of RNA polymerases that transcribe opposite strands. However, 
few cis-antisense pairs have been studied in detail and evidence for the most of the 
mechanisms listed above is limited [161, 162]. One relatively well understood example 
relates to inactivation of one X chromosome in the female embryo of placental 
mammals [163]. X chromosome inactivation involves accumulation of noncoding 
transcripts from the Xist gene along the X chromosome designated for silencing. Xist 
overlaps another noncoding gene, Tsix, the transcription of which blocks Xist 
expression from the same chromosome. Tsix transcription thereby determines which of 
the two X chromosomes will be silenced. Another intriguing example from mammals 
involves the thyroid hormone receptor gene Thra and its overlapping gene Nr1d1 [164]. 
Thra gives rise to two transcript isoforms, of which one encodes a functional receptor 
(Trα1), while the other encodes an antagonistic protein (Trα2) that does not bind 
thyroid hormone. Trα2 transcripts contain regions complementary to Nr1d1 transcripts, 
but Trα1 transcripts do not. Reconstruction of Thra splicing in vitro and overexpression 
experiments in cell lines suggest that transcripts from Nr1d1 inhibit maturation of the 
Trα2 transcript isoform, thereby altering the ratio of Trα1 to Trα2 transcripts. 
Alterations in this ratio may affect the response to thyroid hormone. 



 

 16 

 
Several studies have explored genome-wide properties of cis-antisense pairs in search 
of trends that could imply a regulatory role of cis-antisense overlaps in general. 
Neeman et al. [165] compared human cDNA sequences to the genome sequence and 
recorded differences indicative of RNA editing. The great majority of editing events 
detected by this strategy were confined to expressed Alu repeats and the incidence of 
editing was not significantly different between cis-antisense pairs and other genes, 
suggesting that antisense regulation does not, in general, occur through RNA editing. A 
role in imprinting might be more plausible for cis-antisense pairs, as they appear to be 
enriched for known or predicted imprinted genes in both human and mouse genomes 
([159] and Paper II). In addition, an analysis of SAGE tags showed that pairs of human 
complementary transcripts have been detected in the same tissue slightly more often 
than expected by chance, lending some support to mechanisms that involve 
coexpression of transcripts from opposite strands [166]. Interestingly, the coexpressed 
pairs appeared to be conserved in the mouse genome more often than non-coexpressed 
pairs. 
 
1.4.4 Chromosomal regulatory domains 

Several findings mentioned above imply a widespread existence of chromosomal 
domains that contain multiple genes regulated in a similar manner and/or contain 
multiple dispersed cis-regulatory elements that together specify the expression program 
of a single gene. Some additional observations that support a regulatory domain 
architecture of metazoan chromosomes are outlined here. 
 
Lercher et al. [167] showed evidence that clusters of broadly expressed human genes 
are located in chromosomal regions corresponding to negative or very light staining 
Giemsa bands, which indicate an open chromatin structure. These regions also tend to 
have an elevated density of known genes [1]. Similar observations were made by 
Gilbert et al. [168], who determined regions of open chromatin in the human genome 
and found them to correspond regions of high gene density. A recent report describes 
measurements of expression levels of reporter constructs inserted into regions of the 
human genome where most genes are either highly or weakly expressed [169]. The 
expression levels of the reporter constructs correlated with the overall endogenous 
expression in the region, but were not as well explained by the activity of the 
immediate neighboring genes only. The domains of high expression identified in this 
study appear to correspond to gene-dense regions with open chromatin and broadly 
expressed genes found by others [144, 167, 168]. The human genome contains many 
other regions that, in contrast, are gene-poor, enriched for HCNEs and correspond to 
blocks of conserved synteny [170, 171]. It has been proposed these synteny blocks have 
been maintained to preserve linkage of long-range enhancers with their target genes 
[170-172]. 
 
Another example highlighting the occurrence of regulatory domains comes from 
genome-wide mapping of binding sites for Polycomb group proteins in human and D. 
melanogaster. These proteins constitute a family of transcriptional repressors with 
important roles in development of mammals and flies [173]. ChIP experiments have 
shown that Polycomb Repressive Complex 2 is distributed over much of the length of 
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key developmental regulatory genes in human embryonic stem cells [79]. In D. 
melanogaster embryonic cell lines, Polycomb was found by DamID to bind large 
regions also coinciding with developmental genes, but often large enough to span 
multiple genes [80]. It was mentioned above that CpG islands are common at 
mammalian core promoters. However, some mammalian developmental regulatory 
genes overlap CpG islands over much of their length; these CpG islands are highly 
conserved among mammals and correlated with binding sites for Polycomb Repressive 
Complex 2 [91], indicating a link between gene silencing and sequence evolution in 
these regions. 
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2 PRESENT INVESTIGATION 
The main aim of the present investigation has been to answer a number of open 
questions about the organization of genes and regulatory elements in animals: 

• How abundant are gene overlaps, bidirectional promoters and large regulatory 
domains in animal genomes? 

• To what extent are these structures maintained in evolution? 
• Do gene overlaps underlie some regulatory process, e.g. natural antisense 

regulation? 
To this end, we have made use of the extensive transcript and genome sequence data 
that has become available in recent years. In summary, we have found that mammalian 
genomes contain an abundance of nested and overlapping gene structures, giving rise to 
both coding and noncoding transcripts, but only a minority of these arrangements 
appear to be well conserved between human and mouse. We have also found that cis-
regulatory elements controlling the expression of developmental regulatory genes are 
frequently distributed within or beyond other genes, and this arrangement underlies 
maintenance of large synteny blocks in evolution. The following sections give a more 
detailed summary of the work. Since several of the underlying papers are the result of 
collaborations where several authors have contributed to a large extent, the summary 
below emphasizes those aspects of the papers to which I have contributed the most. 
 
2.1 COMPLEX GENE ARRANGEMENTS IN HUMAN AND MOUSE 

GENOMES 

To explore the incidence, conservation and other properties of cis-antisense pairs and 
bidirectional promoters, we focused on human and mouse, for which complete genome 
sequences and extensive transcript sequence data were available. 
 
2.1.1 Detection of cis-antisense pairs from sequence data (Papers I-III) 

When we took up an interest in natural antisense transcripts, it had already been 
reported that cis-antisense pairs are common in mammalian genomes [49, 69, 70, 157, 
158]. However, no large-scale assessment of the evolutionary conservation of these 
arrangements had been performed. In addition, because the analyses had been based on 
cDNA sequences [69], reference collections of known mRNAs [157, 158] or EST data 
filtered in ways that excluded many 5’-ESTs [49, 70], we suspected that many gene 
overlaps had not been detected. We therefore constructed a pipeline for extracting 
reliable transcript sequences from cDNA and EST data, and designed the pipeline so 
that it would be applicable to both human and mouse data. 
 
A major obstacle in screening for overlapping genes is the presence of reversal artifacts 
in cDNA and EST databases (see section 1.1.1 above). In determining the correct 
orientation of transcripts sequences, our pipeline looks for poly-A tails and 
polyadenylation signals in transcript sequences and splice signals in genome sequences. 
It also considers read direction of annotated ESTs, but only for cDNA libraries for 
which read direction annotations are estimated to be reliable. ESTs from the same 
cDNA clone are treated together; this allows orientation of both 5’- and 3’-ESTs from 
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the same cDNA clone based on features identified from only one of the ESTs (for 
example, a poly-A tail in a 3’-EST). The transcript sequences that passed through our 
filtering procedure were combined into TUs based on their genomic mappings, and cis-
antisense pairs were identified by searching for oppositely transcribed TUs with that 
overlapped by at least 20 bp within exons (others have used a similar criterion [69, 
70]). 
 
The first version of our pipeline is outlined in a supplement to Paper I (included in this 
thesis) and the final version is described in detail in Paper III, where its accuracy is also 
assessed by using orientation-specific RT-PCR to investigate the expression of 
complementary transcripts corresponding to a random sample of 20 cis-antisense pairs. 
We were able to amplify transcripts from both strands for 16 of he 20 cis–antisense 
pairs, suggesting that at least 80% of the pairs found by the pipeline are expressed from 
both strands. This may well be an underestimate, as some of the transcripts might be 
expressed at low levels and some primers might not have worked. Indeed, simulations 
estimated that the pipeline correctly determines the orientation of 99.8% of the 
unspliced cDNAs and 99.8% of the unspliced ESTs that are not rejected by the 
pipeline. It is expected that spliced sequences are processed with even higher accuracy. 
 
2.1.2 Noncoding natural antisense transcripts for RNAdb (Paper I) 

We first applied the pipeline to the cDNA and EST data publicly available in 2004 
(Paper I). This was done as part of an effort to construct a database of mammalian 
ncRNAs. The incentive for building this database was the rising awareness of roles for 
ncRNAs in gene regulation [174]. While databases of canonical infrastructural RNAs 
(e.g. transfer RNAs and ribosomal RNAs) already existed, we wanted to build a 
database focused on RNAs with putative regulatory functions and RNAs classified as 
noncoding by computational screens, but which had not been further characterized. 
Such a database would constitute a platform for further computational and experimental 
studies. 
 
For this purpose, we were specifically interested in identifying noncoding natural 
antisense transcripts. Kiyosawa et al. [69] had demonstrated the existence of many such 
transcripts in mouse, but other studies [49, 70, 157, 158] had focused on mRNAs or had 
not discriminated between coding and noncoding antisense transcripts. To identify a set 
of high-confidence natural antisense ncRNAs, we applied stringent criteria for 
screening out transcripts that might encode protein or represent noncoding fragments of 
protein-coding transcripts. While lack of a gold-standard set of long noncoding RNAs 
precluded a rigorous assessment of the screening method, we designed the criteria to 
match those an annotator would consider when classifying a transcript as coding or 
noncoding. 
 
The first release of the database contained 668 and 624 mouse putative natural 
antisense ncRNAs forming 579 and 571 distinct TUs, respectively. These counts were 
lower than the number of previously reported putative natural antisense ncRNAs from 
mouse (870 cis-antisense pairs containing one or two noncoding transcripts)[69], 
reflecting our more stringent filtering. Other sets of known and putative ncRNAs were 
gathered by collaborators at the University of Queensland. The resulting database, 
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RNAdb, can be accessed at http://research.imb.uq.edu.au/RNAdb. The current release 
of RNAdb [175] contains an updated set of putative antisense ncRNAs - 1068 from 
human and 1615 from mouse, forming 919 and 1395 TUs respectively - from the final 
pipeline described in Paper III. 
 
2.1.3 Prevalence and conservation of cis-antisense pairs (Papers II and III) 

We continued the research on cis-antisense transcripts while participating in the 
FANTOM consortium coordinated by RIKEN, Japan to annotate and analyze novel 
transcript sequence data produced by RIKEN for the FANTOM3 project. Our pipeline 
for determining transcript sequence orientation was adopted into the cDNA and EST 
processing pipeline in the FANTOM3 project, and therefore underlies the analysis in 
Paper II, as well as Paper III and other related papers [30, 113, 176]. 
 
We found 29% of all mouse TUs inferred from cDNA to share transcribed sequence 
with a cDNA mapped to the other genomic strand, and 19% to also share exon 
sequence (Paper II). When we built TUs from both cDNA and ESTs sequences, the 
latter number increased to 25%; we obtained the same percentage for human (Paper 
III). The total cis-antisense pair counts (6141 for human and 5248 for mouse) from with 
these cDNA- and EST-based TUs were twice as high as previously reported [69-71]. 
Since sequencing of the human and mouse transcriptomes has not yet reached 
saturation, we attempted to use available sequences to estimate the true proportion of 
TUs that are involved in cis-antisense pairs. Three different sampling methods each 
gave an estimate of about 40% for both human and mouse, even though the amount and 
average quality of cDNA and EST sequences differs between the two organisms. It 
should be noted that this is an estimate of the percentage of TUs sharing exon sequence 
with a TU on the opposite strand. The percentage of TUs with evidence for 
transcription on both strands appears to be even higher, even if one does not 
extrapolate beyond currently available data: collaborators incorporated short sequence 
tags (CAGE and PET) into the analysis and found that, depending on the stringency of 
the analysis, up to 72% of mouse TUs inferred from cDNA had evidence of 
transcription on both strands (Paper II). 
  
Other studies published around the same time found that more human cis-antisense 
pairs consisted of genes overlapping tail-to-tail (convergently transcribed) than genes 
overlapping head-to-head (divergently transcribed) [70, 177]. On the other hand, we 
found a roughly equal proportion of each of these two classes (Paper III). This result 
was consistent between human and mouse. The result was also consistent when we 
used only mouse cDNA data (Paper II), indicating that it is not due to artifactual ESTs 
slipping through our pipeline. There is a more likely explanation for the disagreement 
between studies: considering that the other studies (like us) used 3’-end proximal 
sequence features to verify sequence orientation, but (unlike us) did not associate 5’- 
and 3’-ESTs originating from the same cDNA clone, it is likely that the other studies 
were biased against inclusion of 5’-ESTs and therefore failed to detect many head-to-
head overlaps. 
 
Consistent with the earlier study of Kiyosawa et al. [69], which was based on fewer 
cDNA sequences, we found that most cis-antisense pairs appear to consist of one 
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coding and one noncoding TU, suggesting that the role of these noncoding TUs might 
be to regulate mRNA expression from the opposite strand (Paper II). In agreement with 
a study published around the same time as ours [71], we found that some functional 
categories of genes (in particular genes encoding intracellular and/or catalytic proteins) 
more frequently share exon sequence with transcripts from the other strand. However, 
this result should be interpreted with caution because it may be affected by biased 
coverage of the human and mouse transcriptomes in current databases, as well as 
differences in gene length between functional gene categories. 
 
We found a striking agreement between our human and mouse datasets regarding 
proportions of TUs involved in cis-antisense as well as the structural properties of cis-
antisense overlaps (Paper III). We also detected nearly a thousand cis-antisense pairs 
that are conserved between human and mouse - close to three times more than 
previously reported [177]. While numerous, the conserved pairs constitute a minority 
(17%) of pairs found in each species. By a sampling approach, we estimated that only 
~25% of the pairs discovered in human are conserved in mouse, indicating flexibility of 
antisense gene arrangements in evolution. 
 
At more than 1400 human loci and 1100 mouse loci, we observed that gene overlaps 
and/or bidirectional promoters occur between three or more neighboring TUs, so that 
they appear “chained” together (Paper II and III). To our knowledge, only a few such 
examples had been described previously [178]. While the functional significance of 
these structures is unclear, their existence is intriguing, since bidirectional promoters 
can mediate coregulation and gene overlaps might also underlie regulatory mechanisms 
(see section 1.4.3 and experimental work by collaborators in Paper II). The tendency 
for genes in cis-antisense pairs to be coexpressed across tissues is consistent with a 
regulatory potential of the overlaps ([166] and Paper III and work by collaborators in 
Paper II). 
 
2.1.4 Properties of bidirectional promoters (Paper III) 

Using the TUs constructed from human and mouse cDNAs and ESTs, we found 10% 
and 9% of human and mouse TUs to be in bidirectionally promoted arrangement (Paper 
III), consistent with earlier work [151-153]. For a detailed analysis, we assembled a 
dataset of 766 putative bidirectional promoters that were well supported by mouse 
CAGE tag data. Compared to a control set of unidirectional promoters, the bidirectional 
promoter TCs showed a markedly larger dispersion of CAGE-determined TSS 
locations. Consistent with this finding, nearly all (94%) bidirectional promoters were 
associated with CpG islands. In addition, CpG islands at bidirectional promoters were 
significantly larger than CpG islands at unidirectional promoters (median CpG island 
sizes of 760 and 557 bp, respectively). While it was known from before that many CpG 
island promoters contain large transcriptional initiation regions [86], here we provided 
genome-wide evidence for this phenomenon at bidirectional promoters. To confirm that 
CAGE tag distributions can reliably indicate the sizes of transcriptional initiation 
regions, we used quantitative real-time PCR to measure expression levels of transcripts 
for the genes Ddx49 and Cope, which share a bidirectional promoter. Expression levels 
obtained with primers for different positions within the initiation regions and 
downstream matched the observed distribution of CAGE tags.  
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We further showed that the two divergently oriented TSS regions of a bidirectional 
promoter rarely overlapped, but were often closely spaced: the distribution of distances 
between paired TSSs peaked between 0 and 60 bp. This suggests that earlier studies 
had overestimated the distance between start sites [151-153] and shows the added value 
of the deeper sampling of TSS locations provided by CAGE. Since even the CAGE 
data does not cover all existing TSSs, it is possible that the typical distance between 
TSS regions is even smaller than our results indicated. By aligning the entire set of 
bidirectional promoters, we showed that their overall sequence composition changes at 
the midpoint between the divergently oriented TSS regions, so that each side has more 
guanines than cytosines on the sense strand. This mirror-image sequence composition 
might be a result of transcription-coupled DNA repair in germline cells [179], and 
could be useful for prediction of bidirectional promoters in genome sequences [59].  
 
2.2 GENOMIC REGULATORY BLOCKS IN VERTEBRATE AND INSECT 

GENOMES 

As described in section 1.2.4, we and others had found vertebrate and insect genomes 
to contain highly conserved noncoding elements (HCNEs) that tend to cluster in large 
arrays spanning the loci of developmental regulatory genes. In Papers IV and V, we 
explore the conservation of these arrays, and ask how they relate to synteny blocks and 
gene order conservation. In Paper V, we also examine differences between core 
promoters that may underlie enhancer-promoter specificity. In Paper VI, we present a 
web resource for exploring HCNEs and their association with developmental regulatory 
genes. 
 
2.2.1 Genomic regulatory blocks in vertebrates (Paper IV) 

Previous studies had found that many large synteny blocks are conserved among 
mammals, and suggested that these blocks may have been maintained by negative 
selection (see section 1.3.3). We wished to investigate whether the existence of large 
synteny blocks might be explained by a pressure to maintain HCNE arrays, many of 
which span multiple genes. To this end, we chose to investigate synteny blocks that, 
like numerous HCNEs, are conserved between human and fish. We therefore identified 
HCNEs and synteny blocks conserved between human and zebrafish genomes. Because 
we were interested in rearrangements of both coding and noncoding sequence, we 
defined synteny blocks based on direct genome sequence comparisons (BLASTZ net 
alignments). By comparing the distributions of synteny block spans for different 
functional categories of genes, we showed that genes encoding developmental 
transcriptional regulators tend to be surrounded by larger regions of conserved 
microsynteny than other functional categories of genes (P < 10–6). In addition, we 
examined the 100 largest synteny blocks and detected a putative developmental 
regulatory gene and associated HCNEs in almost every one of them. We introduced the 
term genomic regulatory blocks (GRBs) for HCNE-rich regions maintained in 
evolution. 
 
This work was done in collaboration with the group of Tom Becker at the Sars Centre 
for Marine Molecular Biology in Bergen. They had carried out a retroviral enhancer 
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detection screen in zebrafish and obtained a number fish lines where insertions far from 
developmentally regulated genes nevertheless showed developmental expression 
patterns [95]. Several of these insertions were located in large synteny blocks where 
HCNEs (like the insertions) are distributed within and around developmental regulatory 
genes, even beyond neighboring unrelated genes and in their introns. This finding 
suggests that regulatory information encoded in HCNEs can be embedded in large 
areas that include multiple additional genes around the genes targeted by that regulatory 
information. For several synteny blocks, we analyzed the fate of duplicated genes and 
HCNEs after whole-genome duplication in teleosts, and showed that the unrelated 
genes – which we call “bystander genes” - are indeed independent of the regulatory 
input of HCNE arrays. The conclusion from this work is that bystander genes have 
been kept in proximity to HCNE target genes because regulatory information for target 
genes is contained beyond bystander genes or in their introns.  
 
2.2.2 Genomic regulatory blocks in insects (Paper V) 

As mentioned in section 1.2.4, HCNEs are also abundant and associated with 
developmental regulatory genes in fly genomes [114]. In addition, a comparison of 
draft genome sequences for 12 insects had indicated that the distribution of insect 
synteny block lengths is incompatible with the random breakage model of chromosome 
evolution [136]. To investigate whether HCNE arrays may explain the occurrence of large 
synteny blocks also in insects, we carried out a genome-wide analysis of HCNEs and 
synteny blocks conserved among five Drosophila species, of which the most distantly 
related are estimated to have diverged about 40 million years ago [180]. We identified 
peaks of HCNE density along chromosomes, and found that that such peaks tend to be 
centrally located in large synteny blocks containing multiple genes. This observation 
can not be explained by lower alignment quality close to synteny breaks, because we 
found that protein-coding sequence that aligns in a reciprocal-best manner between D. 
melanogaster and each of the four other investigated fly genomes tends to be 
concentrated near synteny breaks. These findings strongly suggest that large regions 
containing multiple genes have maintained microsynteny in order to preserve arrays of 
HCNEs. Hence, GRBs also exist in Drosophila.  
 
We found evidence that some of these GRBs have been maintained even between flies 
and mosquitoes, which are estimated to have diverged about 250 million years ago 
[128]. Although few noncoding elements are highly conserved between Drosophila and 
the malaria mosquito Anopheles gambiae, we could show that A. gambiae regions 
orthologous to Drosophila GRBs contain an equivalent distribution of noncoding 
elements highly conserved in the yellow-fever mosquito Aëdes aegypti and coincide 
with regions of ancient microsynteny between Drosophila and mosquitos. We 
estimated fly-mosquito synteny blocks genome-wide, and demonstrated that genes 
associated with HCNEs in Drosophila tend to be located in large fly-mosquito synteny 
blocks. 
 
At several GRBs, we observed a striking correspondence between boundaries of 
synteny blocks, HCNE arrays and Polycomb binding domains determined by DamID 
[80]. These examples indicate that synteny blocks, HCNE arrays and Polycomb 
binding regions can independently pinpoint the same large regulatory domains in insect 
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genomes, suggesting that they reveal different aspects of the same evolutionarily 
conserved regulatory mechanism. 
 
The insect GRBs also contain unrelated genes, probably in a similar way to bystander 
genes in vertebrate GRBs. In Paper IV, enhancer detection experiments in zebrafish 
demonstrated that regulatory information for target genes is present within and beyond 
bystander genes. Since enhancer detection has been performed extensively in 
Drosophila, we searched for examples of such insertions near bystander genes in the 
literature. The most striking example we found was an insertion in the 5’-UTR of out at 
first [99]. This insertion replicates part of the expression pattern of decapentaplegic, a 
developmental regulatory gene located 33 kb away. Both genes are in the same synteny 
block, which contains multiple HCNEs that have been characterized as long-range 
enhancers for dpp [99]. 
 
2.2.3 Enhancer-promoter specificity (Paper V) 

It is unknown how enhancer activity is specifically directed towards certain genes at 
HCNE-spanned loci. To investigate the possibility that enhancers in HCNE arrays may 
target specific genes within “striking distance” on the basis of their core promoter 
architecture (see section 1.2.3), we classified D. melanogaster genes by core promoter 
type. For the classification, we made use of genome-wide core promoter predictions 
from the program McPromoter, which predicts promoters in fly genome sequences and 
classifies the predictions into five categories based on motif content and sequence 
composition [181]. We then used Gene Ontology annotation [182] to analyze core 
promoter assignments for different functional categories of genes. Of all genes that 
were annotated as developmental transcriptional regulators, located in a HCNE-dense 
region and assigned a core promoter prediction, we found that 95% had a core promoter 
containing an Inr motif. For comparison, only 39% all protein-coding genes assigned a 
core promoter prediction had a prediction with an Inr motif. Further analysis revealed 
that genes in the “TATA/Inr” core promoter class tend to have tissue-specific functions, 
while other genes with Inr-containing core promoters (classes “Inr/DPE” and “Inr-
only”) tend to be associated with development. Genes in the remaining two classes 
predicted by McPromoter (“DRE” and “Motif 1/6”) tend to have housekeeping 
functions. Based on these results, we speculated that it is the Inr-type of core promoters 
without TATA boxes that are most likely to respond to long-range regulation. 
 
2.2.4 A web resource for exploring HCNEs in metazoan genomes (Paper VI) 

Despite a rising interest in HCNEs in the genomics and evo-devo community, there has 
been a lack of resources that provide information about HCNEs. To fill this gap, we 
built the web resource Ancora, which is available at http://ancora.genereg.net. Ancora 
contains a genome browser designed for exploring the distribution of HCNEs on 
metazoan chromosomes. The browser is currently set up to show the genomes of 
human, mouse, zebrafish and D. melanogaster. To put HCNEs in context, the browser 
also shows gene models, synteny blocks, CpG islands and other selected annotation 
tracks.  
 



 

 25 

In addition to HCNE locations, the browser also shows densities of HCNEs along 
chromosomes. Such HCNE density plots highlight regions that harbor large HCNE 
arrays and thus are likely to contain key developmental regulatory genes and 
correspond to regulatory domains ([10, 11, 108] and Papers IV and V). Unlike 
conservation profiles, which can be seen in several other genome browsers [13, 52, 
126, 170], HCNE density plots do not directly reflect conservation on sequence level; 
instead, they show density distributions of HCNEs on a larger scale. The result is 
qualitatively different: it clearly reveals chromosomal regions of extensive noncoding 
conservation and points to approximate extent of GRBs, as well as the most likely 
target gene(s) within those regions. We built the Ancora genome browser using the 
GBrowse software [183], which we extended with plugins and custom glyphs designed 
to visualize HCNE data in the most informative manner and to efficiently plot HCNE 
densities along entire chromosomes. For example, the user can activate an option that 
separates HCNE density plots based on chromosome in the other genome. The result is 
an overview of how HCNE-dense regions have been partitioned over different 
chromosomes in evolution. Based on the assumption that fundamental regulatory 
domains have been maintained in evolution ([171, 172] and Papers IV and V), the 
displayed separation of HCNE-dense regions across chromosomes should correspond 
to a separation of distinct regulatory domains. 
 
HCNE locations and densities are available for download. In addition, we aimed to 
make it as easy as possible for users to visualize this data in other genome browsers. 
The downloadable data files can be directly used as custom tracks in the UCSC 
Genome Browser [13]. Ancora also includes a service that allows users to view much 
of the HCNE data in Ensembl [52] through the distributed annotation system (DAS) 
protocol for sharing sequence annotations. 
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3 PERSPECTIVES 
The results presented here describe an abundance of overlapping genes and genes 
sharing promoters in the human and mouse genomes. Numerous regions contain chains 
of multiple genes associated in this manner. This thesis also shows that, in both 
vertebrate and insect genomes, regulatory elements for single genes are frequently 
dispersed within and beyond other genes. Together with other recent studies in human, 
mouse and Drosophila, these findings challenge the canonical “colinear” model of how 
genes and their regulatory elements are arranged in metazoan genomes [184]. To a 
computational biologist, an appealing comparison was made by Gerstein et al. [19], 
who likened genome sequences to a computer program that has been written in a 
sloppy manner, e.g. by using many GOTO statements to make jumps in the code. This 
notion is, of course, also compatible with the process of evolution, which has little 
respect for style as long as the end result is successful. Although functionally related 
elements can be distant in the sequence, they may be closer together in the chromatin 
structure. Emerging methods for determining which DNA segments are associated in 
the cell will likely provide insights into this [185]. 
 
Antisense transcription is no longer a curiosity. Work in this thesis shows that a quarter 
of all human and mouse TUs share exon sequence with a TU on the other strand. It is 
clear that this is an underestimate: our extrapolation beyond currently available cDNA 
and EST data (Paper III), evidence from CAGE and PET sequences (Paper II) and 
evidence from tiling array experiments [18, 54] independently suggest that the actual 
fraction of genes that share exons with genes on the other strand is much higher. If 
these arrangements indeed have regulatory implications, as has been proposed [162], 
most genes could be affected by transcription from the other strand. However, the 
evidence for a regulatory role of mammalian antisense transcripts is limited to a few 
experimentally studied cases [162]. The abundance of gene overlaps calls for large-
scale functional screens to investigate their relevance and single out promising cases. If 
cis-antisense overlaps imply regulation at the post-transcriptional level, i.e. through 
hybridization of complementary transcripts, it might be possible to perturb such 
interactions by knocking down each transcript with small interfering RNA (siRNA), as 
was done in Paper II. Large-scale siRNA knockdown screens are now feasible [186]. 
Can bioinformatics be of any help in this regard? Conservation is often a good indicator 
of function [187]. Since most cis-antisense pairs do not appear to be well conserved 
(Paper III), conservation might be an efficient filter for highlighting functionally 
important cis-antisense pairs. In Paper III, we identified close to a thousand cis-
antisense pairs conserved between human and mouse. These may be a good starting 
point for large-scale knockdown screens. In addition, we noted in Paper III that a few 
pairs of transcripts originating from opposite strands of the same locus exhibit 
coordinated expression profiles and high levels of conservation in their overlapping 
regions. These might be suitable targets for smaller-scale experiments, again under the 
hypothesis that conservation could indicate function in the context of gene overlaps. 
 
One study noted that complementary transcripts from cis-antisense pairs tend to be 
coexpressed across tissues, but show inverse expression profiles within tissues [166]. 
This observation is related to a problem with applying gene expression analysis to cis-
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antisense pairs and to gene clusters in general. Cis-antisense overlaps are proposed to 
have regulatory implications at the single-cell level, but virtually all available 
expression data is averaged over many cells, often including a mix of different cell 
types. Transcriptome profiling in single cells is possible, but technically challenging 
and unavailable to most research groups at the time [188]. 
 
In Paper III, we showed that mouse genes transcribed from bidirectional promoters tend 
to have broad transcription initiation regions. A parallel study demonstrated that this 
applies to genes transcribed from CpG-island promoters in general [46]. Even though 
these findings were anticipated before CAGE tags were available [189], many promoter 
studies still assume that TSSs are isolated and do not occur in broad clusters. For 
example, in the recent analysis of 1% of the human genome by the ENCODE 
consortium, the occurrence of broad TSS regions was recognized, but only a single 
representative TSS was chosen from each initiation region for further study [18]. Cis-
regulatory sequences were found to be symmetrically distributed around the 
representative TSSs, but it is unclear how this symmetric distribution relates to the 
distribution of additional TSSs around the representative ones. A change in how gene 
models are represented in major genome browsers might increase the awareness that 
broad initiation regions are the rule rather than the exception. 
 
Papers IV and V in this thesis demonstrate that GRBs exist in both vertebrates and 
insects. Others have shown that HCNEs are associated with orthologous developmental 
regulatory genes also in nematodes [115]. These observations suggest that HCNE 
arrays have shaped genome evolution across metazoans. However, the existence of 
HCNEs remains to be explored in several branches of the metazoan tree; our 
preliminary results indicate their existence in e.g. Ciona species. It also remains to be 
shown whether HCNEs arrays underlie synteny conservation outside vertebrates and 
insects. Intriguingly, extensive synteny conservation has been observed between human 
and the sea anemone Nematostella vectensis, a member of the oldest eumetazoan 
phylum [190]. 
 
As mentioned in section 1.2.4, it is a mystery why HCNEs are so highly conserved, 
because transcription factor binding sites can usually tolerate mutations to some extent 
[81]. Given the apparent importance of HCNEs in regulation of development, one 
possibility could be that a mechanism has evolved that keeps entire HCNEs preserved 
in order to guarantee that their transcription factor binding site content is maintained 
(i.e. this mechanism would maintain a higher level of conservation than actually 
needed). Another possibility could be that HCNEs are involved in interactions between 
homologous chromosomes [191]. If HCNEs are required to be virtually identical 
between sister chromatids, that would presumably slow down their divergence. 
However, both of these hypotheses are speculative and remain to be explored. The 
former hypothesis would have to be reconciled with observations of negative selection 
on ultraconserved sequences [116]. The comparison of orthologous fly and mosquito 
GRBs in Paper V demonstrates a difference in how HCNEs and protein-coding 
sequences diverge. Up to a certain evolutionary distance, HCNE sequences that are 
more similar than protein-coding sequences abound, but at larger distances orthologous 
HCNEs cannot be aligned, while orthologous protein-coding sequences can. The 
availability of a draft genome sequence for lamprey [192], as well as sequencing of 
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other species that are more distant from human than are teleost fish, will make it 
possible to further explore how HCNEs have diverged in vertebrate evolution. 
 
A recent study where four ultraconserved elements were deleted in mice has cast some 
doubt on the importance of HCNEs [193]. Surprisingly, no phenotype was observed in 
the engineered mice. Since the HCNEs that were removed are proposed to regulate 
gene expression in the developing nervous system, it is possible that phenotypes were 
subtle. Indeed, disruption of other long-range cis-regulatory elements and breakpoints 
within GRBs, even if far from the target gene, can result in target gene dysregulation 
and severe phenotypes ([171, 172] and Paper IV). Many single nucleotide 
polymorphisms that affect gene regulation appear to exist in the human population 
[194], and some of these can be expected to affect long-range regulatory elements 
[172]. Association studies may therefore benefit from considering the genomic 
neighborhood of identified polymorphisms, up to distances on the order of a million 
base pairs in the human genome [93, 96]. This recommendation is motivated by the 
existence of many GRBs in the human genome (Papers IV and VI), but other, less well 
understood aspects of interleaved genome organization revealed by this and other work 
[19, 184] also suggest that individual functional genetic elements should be considered 
in their genomic context. 
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Corrections 
 
Reference errors 
 
p. 6, last paragraph, line 4. The statement about conservation of upstream regions 
should refer to Taylor et al. 2006, PLoS Genet 2:e30 instead of reference 46. 
 
p. 25, paragraph 1, line 6. Instead of reference 170 (Ovcharenko et al. 2005), the 
sentence should refer to Ovcharenko et al. 2004, Nucleic Acids Res 32:W280 
 
p. 27, paragraph 2, line 4. Reference 189 (Smale 2001) has been included by mistake. 
The sentence referring to this paper should instead use reference 86 (Smale and 
Kadonaga 2003). 
 
Typographical errors 
 
p. 4, last paragraph, line 3. “established alternative” should be “established that 
alternative”. 
 
p. 14, paragraph 1, line 11. “are either are nested” should be “are either nested” 
 
p. 19, paragraph 1, line 4. “TUs with that” should be “TUs that” 
 
p. 21, paragraph 2, line 2. “cis-antisense as” should be “cis-antisense pairs as”  
 
p. 26, paragraph 1, line 6. “Drosophila” should be in italics 
 


