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There are around 20.000 genes in the human genome all of which could potentially be
expressed. However, it is obvious that not all of them can be active at the same time. Thus,
there is a need for coordination achieved through the regulation of transcription.
Transcriptional regulation is a crucial multi-component process involving genetic and
epigenetic factors, which determine when and how genes are expressed. The aim of this thesis
was to study two of these components, the transcription factors and the DNA sequence
elements with which they interact.

In papers I and II, we tried to characterize the regulatory role of repeated elements in the
regulatory sequences of nitric oxide synthase 2 gene. We found that this type of repeat is able
to adopt non B-DNA conformations in vitro and that it binds nuclear factors, in addition to
RNA polymerase II. Therefore it is probable that these types of repeats can participate in the
regulation of genes.

In papers III-V, we intended to analyze the genome-wide binding sites for six transcription
factors involved in fatty acid and cholesterol metabolism and the sites of an epigenetic mark
in a human liver cell line. For this, we applied the chromatin immunoprecipitation (ChIP)
method together with detection on microarrays (ChIP-chip) or by detection with the new
generation massively parallel sequencers (ChIP-seq). We found that all of these transcription
factors are involved in other liver-specific processes than metabolism, for example cell
proliferation. We were also able to define two sets of transcription factors depending on the
position of their binding relative to gene promoters. Finally, we demonstrated that the patterns
of the epigenetic mark reflect the structure and transcriptional activity of the promoters.

In conclusion, this thesis presents experiments, which moves our view from genetics to
genomics, from in vitro to in vivo, and from low resolution to high resolution analysis of
transcriptional regulation.
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Introduction

Two scientific efforts during the past 55 years have been milestones in the
field of biology. The first was the determination of the structure of deoxyri-
bonucleic acid, DNA, by Watson and Crick'. In this work, the double helici-
ty of the chains, the anti-parallelism of the strands, and the type of base pairs
in the DNA was predicted. These findings paved the way for other contribu-
tions of major significance in the field of genetics. The second effort, which
made the pace of progression in genetics to become faster, was sequencing
of all the bases of the DNA in the human genome in the Human Genome
Project (HGP)>’.

Around three billions of nucleotides constitute the human genome, out of
which only 1-2% code for mRNAs. Until recently, only a small part of the
remaining 98-99% of the “non-coding” sequences was considered to have a
function and the rest were regarded as “junk DNA”. This was specially
thought about the highly abundant repeats. In spite of several studies sug-
gesting a possible role for repeats, no larger effort has been initiated to in-
crease the understanding of these parts of the human or mammalian genome.
In fact, repeats, due to their nature and base composition, are technically
considered as disturbing elements and therefore are omitted or masked in
analyses that concern the genome.

Initiation of the HGP was also a start for refinement and development of
molecular and technical tools. In the wake of the HGP, came the ENCODE
(ENCyclopedia Of DNA Elements) project with the goal to determine all the
functional elements in the human genome®. As a result, knowledge of com-
position and function of different parts of the human genome as well as the
interest for exploration of these parts has increased greatly and rapidly. For
instance, whole genome studies of gene expression with different methodo-
logical approaches have all come to the same conclusion, i.e. a much larger
fraction of the genome is transcribed than thought before®’. The new find-
ings have also led the scientific community to, once again, rethink the gener-
al concepts, such as gene and promoter™.

An organism is constantly under the influence of its changing environ-
ment, which has a direct effect on many internal systems. In order to main-
tain the inner balance, the organism must adjust the metabolism. In humans
this is achieved through the activity of more than a 100.000 protein variants
encoded from around 20.000 human genes. What essentially maintains the
inner stability and allows this organism to be responsive to changes in its
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environment is a homeostasis, which is achieved through different mechan-
isms, one of them being the regulation of expression of all these proteins.
Regulation of expression is the result of equilibrium in an immensely com-
plex network of transcription factors, themselves proteins, and their associa-
tion with regulatory sequences of genes, together with the epigenetic modifi-
cations and spatial organization of chromatin. Hence, a change in the equili-
brium in this network, results in a change in expression of a set of genes, and
thereby a modification of the balance in levels of different proteins. It is
therefore plausible to believe that transcriptional regulation is the prime
process in an organism.

In this introduction, the genetic and epigenetic components of transcriptional
regulation will be discussed together with a short general background on the
studied transcription factors, followed by a presentation of non-B DNA
structures and DNA polymorphisms.

Transcriptional regulation

Expression of RNA polymerase II (RNA polll) transcribed genes is regu-
lated at several levels: transcriptional, post-transcriptional, translational, and
post-translational. The transcriptional regulation can be divided in several
steps: regulation of expression and activation of transcription factors (TFs)
and cofactors activating or repressing the target gene, availability of the
DNA and the regulatory sequences regulated by the epigenetic factors, the
balance between inducers and inhibitors of transcription, and so on.

Structure of regulatory regions

The human genome can roughly be divided in two parts, namely coding
regions and non-coding regions. The coding regions, as understood by the
name, are nucleotides that code for the product of the gene, which are pre-
mRNAs and functional RNAs (ribosomal RNA, transfer RNA, micro RNA,
and small nucleolar RNA). A fraction of the non-coding sequences, consti-
tuted by promoters, enhancers, silencers, boundary elements, efc., participate
in transcriptional regulation of genes. These regulatory sequences, or cis-
regulatory elements, can be described as follows:

Core promoter and regulatory sequences

The general concept of a promoter has been a sequence upstream of the first
exon, which is necessary for initiation of the transcription of the gene. The
promoter has then been divided in two parts, the core promoter and the prox-
imal promoter”'’. The core promoter was described as the sequence border-
ing the transcribed region containing the transcriptional start site (TSS), of-

12



ten very short (-30 to +30 relative TSS), and constituted of elements that are
necessary for assembly of the transcriptional machinery and initiation of
transcription (Figure 1). The most necessary elements were usually consi-
dered to be the TATA-box — an AT-rich sequence — 20-30 bp upstream of an
initiator sequence, the site of TSS. Hence, promoters independent of TATA-
boxes were regarded to be in minority in the genome. Core promoters them-
selves are virtually silent and cannot initiate transcription and therefore need
to cooperate with the proximal promoter. By this definition the proximal
promoter starts from where the core promoter ends, can be up to 300 bp
long, and contains the necessary elements for driving the basal transcription
of the gene including binding sites for some TFs''. Parts of the non-coding
sequences that participate in regulation of genes but cannot be defined as
promoter can be categorized as regulatory sequences”'*'%. Here lie elements
that bind TFs for regulating the expression of the gene and may contain en-
hancers and silencers that can be located at considerable distances from the
regulated gene.

bt S = Elmgaiion SR
sroi:éil:;u e ——— s o complex RNAPI

Figure 1. Structure of the promoter and the associated factors. The core promoter is
constituted of the TATA-box and the TSS (Inr — initiator). In the core promoter, we
also find TFs (SP1 and NF-«kB) at their binding sites and in interaction with the
GTFs and coactivators, together forming the preinitiation complex. Further down-
stream, the hyperphosphorylated RNA polll has left the TSS and initiated the tran-
scription. As observed in the figure, the core promoter and the TSS are devoid of
nucleosomes, which are instead positioned downstream of the elongating RNA polll
and upstream of the proximal promoter. Adopted from Peterlin B. M. and Trono D.
2003. Nature Reviews Immunology"”.

Some of these hypotheses have been challenged by new findings. A study
in 1% of the human genome in 16 cell lines demonstrated that only 16% of
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the actively transcribed genes had promoters that harbored a TATA-box, and
19% a (CCAAT)-box''. This can be interpreted so that there are no single
sequence elements essential for the transcription of all genes; rather diverse
sets of genes employ different types of sequences depending on the function
of those genes'*. E.g. TATA-boxes are usually located upstream of tissue-
specific genes, while CpG-islands are in vicinity of the ubiquitously ex-
pressed house-keeping genes. Most importantly, the notion of “single-gene —
single-TSS” as a predominant structure was demonstrated to be misleading,
when the human and mouse transcriptome was analyzed using the cap analy-
sis of gene expression (CAGE) method'>'®. Here, a larger fraction of the
genes was found to contain multiple TSSs and thus four classes of promoters
could be defined: 1) Promoters with a single dominant peak (SP), 2) Promo-
ters with general broad distribution (BR), 3) Promoters with broad distribu-
tion with a dominant peak (PB), and 4) promoters with bi- or multimodal
distribution (MU)'’. While the promoters with a sharp TSS were strongly
associated with the TATA-box, promoters with broad regions of TSS were
associated with CpG islands. Additionally, CpG islands were also associated
with bidirectional promoters.

Another important conclusion from the CAGE-tag studies was the abun-
dance of TSSs within the gene body, especially in the 3’-UTR of protein
coding genes (PCGs)'>'®. This confirmed a similar finding made by localiza-
tion studies of RNA polll in the ENCODE regions for the HeLa S3 cells'”.
In another study, treatment of MCF7 cells with 17beta-estradiol augmented
the transcription from alternative TSSs, in particular those located in the 3°-
UTR'®. Although these data indicate the significance and wide usage of al-
ternative TSSs, the function of these transcripts, specifically those starting in
the 3’-UTR, is not completely known. Since some of these transcripts are
antisense to the PCG they originate from, the hypothesis is that they partici-
pate in regulation of these genes'”.

One of the interesting features of regulatory regions is the bidirectionality
of promoters, which is predicted to be fairly common. These are located
between genes that are divergent or head-to-head with each of the genes
encoded by one of the strands. An estimation based on 1% of the human
genome calculated that 11% of the genes are arranged in this way and there-
fore share common regulatory elements'’, although a later whole genome
study predicted this number to be 31% for PCGs™. Using the CAGE-tag
data'®, which is a more complete and accurate map of all TSSs in the ge-
nome, the same study calculated that 78% of the CAGE-tags in the hepato-
cellular carcinoma cell line HepG2 were arranged in a bidirectional mode.
Lin et al. could not identify any single common cis-regulatory element in all
of the bidirectional promoters. However, they found binding motifs for
NRF1, GABP, YY1, and NF-Y as the more frequent TFs, with GABP as the
most frequent (83% of tested promoters)>'. Moreover, 27% of the promoters
were coregulated, while 1.7% were antiregulated, suggesting that the diver-
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gent arrangement might be a way of coordinating expression of genes that
participate in the same process. What unites all bidirectional promoters is
that they are positioned in CpG-islands, as it has also been suggested by the
CAGE-tag study™'*'*?".

The regulatory sequences contain the response elements for TFs, also
known as TF binding sites (TFBS), which seem to be arranged in clusters'”.
Depending on the type of factors bound to them and hence their regulatory
effect on genes, the clusters are called enhancers or silencers”. Enhancers
and silencers not only affect the closest downstream gene, but may also re-
gulate genes upstream or further downstream. Common for these two cis-
regulatory sequences is that they contain more than one TFBS. Another ele-
ment usually found in regulatory sequences is the boundary elements or the
insulators. Insulators set the boundary between different domains of chroma-
tin by limiting the effect of enhancers and silencers and also restrict the hete-
rochromatin from spreading to neighboring regions™. The insulator function
can be regulated through epigenetic mechanisms as well as binding of pro-
teins. One of the widely abundant and well studied examples of an insulator
binding protein is the CCCTC-binding factor (CTCF)*. The fourth element
relevant for transcriptional regulation found in the regulatory sequences is
the locus control region (LCR). LCRs are tissue-specific enhancers of ex-
pression for a group of genes or a locus and can be composed of several
enhancers, insulators, and silencers. LCRs are usually located at the
DNAse I hypersensitive sites and must therefore be regions with an open
chromatin formation for access of TFs.

Other non-coding sequences

Untranslated regions (UTRs) are parts of the gene that become transcribed to
mRNA, but are not translated to proteins. They are located at the start (5°-
UTR) and the end (3’-UTR) of the gene and thereby the resulting mRNA,
and mostly participate in stability of the mRNA and regulation of translation.
In addition, UTRs may also contain TFBS or be the site of TSS as previously
mentioned.

Introns are the non-coding parts of a gene that are transcribed to mRNA
and are spliced away before the mRNA is translated. The role of introns in
the genome is not fully elucidated, but they contribute to differential splicing
of transcripts and may also contain elements that participate in regulation of
the gene they are contained in or genes at some distance.

Gene deserts are large areas of the genome that are void of any coding se-
quences. What function these sequences may have is largely unknown. In
one study conservation of some sequences in these deserts was established,
demonstrating that they can contain long-range enhancers®. Some of the
gene deserts may also be the site of transcription for genes that have not yet
been annotated, but which is now being revealed by the more sensitive tech-
niques””’.
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Transcription factors and the RNA polymerase 11

Transcription factors or frams-acting factors are proteins that interact with
DNA or other proteins to regulate the expression of genes. The sequence
specific TFs are built of modules for DNA-binding, activation/repression,
and regulation and may also contain a multimerization module'®. There are
around 1850** TFs in the human genome, which are categorized into families
based on the DNA-binding motif, e.g. helix-turn-helix, homeodomain, zinc
finger, helix-loop-helix, and leucine zipper’’. The DNA-binding domain
recognizes, with some specificity and varying affinity, short or long stretches
of nucleotides, specific for a TF and which represents its consensus se-
quence™. A recent study corroborated that the DNA sequence is the determi-
nant of TF binding and that the conservation of this sequence between spe-
cies may play a minor role®®. As the TF binds to its target sequence, the acti-
vation domain can interact with other factors and thereby exert an effect on
the target gene. These other factors may be either additional activators or
repressors, or another class of regulatory proteins, i.e. coactivators and core-
pressors. Cofactors not only act as mediators of interaction between different
factors and the transcriptional machinery, but also function as chromatin and
TF modifiers by regulating the post-translational modifications (PTMs) of
the histones and the TFs**'. One of the largest families of cofactors is the
Mediator complex, demonstrated to be involved in regulation of various

The biochemical models describe that transcription starts by binding of
one or several TFs to their cognate TFBS and recruitment of the cofactors
(Figure 2). The cofactors in turn modify the histones at the binding site and
remodel the nucleosomes in the promoter to allow for binding of the tran-
scriptional machinery. The cofactors at the same time contact and recruit the
general transcription factors (GTFs) to the core promoter where they interact
with the DNA and form the preinitiation complex (PIC). The PIC then di-
rects the RNA polll to the TSS. At this point the carboxy-terminal domain
(CTD) of the largest subunit of RNA polll is unphosphorylated, but upon
recruitment of the transcription elongation factors, the CTD is hyperphos-
phorylated and transcription is initiated'*****.
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Figure 2. The transcriptional machinery. The figure is a representation of compo-
nents in the transcriptional machinery. The GTFs are bound at the TATA-box in
complex with the coactivators. The coactivators in turn are in interaction with the
TFs (designated as activators in the figure) bound at their TFBSs in the enhancers.
The RNA polll, bound at the TSS, is in contact with the GTFs and prepared for
initiation of transcription. Adopted from Regulation of gene expression in proka-
ryotes by Donald P. Buckley.

Some examples of transcription factors
hnRNPs

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a family of mRNA-
binding proteins, that shuttle between the nucleus and the cytoplasm and are
thought to participate in transcriptional regulation, telomere length mainten-
ance, alternative pre-mRNA splicing, translation and turnover, etc®®*". Until
now, two members of this family are indicated to interact with single
stranded polypyrimidine sequences in DNA, namely hnRNPI and hnRNPK.
hnRNPI or polypyrimidine tract binding protein 1 (PTBP1) is proposed to
participate in splicing and polyadenylation of mRNAs, however, it has also
been demonstrated to interact with single stranded pyrimidine rich regions in
DNA at gene promoters in a sequence specific manner and contribute to a
higher promoter activity’>”. The target PPy-sequence has further been dem-
onstrated to form triplex-DNA. PTBP1-binding and triplex formation was
later confirmed in vivo in a mouse cell line, while a direct positive effect on
the Hmga?2 could not be elucidated®. A study of PTBPI in the ENCODE-
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regions by chromatin immunoprecipitation (ChIP) with detection on micro-
arrays (ChIP-chip) established that this protein bound throughout the gene
body with a bias towards the promoter’'. The binding in promoters often
coincided with RNA polll. PTBP1 has been shown to interact with the 3’-
UTR of both human and murine nitric oxide synthase 2 mRNA and regulate
the stability at post-transcriptional level***.

hnRNPK is suggested to be a TF that interacts with the transcriptional
machinery, specifically the TATA-binding protein (TBP)*. One of hnRNPK
target elements has been mapped to a PPy/PPu-sequence in the vicinity of
the TSS for the c-myc promoter”. hnRNPK interacts with a diverse set of
proteins in the cell, e.g. histone H4*, chromatin modifying enzymes, protein
kinases, GTFs, and RNA-processing factors, which is why it has been sug-
gested that it functions as a docking platform for other proteins*’. Addition-
ally, both hnRNPK and PTBP1 have been demonstrated to cause bending
and looping in their target DNA/RNA, which correlates well with their role
in DNA tertiary structure binding***

SREBP

Sterol regulatory element binding proteins (SREBPs) belong to the basic
helix-loop-helix (bHLH) leucine zipper family of TFs and are major regula-
tors of the lipid- and cholesterol metabolic pathways’?* Together with
PPARy and C/EBPa, they also participate in adipogenesis™. The three well
known members of the SREBP-family are SREBP1a, -1c, and -2, although
other splice variants have been reported®**’. SREBP1a and -1c are two iso-
forms encoded by the same gene, with dissimilar transactivation strength and
different abundance in tissues and cells, as well as difference in recruited
coactivators®®”’.

SREBPs are mainly regulated at the post-translational stage by sequester-
ing the precursors in the endoplasmic reticulum (ER) membrane®>™®. Lower
level of lipids and cholesterol or induction by insulin signaling relieves the
inhibitory interaction by a proteolytic cleavage in two consecutive steps,
which release the active form of the factor. In the nucleus, the mature homo-
dimer then interacts with the p300/CBP, the ARC/Mediator, and the
SWI/SNF complex to regulate the transcription of target genes™°'. A ge-
nome-wide promoter study by ChIP-chip in insulin treated HepG2 cells re-
vealed 1141 putative target genes for SREBP1%*. Among these, genes in-
volved in lipid and cholesterol metabolism, insulin signaling pathway and
targets, cellular respiration, and cell cycle regulation could be found.

HNF4o

Hepatocyte nuclear factor 4 (HNF4) is an orphan nuclear receptor with a
zinc finger as DNA binding domain (DBD)®. There are three main members
in the family, a, B, and vy, as well as seven known splice variants. Although
this receptor was originally categorized as orphan, later it was demonstrated
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that long-chain fatty acids bound HNF4a as acyl-CoA esters®. Active
HNF4a binds DNA as homodimer and interacts with GTFs, p300/CBP, and
p/CAF for transcriptional regulation of target genes®. Genes in glucose,
lipid, and drug metabolic pathways and blood coagulation are targets of this
TF. Moreover, HNF4a is required for hepatocyte differentiation®. Mutations
in the gene encoding this factor have been associated with maturity onset
diabetes of the young type 1 (MODY 1)®.

GABP

GA binding protein (GABP), also known as nuclear respiratory factor 2
(NRF2; not to be confused with nuclear-factor-E2-related factor Nrf2) is a
member of the Ets TFs with a winged-helix-turn-helix DNA binding motif
(Figure 3)%. It forms a heterotetrameric complex when bound to DNA,
which is constituted of two o and two B subunits. GABPa contains the DBD,
while the transactivation domain is found in GABPB. GABP interacts with
Spl, p300, HCFCI, and E2F1 and regulates the nuclear respiratory factor
genes, in addition to genes regulating the cell cycle and apoptosis among
others®”**. A genome-wide ChIP-seq study has identified 6442 putative bind-
ing sites in Jurkat (T-cell leukemia). As mentioned previously, GABP is a
frequent binder in bidirectional promoters®'.

Figure 3. A transcription factor binding to DNA. The ternary complex of a member
of the Ets-1 TF-family and DNA. The white and blue structures are the dimeric
protein bound in the major groove of DNA (yellow and green). Adopted from Tran-
scriptional regulation and Ets proteins by Marc Aumercier
(http://www.ibl.fr/spip.php?rubrique2).
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FOXAs

The FOXA subfamily belongs to the family of forkhead box/winged helix
family of TFs. There are three FOXAs known today, FOXA1 (HNF3a),
FOXA2 (HNF3p), and FOXA3 (HNF3y)*®. All three proteins share great
homology in the DBD, but less outside of this domain. Additionally, they are
predicted to bind DNA as monomers’’. FOXAs interact with several other
TFs for regulation of target genes, e.g. HNFla, HNF4a, HNF6, USF1, and
ER’"". Since they also regulate some of these mentioned TFs at the gene
level, they are proposed as master regulators of gene expression in the liver.
Other targets of FOXAs are genes involved in metabolism and insulin sig-
naling®”’. There have been a number of ChIP-chip and ChIP-seq studies of
FOXAT1 and FOXA2 in MCF7, mouse and human liver tissue, and HepG2,
but none have covered all three factors together or all binding sites in the
liver tissue*”"™*".

The regulatory sequences of inactive genes are often in a state of compact
chromatin and therefore not available for the TFs. However, there are exam-
ples of factors that can interact with the DNA in the compact chromatin and
make it accessible for other factors. One example of these “pioneering fac-
tors” is the FOXAs, which have been found to resemble the histone H1 in
structure and therefore are able to interact with the other histones in the his-
tone core and reposition the nucleosomes’”’®”. This ability serves important
purposes during the embryogenic development®®, and also constitutes an
important link between the TF network and another imperative aspect of
transcriptional regulation, namely the epigenetics.

Epigenetics

Epigenetics is defined as changes in the gene expression or cellular pheno-
type that can be inherited during cell division and that does not involve a
change in the underlying DNA-sequence’””. The molecular basis of epigenet-
ics involves two main mechanisms, i.e. histone modifications and DNA me-
thylation. It should be emphasized that these two processes are highly de-
pendent on each other. Furthermore, these processes are highly dynamic,
especially during the life time of the organism. The best example, which
perhaps is also one of the most interesting aspects of the biology of human
genome, is the finding that monozygotic twins have the same epigenetic
pattern during the early years of life, but differ in both histone modification
and DNA methylation later on, despite the common genotype®™.

Histones and their modifications

In the mammalian cell there are four types of histones in the histone core,
H2A, H2B, H3, and H4 (Figure 4). Two copies of each of these histones
together form an octameric complex, around which 147 bp of DNA is
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wrapped and forms the smallest unit of the chromatin, the nucleosome. The
fifth histone, histone H1 or linker histone, interacts with the nucleosome and
seem to regulate the distance between the nucleosomes®'. These together
form the nucleosomal array in the chromatin, which can fold into the 30 nm
fiber for higher order impaction of chromatin®’. Other variants of the core
histones have also been found, each with a specialized function®. Some ex-
amples are histone CENP-A, which marks the centromeric DNA in humans
and histone H2A-Z found at the TSS of genes.

Figure 4. Configuration of a histone octamer. The histone octamer is constituted of
two copies each of four types of histones, H2A, H2B, H3, and H4. The tail of each

histone is modified at several positions, which together might constitute a “histone

code”. For simplicity, only one copy of each histone is shown.

The level of compaction of chromatin and thereby the accessibility of
DNA is regulated by the type of modifications on the histone tails. There are
eight types of modifications known today, acetylation, lysine methylation,
arginine methylation, phosphorylation, ubiquitylation, sumoylation, ADP
ribosylation, deimination, and proline isomerization®****. The current know-
ledge is that acetylations, phosphorylations, and arginine methylations are
positive marks of activity and sumoylation a mark of repression, while the
other modifications can occur at both active and repressed genes. Modifica-
tions of the histone tails appear to change the net charge of the histones and
thereby the accessibility of the DNA.
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Table 1. The known histone modifications and their effect on transcription®"’.

Histone  Residue PTM Function
H2A K?5,9 Ac® Activation
H2A K119 Ub° Repression
H2A K126 Su¢ Repression
H2A SY/T* Ph Activation
H2B K5, K12, K20, K120 Ac Activation
H2B K5 Me" 1 Activation
H2B S/T Ph Activation
H3 K4,9, 14, 18, 23, 27, 36 Ac Activation
H3 K4 Me"1,2,3 Activation
H3 K9 Me 1 Activation
H3 K9 Me2,3 Repression
H3 K27 Me 1 Activation
H3 K27 Me 2 More active than silent
H3 K27 Me 3 Repression
H3 K36 Me 1 Activation
H3 K36 Me 3 Activation
H3 K79 Me 1,2 No preference
H3 K79 Me 3 Activation
H3 R2 Me 1,2 Not apparent
H4 K5, 8,12, 16,91 Ac Activation
H4 K20 Me 1 Activation
H4 K20 Me 3 Repression?
H4 R3 Me No preference
a Lysine

b Acetylation

¢ Ubiquitylation

d Sumoylation

e Serine

f Threonine

g Phosphorylation

h Methylation

i Arginine

As presented in Table 1, there are many options of modification with each of
them being associated with a state of transcription. Several of the residues on
the same histone tail can be modified at the same time, some being mutually
exclusive since they appear on the same residue, while others may be depen-
dent on the modifications on other residues®**’. This cross-talk or combina-
torial pattern was suggested already in 2000 by Strahl and Allis who coined
the term “histone code” in parallel with the genetic code®. In 2008 this hy-
pothesis was substantiated in Keji Zhao’s lab. By genome-wide mapping of
19 methylation® and 18 acetylation®” marks of histones in CD4" T cells
through ChIP and high resolution sequencing (ChIP-seq), it was demonstrat-
ed that 4339 patterns existed in this cell out of which 1174 were associated
with multiple genes*’. Among these a combination of 17 modifications and a
histone variant was associated with 25% of the promoters, a majority with
the highest expression in this cell line.
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Most of the histone modifications are dynamic and therefore a set of his-
tone modifying enzymes are required for the establishment and removal of
these marks. These enzymes are classified depending on what type of mod-
ification they add or remove®. The classes are histone acetyltransferase
(HAT), deacetylase (HDAC), methyltransferase (HMT), demethylase
(HDM), arginine methyltransferases (PRMT), serine/threonine kinase, ubi-
quitilase, and proline isomerase. Many of the members of these classes act as
cofactors in transcriptional regulation, changing the chromatin environment
and thereby the accessibility of DNA®#

At the time of transcriptional activation of a gene, not only the histones
are modified, but also the position of the nucleosomes is changed, in particu-
lar those at and in the vicinity of the TSS **®'. This usually results in eviction
of the nucleosome at the TSS, leaving a so-called nucleosome free region
(NFR). This nucleosome displacement in the chromatin is performed by
ATP-dependent nucleosome remodeling complexes, such as the SWI/SNF
family””>, NURF, and MLL1-3%.

The total outcome of the interplay between the different histone modifica-
tions, histone variants and the nucleosome position is two states of chroma-
tin, the euchromatin and the heterochromatin (Figure 5)°*. The euchromatin
is the transcription permissive state of chromatin with highly transcribed
genes and mostly active histone modifications’. On the other hand, the hete-
rochromatin is the transcription non-permissive state with poorly transcribed
genes, mostly inactive histone modifications, usually DNA methylation, and
tighter packaging of DNA. There are two types of heterochromatic DNA in
cells, constitutive and facultative. The former designates regions of chroma-
tin that are heterochromatic in every generation of the cell, e.g. centromeric
regions of the chromosome’®, while the latter denotes regions that are hete-
rochromatic in some cells, but euchromatic in others. Examples of such re-
gions involve processes of X chromosome inactivation, imprinting, and allel-
ic exclusion’”. The process of heterochromatin formation involves RNA
interference, DNA methylation and repressive marks on the histones, as well
as repositioning of the chromatin in the nucleus’””.

23



AL .
'.‘- -Mon-coding RMAs

Chromosome

Figure 5. The epigenome. Two anti-parallel strands base pair with each other and
together form the double helix. The double helix is wrapped around the histone core
proteins twice, which constitute the nucleosome. The nucleosomes build up an array,
which is further compacted to 10 and 30 nm fibers for higher compaction and forma-
tion of the chromosome. The chromatin and the nucleosomes are constantly mod-
ified to1 (%ermit or repress transcription from the DNA. Adopted from Qiu, J. 2006.
Nature ™.

DNA methylation

The second epigenetic mechanism widely spread in organisms is the methy-
lation of DNA. This occurs by addition of a methyl group to the cytosine in a
CpG dinucleotide by DNA methyltransferases (DNMTs). CpGs occur in a
lower frequency than expected in the human genome™’; however in some
regions of the DNA they are highly abundant and form the so-called CpG-
islands. As mentioned earlier, these epigenetic marks are involved in silenc-
ing of gene expression and formation of heterochromatic regions. The me-
chanism of silencing is either through direct hindrance of protein binding,
e.g. inhibition of CTCF binding in the imprinting control region (ICR) of
IGF2 and H19 genes'”, or through recruitment of factors with a methyl-
binding domain (MBD), e.g. MeCP2, which in turn engage HDACs'*>'®,
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Several methods have been developed for studies of DNA methylation'®,
some not suitable for genome-wide studies and some too laborious. The first
genome-wide study of DNA methylation in humans employed a high-
throughput method with somewhat high resolution based on immunoprecipi-
tation of methylated DNA (MeDIP) and detection on BAC-clone and CpG
island promoter arrays'°>'*. Here, it was concluded that in human primary
lung fibroblasts gene-rich regions are highly methylated, while gene-poor
regions are less methylated and that CpG-islands are hypomethylated. Fur-
ther, it was shown that the inactive chromosome X is less methylated than
expected.

Due to lack of a unifying definition of CpG-islands Saxonov ef al. sug-
gested a separation of regions based on CpG content'®’. They found that the
promoters can easily be divided into two classes, the high CpG content
(HCP) constituting 72% of the promoters, and the low CpG content (LCP)
with 28%. In their follow-up study, Weber et al., took this classification
further and suggested a third class, the intermediate CpG content (ICP)'*.
Then, using a promoter microarray with higher resolution, it was demon-
strated that 42% and 33% of the hypermethylated promoters are in LCPs and
ICPs, respectively, although they only form 35% of all the promoters. By
analyzing the RNA polll and H3K4Me pattern in the same cell using ChIP,
the authors concluded that methylation in the LCP does not always exclude
transcription, and that inactive promoters in the HCP class were mostly hy-
pomethylated. It was also suggested that H3K4Me2 may be a protective
modification for keeping silent genes with HCP unmethylated. A genome-
wide study in mouse embryonic stem cells applying the reduced representa-
tion bisulphate sequencing method confirmed these findings and inferred
that DNA methylation is correlated with H3K4Me2, H3K4Me3, H3K9Me3,

and H3K27Me3 pattern rather than the genomic sequence'®.

Spatial organization of chromatin

There is a growing body of evidence that DNA and chromatin is in constant
movement and that the DNA is relocalized depending on the external signals
and the operations under way. Newly developed methods such as chromo-
some conformation capture (3C)''° and the modifications thereof, i.e.
4¢"12 5C™8 and 6C'*, and RNA FISH TRAP'" (tagging and recovery of
associated proteins) have revealed an extensive network of intra- and inter-
chromosomal interactions''*!"’. Moreover, there is accumulating data signi-
fying that there are “transcription factories” in the cell nucleus to which the
DNA is translocated to be transcribed''®'*. This contradicts the general
belief that the RNA polll is recruited to the active gene. Together with these
new models of transcription and long-range interactions, comes the theory of
DNA-looping which is thought to play an important role in transcriptional
regulation'**'*'. It is further implied that genes, depending on their level of
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activity, are localized in different areas of the nucleus with the more active
genes toward the inner nuclear space and the less active genes toward the
nuclear periphery'?:. One example is the heterochromatic DNA, which has
been shown to be tethered to the lamin protein in the nuclear periphery. It
should be mentioned that there is also evidence of some active genes posi-
tioned in the vicinity of the nuclear envelope and the nuclear-pore complex-
es, although the reason for this is not yet completely clear.

Nuclear organization and the 3D structure of chromatin and nucleus is
currently a hot topic in the genome biology. Nevertheless, the current re-
search, although at its infancy, has an important take-home message: DNA
and chromatin is not static in the nucleus, rather it is in constant motion and
movement, whether it is for a few hundred bases or several megabases (Mb).

Non-B DNA structures

Repeated sequences are prone to form other structures than B-DNA. B-
DNA, the common structure in cells, is the double-helical right-handed con-
formation with anti-parallel chains and Watson-Crick base-pairing'. Alterna-
tive secondary structures involve left- or right-handed conformation that is
not necessarily double-helical nor anti-parallel and usually contain base-
pairings other than Watson-Crick'*. Composition of nucleotides in the re-
peat decides the type of conformation, e.g. left-handed Z-DNA, cruciform,
slipped strand, triplex, etc. Formation of Z-DNA, a left-handed double helix,
is favored by CG-repeats'>*. CpG islands, one form of CG-repeats, are asso-
ciated with approximately 50% of human gene promoters'>. Methylation of
these islands is coupled with gene-silencing; however, the methylation rather
than the conformation is considered to cause this inhibition. Methylation of
CpG-islands is demonstrated to stabilize Z-DNA in vitro'**. Although the
non-B DNA structures are common in regulatory sequences of genes and
predicted to bind nuclear factors, it is not clear what purpose they fulfill.
Some of these secondary structures are suggested to relieve the negative
supercoiling that arises in DNA during transcription'*.
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Figure 6. Representation of a triple helix. The triple helix or H-DNA is formed by a
bend in the DNA double helix. One strand of the unwounded DNA interacts with the
double helix in the major groove, while one strand becomes naked. Adopted from
Wells, R.D. et al. 1988. Faseb J'*°.

Pyrimidine/purine rich sequences or polypyrimidines/polypurines
(PPy/PPu) are predicted to occur at 6-8 kb intervals'>’ and are proposed to
form a tetra-stranded structure'®®. This structure, commonly called H-
DNA'?, constitutes of a triplex with a PPy-PPu forming a regular double-
helix and a third strand, either a PPy or PPu, filling the major groove of the
double-helix, leaving the fourth strand unpaired (Figure 6)*°. The third and
fourth strand of this tetraplex conformation can be either the 5’ or 3’ half of
the PPy/PPu-sequence. Three different combinations of nucleotide base-
pairings are common, each involving a Watson-Crick base pair, C-G-C”,
T-A'T, and G-G-C (Figure 7). It is not clear which base-pairing is normally
preferred, nonetheless the length of the PPy/PPu tract may be a determi-
nant"'. Moreover, triplex DNA is shown to influence the conformation of
adjacent sequences independent of the base composition of neighboring se-
quencem’m.

C G C T A [ 1

Figure 7. Base pairings in the triple helix. Hydrogen-bonding scheme of C-G-C" (a)

ag(g T-A-T (b) in the triple helix DNA. Adopted from Wells, R.D. ef al. 1988. Faseb
I
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S1-nuclease is regularly used for probing sites of triplex-formation, since
it has an affinity for single stranded DNA. Through this, many PPy/PPu
sequences have been mapped, most of them occurring in promoters of genes
and thus suggested to be part of regulation of transcription'**. They are also
recognized as sites of translocation breakpoints involved in cancers and oth-
er disorders"*>"*®. One of these disorders is Friedrich’s ataxia, where two
triplex structures are formed that can interact and form a bitriplex, called
sticky DNA"’. H-DNA or triplex-DNA is a dynamic conformation, so that
for this structure to occur there is need of a stabilizing mechanism. /n vitro
this is achieved by low pH and different salt-concentrations. Although phy-
siological pH can lead to formation of triplex'', there might be other ways
of stabilization in vivo, e.g. RNA—bindingng, methylati0n139, and protein-
binding.

DNA sequence polymorphisms

There are diverse types of variations in the human genome, ranging from
changes in one base pair up to several Mb'*’. Variations in a certain position
of a sequence, which is present on >1% of the alleles in the population, are
called polymorphisms. Whether such variations lead to recognizable pheno-
types or have no effect depends on the sequence involved. The phenotypic
outcome of these changes is either a disease or a change in quantitative
traits. Polymorphisms can be two or more variants at a single nucleotide
level, single nucleotide polymorphism (SNP), or a short or long tandem re-
peat of one to several bases, called micro-, mini-, and major satellite, de-
pending on the type of repeat'*'. SNPs and microsatellites are the two poly-
morphisms that have caught much attention, due to their high abundance in
the human genome. At first, they were great tools in the search for genes
causing diseases by linkage and association studies, but subsequently them-
selves became a subject of investigations for possible phenotypic effects.

Microsatellites

Microsatellites are tandem repeats of nucleotides with less than 10 bp ite-
rated unit, which can have different base compositions and be hypervaria-
ble'*"'*. 1t is established that long forms of some microsatellites in the cod-
ing sequences may lead to genetic instability and thus cause disorders, e.g.
Huntington’s  disease (OMIM+143100) and Fragile X-syndrome
(OMIM+309550). Despite accumulating evidence of the role of microsatel-
lites in gene regulation, this subject is still a controversial issue'*"'*". Differ-
ent ways of participation are found depending on the location, sequence and
size of the repeat'**. Mechanisms such as changing the relative position of
surrounding TFBS'1%, transcription arrest’ """, nucleosome exclusion'>,

28



and epigenetic silencing'>* has been suggested. One of the most exciting

findings is that microsatellites are transcribed and form double stranded
RNA (dsRNA) that act as templates for small interfering RNAs (siRNA).
This was shown the first time for a CTG-repeat in the 3’-UTR of the DMPK
gene'””. Expansion of this repeat is a cause of myotonic dystrophy (DM1).
However, transcription of repeats and their involvement in heterochromatin
formation is not unique to microsatellites, but has also been found in peri-
centromeric repeats of chromosomes”. As mentioned above, repeats can act
as regulatory elements through formation of alternative structures than the
classical double helix.

Other means by which microsatellites are proposed to participate in tran-
scriptional regulation is TF binding'*®. If the repeat contains a TFBS, differ-
ent repeat lengths might allow binding of one or more of the actual factor or
of different factors depending on the composition of bases, which would
result in differential response depending on allele. Some of the described
microsatellite binding proteins are: CGCBP'® and hnRNPs (described
above).

The regulatory sequence of inducible nitric oxide synthase (iNOS or NOS2)
contains two microsatellites, a {TAAA}y4 (rs12720460) at -752 bp"®’ up-
stream of transcriptional start site, and a {CCTTT}g. 17 (rs3833912) at -2.6
kb'*®. Additionally, a 92 bp PPy/PPu sequence (here called the CT-repeat)
with a similar base composition as the CCTTT-microsatellite is located in
intron 1 of this gene. Alleles of the {TAAA} bind protein and lead to differ-
ent activities for the promoter, but only one study have found an association
between this repeat and complications of type 2 diabetes'*’.

The CCTTT-microsatellite is neither found in the mouse nor rat Nos-
promoters, but has been genotyped in chimpanzee, gorilla, orangutan, and
macaque'®. Orangutans and macaques had a monomorphic repeat, while
gorillas and chimpanzees were polymorphic, with gorillas having equal
numbers of alleles as humans. As expected, the frequency of alleles in hu-
mans differs between ethnically diverse populations'®. In Europe, distribu-
tion of alleles is unimodal with 11, 12, and 13 as the more common repeats;
while in Africa, the distribution is bimodal with 9, 10, and 13 being the more
common alleles.

Several association studies have been performed in order to detect possi-
ble connections of the CCTTT-microsatellite to different disorders, some of
them with positive associations as result'®'®. The microsatellite has not
been tested for its protein binding capabilities, but has been investigated for
its role in inducibility of NOS2. In two separate studies, a few alleles of the
microsatellite were tested in constructs containing the NOS2 promoter trans-
fected into DLD-1 (colonic carcinoma cell line) and fibroblasts, and induced
with interleukin-1p (IL-1B)'*'%. In both experiments, the {CCTTT} 4-allele
induced the reporter gene significantly more than the other alleles. However,
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regulatory sequence constructs of NOS2 with a large portion deleted, includ-
ing the microsatellite, have retained the same activity as constructs without a
deletion'®”'®®, Differences in the aforementioned studies that have to be con-
sidered before conclusions can be drawn are the usage of different cell lines
and inductions in these experiments. Furthermore, a 2.6 kb deletion in the
regulatory sequences will probably affect the composition of regulatory ele-
ments and thus may not reflect the true nature of regulation for this gene.

SNPs

Single nucleotide polymorphisms is the most common type of variation in
the human genome, with an average incidence of one in 200 bp in total and
once in 1000 bp in an individual (NCBI dbSNP, Build 129). SNPs can be
divided in two major groups, coding and non-coding, depending on their
position in the gene. Coding SNPs usually influence the encoded protein'®,
while the non-coding can affect splicing'” or transcriptional regulation of
the gene, or may be silent. As for microsatellites, there are an increasing
number of studies indicating that SNPs can influence transcriptional regula-
tion. Among these the total abolishment of binding has been demonstrated
for RUNX-1 in an intron of PDCD-I in the SLE-disease'’". Furthermore, a
one base change in the binding motif of NF-kB has been found to effect the
cofactor interactions'’.

Depending on the population, different sets of SNPs can be detected in
the human genome. Some of these are private for each particular population
and some are common. The proximal regulatory sequence of NOS2 has been
studied in relation to cardiovascular disorders'”, hepatitis C virus infec-
tion'”, and most extensively malaria'”"”’. No single SNP has yet been asso-
ciated with the etiology of a disease; however, haplotypes of the NOS?2 pro-
moter seem to be related to some aspects of malaria'”” and hepatitis C virus
infection'’*. In the former study, a C/T SNP at position -1659 was tested for
protein binding by electrophoretic mobility shift assay (EMSA), where the
C-allele bound more proteins than the T-allele. The significance of this find-
ing is unclear.

Nitric oxide synthase

Nitric oxide (NO) is an invaluable molecule in the human body. Due to its
small size, it can easily and rapidly diffuse through cell membranes and thus
function as a signaling molecule, which is utilized in the central and peri-
pheral nervous system'”®, by the vascular endothelium in regulation of blood
pressure'”, in muscles throughout the body and specifically in cardiac mus-
cles'™, regulation of apoptosis'®', and modification of transcriptional regula-
tors'®>'® Furthermore, NO participates in the immunological defense, e.g.
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against microbial attack and some cancers'. Due to the reactivity of NO, it
can also function as oxidizing agent or form toxic compounds. This has lead
NO to be suspected or proven for participation in the pathology of several
diseases'™ such as Alzheimer’s'®'® Parkinson'®, multiple sclerosis'®®,
systemic lupus erythematosus'®’, malaria'®, type-1 diabetes'', diabetic reti-
nopathy'®, and glaucoma'**'**. The variety in function and the potential to
participate in or cause disorders gives an understanding of the significance of
expressional regulation of this molecule.

Nitric oxide is produced by three isoforms of nitric oxide synthase (NOS).
Two of these isoforms are constitutive and dependent on Ca*" and Calmodu-
lin, while the third is inducible and not Ca**-dependent'®”. Upon activation,
the constitutive NOS immediately start producing a small amount of nitric
oxide and do so under a longer period, whereas the inducible NOS starts
later and produces a higher amount of NO under a shorter time. Each of
these three is encoded by a specific gene. The constitutive forms are coded
by neuronal NOS (NOS1 or nNOS) and endothelial NOS (NOS3 or eNOS).

Inducible/immunological NOS (iNOS) or NOS2, the third gene in the trio,
has two non-functional pseudogenes NOS2P1 (NOS2C) and NOS2P2
(NOS2B)"°. All members of NOS2-family are on chromosome 17, with the
NOS? positioned at 17q11.2""'% 1t is a 43.76 kb long gene with 27 exons
and 26 introns, a non-coding first exon, a near-consensus TATA-box 24 bp
upstream of TSS, and translation initiation site in the middle of exon 2.
There are reports of alternative transcription initiation sites upstream of the
TATA-box, and alternative mRNA splicing'***%. Studies so far has charac-
terized a 16 kb long region containing regulatory sequences'®®. Regulation of
expression is mainly at the transcriptional level for this gene, with both the
promoter and the 3°-UTR involved®'. A number of TFBS have been identi-
fied in the regulatory sequence, most of them responding to cytokine signal-
ing. These cytokines are mainly involved in inflammatory- and cellular
stress responses, each inducing a specific response depending on the cell
type?®*?®. The three most common cytokines for induction of NOS2 are IL-
1B, IFN-y (interferon-y), and TNF-a (tumor necrosis factor- o). One of the
important findings is the characterization of a putative enhancer element
between -5.2 and -6.5 kb upstream of TSS with five NF-xB sites recog-
nized'®**. Furthermore, a negative regulatory element (NRE) has been
identified in vicinity of the enhancer, located at -6.7 kb, that binds NF-kB-
repressing factor (NRF)*”". This is the first time an NRE is located at such
far distance from the core promoter, once again indicating a long regulatory
sequence for the NOS2. NRF exerts its effect through direct interaction with
NF-kB. NF-kB-binding in the enhancer region is suggested to induce a three
dimensional fold of the DNA, which may both cause an effective transcrip-
tion and influence the interactions between NRF and the NF-xBs. This is
though far from a complete picture of the elements involved in regulation of
this gene, since it is surrounded by ca 175 kb of non-coding sequences.
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NOS? is also activated by many different stimuli, so it is therefore likely that
this gene has an unusually complex regulation.

Nitric oxide is a common signaling and defense molecule in eukaryotes,
bacteria, and plants™®, produced by the same type of enzyme(s) as in human.
In 1997, there was a report of 120 laboratories working with different mouse
models of Nos-knock-outs’”*'’. The mouse and rat homolog of human
NOS2 have 80% nucleotide- and amino acid sequence identity, which is
down to 50% at the promoter level'”’*'!. The murine promoter is constituted
of two conserved clusters, region I (-48 to -209) and II (-913 to -1029), out
of which region I seems to be conserved in the human promoter*'**">.
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Present investigations

Aims of the present studies
Papers I-11

To investigate how polymorphisms can affect transcriptional regulation of
genes and how they are involved in etiology of diseases. As a model, varia-
tions in the promoter of NOS2 were studied in relation to primary open angle
glaucoma. Focus of the experiments was the CCTTT-microsatellite in the
regulatory sequences of NOS2 and how it could affect the regulation of this
gene.

Papers I1I-V

To identify all the putative binding sites for liver specific TFs and other inte-
racting factors in the human genome in order to establish the transcriptional
regulatory circuitry in the liver. As a feasibility study, some of the most well
known TFs, i.e. SREBP1, HNF4a, GABPa, FOXA1, FOXA2, and FOXA3
were examined in HepG2 cells.
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Materials and methods

Papers I-11
Subjects

The studied individuals were recruited from the glaucoma clinic at the De-
partment of Ophthalmology, University Hospital, Uppsala, and the Depart-
ment of Ophthalmology, Tierps Hospital, Tierp in Sweden. Inclusion criteria
for the 200 patients were increased intraocular pressure (IOP) and glauco-
matous damages to the optic nerve head and/or glaucomatous damage to the
visual field. In the patient group, 99 were male with an average age at first
diagnosis of 65.1 [range 27 — 90] and 101 female with an average of 66.5
[range 39 — 91]. In total, 50 had at least one case of glaucoma in the family.
The mean pressure for the right eye of patients was 30.9 [range 18 — 57,
median 29] and for the left eye 31.3 [range 19 — 59, median 30]. The thre-
shold for elevated IOP is 24. For the control group 200 individuals were
matched with the patients for age, sex, and geographic and ethnic origin.
Glaucoma was excluded in this group by IOP-measurements and ophthal-
moscopy of the optic disc. None of the studied individuals were related.
Random population samples were DNA from 204 blood donors in Uppsala.
There is no information regarding age or geographic and ethnic origin of the
donors or about any eventual hereditary diseases for these individuals. In-
formed consent was obtained from all participants. This study was approved
by the local Research Ethics Committee at Uppsala University and per-
formed according to the Declaration of Helsinki.

Genotyping length polymorphisms

The used genotyping method is based on a separation on a denaturing polya-
crylamide gel of differentially sized PCR-products, representing different
alleles of a particular polymorphic marker. A sequence containing the stu-
died length polymorphism was amplified by PCR, with fluorescently labeled
primers. Amplicons were analyzed on a 4% polyacrylamide gel on ABI
Prism" 377 DNA Sequencer and the lengths were compared to a size mark-
er.
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SNaPshot

This is a multiplex mini-sequencing method, applied for genotyping of
SNPs. Oligonucleotides are annealed adjacent to the target SNP and then
extended with a fluorescently labeled di-deoxy nucleotide (ddNTP) by a
polymerase. The nucleotide incorporated, identifies the two alleles of the
individual. Hereafter the excessive nucleotides are removed and the sample
is electrophoresed and detected e.g. in a capillary sequencer.

Sequencing

Sanger sequencing is the widely used method for “reading” the order of nuc-
leotides. Here primers annealed to a target sequence is extended with ANTPs
until a labeled ddNTP is incorporated, resulting in a ladder of fragments.
These fragments can then be separated on a gel or in a capillary sequencer
and the order is detected. In this study, the DYEnamic™ ET dye terminator
cycle sequencing kit was used together with MegaBACE ™" 1000.

Haplotype reconstruction

A haplotype is a specific composition of alleles on a single chromosome. Haplo-
types can be constructed for one gene or for a larger genomic area and is based
on the polymorphic markers found within this gene or area in an individual. For
reconstruction of haplotypes, statistical programs are applied to the genotyping
data. Haplotype reconstruction program PHASE was utilized for our data.

Electrophoretic mobility shift assay, EMSA

EMSA is an in vitro approach to examine whether a specific sequence inte-
racts with proteins or a certain nuclear factor. For this, double stranded oli-
gonucleotides with the studied sequence are radioactively labeled and incu-
bated with nuclear extract of a cell type or recombinant purified proteins and
then analyzed on a native polyacrylamide gel. Protein-binding to the oligo-
nucleotide results in a large complex, which has a lower mobility in the gel
and thus gives rise to a band shifted in position compared to the naked oli-
gonucleotide. The specificity of this interaction can then be tested by various
methods, e.g. competition with unlabeled oligonucleotide, competition with
unrelated oligonucleotide, mutation in sequence of oligonucleotide, and use
of an antibody against the suspected nuclear factor. In the latter case, if the
protein is recognized by the added antibody, an even larger complex will
arise, which has an even lower mobility than the oligonucleotide-protein
complex and will therefore be supershifted.

This method was also applied in paper II1.
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S1-nuclease assay

S1-nuclease recognizes single strands that may arise in alternative structures
of DNA and makes one cut in that strand. As a result the nicked molecule is
relaxed and the complementary strand exposed and can therefore be cut by
S1. For circular plasmids, this treatment often results in linearization of the
plasmid.

Papers III-V

Material

For the purpose of these studies, the human hepatocellular carcinoma cell
line HepG2 was chosen, which originates from a Caucasian male. HepG2
cells have been shown to be good models for genome-wide localization stu-
dies, since in one study 66% of the binding sites for HNF6 in primary liver
were also found in HepG2 cells*'*.

Cells were grown in RPMI1640 complemented with non heat-inactivated
10% fetal bovine serum and 2% L-glutamine in 37°C at 5% CO, for all stu-

dies, unless otherwise stated.

ChIP, ChIP-chip, and ChIP-seq

Chromatin immunoprecipitation is one of the most widely used methods in
studies of transcriptional regulation and epigenetics, since it allows the re-
searcher to get a snapshot of the ongoing protein-DNA interactions in vivo.
Generally, cells or tissues are treated with a cross-linking agent, e.g. formal-
dehyde, to stabilize the protein-DNA interactions in the cell (Figure 8). The
final concentration of the agent and the time length of treatment is an impor-
tant step; otherwise there is a risk of higher background due to extensive
cross-linking. In studies of histone modifications, cross-linking is not re-
quired due to the tight compaction of DNA around histones and non cross-
linked chromatin might even result in lower background.

The chromatin is then isolated and sheared to smaller fragments usually
by sonication or treatment with micrococcal nuclease I (MNase I). MNase [
cuts double stranded DNA at nucleosome free regions and if chromatin is
fully treated, mononucleosome sized DNA (147 bp) can be obtained. The
shearing is another central step in this protocol, since the size of DNA frag-
ments directly affects the final resolution irrespective of final detection tech-
nique.
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Figure 8. Chromatin immunoprecipitation (ChIP). Cells or tissues are treated to
cross-link the interacting proteins with the DNA. The chromatin is sheared and the
studied protein is immunoprecipitated by an antibody-solid phase complex. After
reversal of cross-linking, the DNA is purified and can be detected by PCR (ChIP-
PCR), microarray (ChIP-chip), or by sequencing (ChIP-seq).

Thereafter, the DNA-protein complex is immunoprecipitated with the an-
tibody of choice coupled to a solid phase. The antibody used for the study
should be evaluated prior to use by Western blot, siRNA, or other means to
ensure the specificity of antibody, although, this does not guarantee the qual-
ity of the ChIP. Furthermore, in most of the studies polyclonal antibodies are
preferred. However, this is not always suitable if there are multiple isoforms
of the target protein with high homology at the antigenic site.

The DNA-protein-antibody-solid phase complex is washed extensively to
remove all unbound antibody and DNA-protein complexes, as well as other
debris. Subsequently, the DNA-protein complex is precipitated from the
beads and the cross-linking is reversed, before removal of all proteins by
proteinase-K treatment. Finally, the DNA is phenol-chloroform extracted or
purified through columns. This DNA is usually referred to as /P. A fraction
of the chromatin is saved before the immunoprecipitation and later treated as
the IP from the reversal of cross-linking step. This sample is usually referred
to as input.
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There are alternative ways of how the resulting DNA can be studied.
While detection by semiquantitative or quantitative PCR (ChIP-PCR) is the
method of choice for single gene- and small-scale studies or verification of
results from large-scale studies, it is not suitable and can be cumbersome for
comprehensive studies. Here, the choice is between detection with microar-
rays (ChIP-chip) or with the new generation massively parallel sequencers
(ChIP-seq). While there are a large number of studies with ChIP-chip, mi-
croarrays are losing ground to the new MPSs due to the cost-effectiveness
and simplicity of genome-wide studies using the sequencers.

The variety of microarrays available for ChIP-chip is large. These can be
PCR or oligo based tiling promoters, CpG-islands, or the whole genome with
very low or very high resolution. The arrays used in paper III were PCR
based covering 1% of the human genome as defined by the ENCODE con-
sortium®. In these arrays, the repeat regions were included. The hybridization
of samples is performed with both the IP and the input, each labeled with a
fluorescent dye, usually Cy5 and Cy3. A region is defined as enriched when
the signal from the IP exceeds that of the input and is generally expressed as
aratio (Figure 9).
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Figure 9. Definition of an enriched spot with a microarray. Enriched signals of IP
are seen as red spots, while green is the signal from input. Each spot represents one
fragment on the microarray. Enrichment is calculated as log,-ratio for IP signal over
input. The spot with the highest signal in a distinct region of positive peaks is de-
fined as the unique enriched spot (UES). Here, the UES is the fifth bar from left.
Adopted from Rada-Iglesias, A. et al. 2005. Hum Mol Gen””.
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At the time of performance of these studies, there were three MPSs available:
454" from Roche, Solexa/Illumina from Illumina, and SOLiD™ from Applied
Biosystems. All three sequencers are based on attachment of single stranded
DNA on a solid phase, either beads or a surface, and clonal expansion of each
DNA. These are then sequenced by a sequencing-by-synthesis (Illumina) or by
ligation (SOLiD™) approach using fluorescent dyes. In ChIP-seq only the IP
sample is needed for detection of enrichment. However, it is advisable to also
sequence the input sample, which then can be used as a negative control. The
generated data consists of short (25-50 bp for Illumina and SOLiD") or longer
(400 bp 454™) reads, which can be aligned to the genome using different bioin-
formatic tools. Regions in the genome with multiple reads correspond to
enrichment and thus a putative TFBS (Figure 10). In paper IV the IPs were se-
quenced by Illumina, while in paper V the IPs were detected on a SOLiD .

Actual binding site
———
5 & ¥
( NV
—

Region —
Sequenced ~ Aa,

ChIP-Seq DNA Fragments
A

— o g
— — — - I“_‘_

Reference genome

Mapped reads

Figure 10. Defining a putative binding site by ChIP-seq. The sequenced end-tags of
enriched fragments in the IP are aligned to the reference genome. Sites of TF bind-
ing are defined as regions with a distinct number of reads from the sense and anti-
sense end-tags. Adopted from Jothi, R. ef al. 2008. Nucl Acid Res*".

ChIP-PCR was also applied in paper II.

Co-immunoprecipitation

Co-IP is a method for the study of protein-protein interactions in vivo. For
this, cells are lysed and the solid phase coupled antibody targeting one of the
proteins is added. The protein-antibody-solid phase is washed with different
stringencies depending on the studied complex. Thereafter the sample is
boiled and separated on a polyacrylamide gel for a Western blot. In the im-
munoblot, the antibody targeting the second protein in the complex can now
be used to detect possible interactions.

39



Results and discussion

Paper |

In vitro and in vivo studies have indicated NOS2 as a candidate for causing
glaucoma, but no genetic studies have been performed”***'**"”. Glaucoma is
the common name for a heterogeneous group of neuropathological ophthal-
mic disorders involving retinal ganglion cell (RGC) death, optic nerve dam-
age and visual field loss, starting from the periphery, and is one of the com-
mon causes of blindness in the world*'®. The majority of glaucoma patients
are diagnosed with primary open angle glaucoma (POAG) which is a geneti-
cally complex disorder with late age at onset and with elevated intraocular
pressure (IOP) in most cases”".

To perform this association study, 200 POAG-patients and 200 age-
matched controls were genotyped for the CCTTT-microsatellite. Distribution
of alleles in both groups were found to be in concordance with the unimodal
pattern found in the European population'®, but there was a difference in the
overall distribution between patients and controls [y*> = 18.456, DF =7, P =
0.0101]. Furthermore, the 14-allele of the microsatellite, {CCTTT} 4, had a
higher frequency, while {CCTTT};3 had a lower frequency in POAG-
patients, compared to age-matched controls. To verify this difference in al-
lelic distribution, 204 randomly chosen individuals, here called random pop-
ulation, were genotyped for the same microsatellite. In agreement with these
data, the frequency of the alleles differed between random population and
POAG-patients. There was no difference between age-matched controls and
random population.

Other polymorphisms were also genotyped in the POAG-patients and
age-matched controls. The TAAA;,4 and a GTGTGTT insertion/deletion had
an equal distribution in both groups. Sequencing of 5.7 kb, which includes
intron 1, exon 1 and ~4 kb of regulatory sequences upstream of TSS, lead us
to find 8 SNPs, out of which 4 had not been reported at the time of this
study. These SNPs were also genotyped and haplotypes were constructed,
however no difference could be detected between POAG-patients and age-
matched controls.

These results lead us to hypothesize that allele(-s) of the CCTTT-
microsatellite are associated with primary open angle glaucoma. Since some
of the alleles of this microsatellite have been reported to induce an activity
for a reporter gene with differential strength depending on the number of
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repeats'®>'%, we decided to investigate how the CCTTT may exert its effect.

For this an EMSA was performed with an oligonucleotide containing only
the repeat. Using HeLa-nuclear extracts, we could demonstrate a binding of
nuclear factors to the double stranded microsatellite. Based on the consensus
sequence, possible candidates were predicted, yet none of these candidates
led to a positive finding. We could though establish that the binding factor
did not contain a Zn-finger motif.

The fact that the CCTTT-microsatellite bound nuclear factors, although in
vitro, and that it had been demonstrated to induce an activity independent of
its position, lead us to suggest that the microsatellite may be involved in
regulation of inducible nitric oxide synthase by acting as an enhancer.
Another way of exerting a regulatory effect, that we suggested, was facilita-
tion of interaction between elements in the vicinity of the microsatellite.

Paper 11

Based on what was found in paper I, i.e. a difference in distribution of the
CCTTT-microsatellite alleles and protein binding for the repeat, we decided
to further investigate what factor(-s) that interact with this microsatellite and
thereby get an insight into how this microsatellite functions.

Polypyrimidine tracts have been shown to form triplex structures. There-
fore, we investigated whether the microsatellite and its surrounding sequence
was capable of assuming such conformation. A PCR was performed, to as-
certain the double-strandedness of the region. To this PCR-product single
stranded oligonucleotides of CCTTT or the complementary AAAGG were
added in increasing gradients and analyzed on a polyacrylamide gel after an
overnight incubation in a buffer with neutral pH and polyamines. Here it was
found that the AAAGG, but not the CCTTT-oligonucleotide, could interact
with the double stranded amplicon. Addition of these oligonucleotides to a
PCR fragment with the CT-repeat did not cause any upshifted bands. This
led us to suggest that the PCR form a triplex composed of G-G-C.

Since longer sequences of PPy have been demonstrated to form triplex
even without being positioned in a supercoiled molecule”’, the PCR-
products were incubated with different concentrations of S1-nuclease and
analyzed on a gel. As expected, low mobility bands other than the amplicon
were diminished upon treatment. PCR-products of the CT-repeat and the
TAAA did not contain any extraneous bands and were not affected by the
normal treatment with S1-nuclease. This indicates that the PCR-product of
the CCTTT-microsatellite can form a triplex structure in vitro without any
constraints.

The ability of the repeat to form a triplex was also tested in supercoiled
conditions. Two different constructs of the NOS2 promoter were prepared,
pNOSP and pNOSPEI, where the former contained ~4 kb of the regulatory
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sequences, while the latter in addition contained exon and intron 1. Homo-
zygous individuals were used for cloning of the five most common alleles in
the European population (alleles 10, 11, 12, 13, and 14 for the CCTTT-
microsatellite) in the pNOSPEI-constructs. pNOSPEI was treated sequential-
ly with S1-nuclease and a restriction enzyme with a single recognition site in
the construct and the resulting fragments were analyzed on gel. For confir-
mation of results obtained with the first restriction enzyme (HindIIl), a
second enzyme (EcoRI) was used. These experiments all yielded the ex-
pected fragments, which indicate that the CCTTT-microsatellite forms a
tetrastranded structure with a triplex and a single strand as core elements.
These tests also showed extraneous bands for all five constructs, why we
suspected that the CT-repeat in the intron 1 of NOS2 forms a secondary
structure and is thus cut by S1. To corroborate this, we compared digestion
patterns of pNOSPEI and pNOSP, which resulted in less number of frag-
ments for pNOSP. This further supported the hypothesis that PPy sequences
in inducible nitric oxide synthase promoter adopt non-B DNA conformation.
The S1-nuclease treatment approach for characterizing promoters of genes
have been applied before™*. In those studies, PPy-sequences in vicinity of
TSSs proved to be susceptible to S1 and were therefore concluded to partici-
pate in transcriptional regulation of those genes.

There are several studies indicating members of the hnRNP family to bind
single stranded DNA with a preference for polypyrimidine sequences'*®. The
main function of these proteins in cells is to interact with newly transcribed
mRNAs and participate in regulation of translation. In an EMSA, the single
stranded CCTTT-oligonucleotide could bind nuclear factors of HeLa-extract
and the factors were identified as PTBP1 and hnRNPK. To verify the find-
ings, a ChIP was performed using HepG2 cells treated with a cytokine mix-
ture of IFNy, TNFa, and IL-1B. We found that the CCTTT-microsatellite did
not bind PTBP1 or hnRNPK in vivo, while the CT-repeat was enriched for
both factors in our ChIP. Furthermore, we found H3Ac, H4Ac and RNA
polll in the CT-repeat region.

Based on our findings we concluded that both the CCTTT-microsatellite
and the CT-repeat are capable of triplex-formation and that in the studied
conditions the CT-repeat, but not the microsatellite, bound PTBP1 and
hnRNPK in vivo. Therefore we indicated that the CT-repeat might play a
role in the regulation of NOS2.

Paper 111

Here we intended to map the binding sites of SREBP-1 in the ENCODE-
regions as a feasibility study for genome-wide studies. We therefore per-
formed a ChIP-chip in HepG2 cells. Due to the high turnover of SREBP-1 in
cells, the HepG2 was treated with a proteasome inhibitor prior to the ChIP.
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Furthermore, RNA polll has been demonstrated to be a good indicator of
transcription in cells®', why we decided to map this factor in HepG2 cells
for correlation with SREBP-1 binding.

Three independent biological replicates were performed for each factor.
Thereafter, a cut-off value was chosen and the unique enriched spots (UES)
were defined. For SREBP-1 we found 45 UES and for RNA polll 143 UES
in 1% of the human genome. For each of these, a set of putative binding sites
were chosen for verification by ChIP-PCR. For SREBP-1 we could only
verify 7 of 18 binding sites, while all 25 RNA polll sites were confirmed.
We hypothesized that the high value of false positives were due to the high
repeat content of SREBP-1 binding sites, which in combination with the
repeat-containing microarrays used for this study may have created false
positive spots.

The verified SREBP-1 binding sites were mostly positioned in vicinity of
TSSs; however, three intragenic and intergenic sites could also be identified.
Most importantly, two of these were located in the host cell factor Cl
(HCFC1I) and filamin A (FLNA) genes and coincided with RNA polll bind-
ing. We further demonstrated that SREBP-1 and RNA polll binding at both
sites were sterol-regulated and we also identified the SREBP-1 binding site
in HCFCI. HCFC1 interacts with E2F2 during G,/S phase and recruits
HMTs that target H3K4%*%. The other corroborated binding sites of SREBP-1
were positioned in TSSs of genes involved in lipid metabolism, e.g. APOCS3.
All genes reported in this study were novel binding sites.

From this study, we concluded that SREBP-1 participates in regulation of
an expanded repertoire of genes, most interestingly genes involved in cell
proliferation, and therefore is a suitable candidate for unbiased genome-wide
studies.

Paper IV

In a recent paper it was shown that upstream stimulatory factor 2 (USF2),
bound at distal elements and that this binding coincided with FOXA2 and
HNF40. binding”. Moreover, the recognition sequence for GABP was fre-
quently found in vicinity of USF binding. This led us to examine the whole
genome binding sites for these factors. ChIPs were performed in HepG2
cells and the IPs were sequenced using the [llumina Genome Analyzer.
FOXA2 was found to bind 7253 sites in the human genome, HNF4a
18693 sites, and GABP 3060 sites. Out of these, 6.3%, 10%, and 85.2%
were found within 500 bp of a TSS, respectively, indicating that a great ma-
jority of FOXA2 and HNF4a binding sites are located farther upstream of
promoters. Additionally, GABP binding motifs were located closer to TSS
than NRF1. Correlation of the TFBS with expression in HepG2 demonstrat-
ed that these factors are commonly associated with higher level of expres-
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sion, however, while FOXA2 and HNF4a binding were correlated with
higher expression in HepG2, GABP showed no such preference. Co-IP stu-
dies implicated interactions between FOXA2, HNF4a, and GABP. USF2 did
not seem to interact, in spite of the finding that HNF4a, FOXA2, and USF2
were located in the same distal regulatory modules.

These findings suggest that FOXA2 and HNF4a mainly regulate uncha-
racterized transcripts or that they participate in long-distance regulation of
genes by looping. None of these scenarios exclude the other.

Paper V

In this study, we aimed to understand the relation between the three mem-
bers of the FOXA family, FOXA1, FOXA2, and FOXA3, as well as between
the FOXA family and the active histone mark H3K4Me3. For this we per-
formed genome-wide location analysis of FOXA1, FOXA3, and H3K4Me3
through ChIP-seq. For these experiments, the MPS SOLID" was employed.

We identified 8175 and 4598 putative binding sites for FOXA1 and
FOXA3, respectively, and 41780 regions with H3K4Me3, corresponding to
160.000 nucleosomes. As expected, a majority of FOXA binding sites were
located more than 1 kb away from a TSS, although FOXA3 had a higher
percentage of binding within 1 kb compared to FOXA1. For H3K4Me3 42%
of enriched regions were less than 1 kb from a TSS. We compared the
H3K4Me3 regions with the available CAGE-tag data for HepG2; still we
could not associate 28% of the regions with any transcript. Additionally, 13
binding sites for FOXA1, 8 for FOXA3, and 27 for H3K4Me3 showed a
preferential binding to one of the two alleles in the genome, revealed by
superior ChIP enrichment of one allele at heterozygous SNPs.

To understand the interrelationship in the FOXA family we compared the
datasets for FOXA1, -2, and -3 binding and found 2304 regions in common.
However, when we examined the protein-protein interactions by Co-IP, we
found that FOXA?2 interacts with both FOXA1 and FOXA3, but FOXA1 and
FOXA3 do not interact. Therefore, we classified the TFBS for the three fac-
tors in pairs and found that 51% of FOXA2-FOXA3 bindings occur within 5
kb of TSS, while only 10% of FOXA2-FOXA1 complexes bind within the
same distance.

By k-means clustering of H3K4Me3 signals around TSS, we made seven
clusters. All seven clusters showed diverse distribution of signals and gene
expression. The cluster with the highest expression in HepG2 was more
enriched for H3K4Me3 than other clusters and 11% of the genes in the clus-
ter had a FOXA3 binding site within 1 kb of the TSS. Furthermore, more
than 30% of the genes in clusters I-III contained bidirectional promoters. We
also found that at sites of FOXA1-2-3 binding, a double peak of H3K4Me3
surround the FOXA site. k-means clustering of these signals revealed
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K4Me3 patterns reminiscent of those at the TSS. Looking at the TSSs within
5 kb of the triple binding sites, we found that 15% of these were associated
with a CAGE-tag cluster.

In summary, we found that FOXA3 and FOXA1 have differential binding
patterns in HepG2 cells and that they do not seem to interact in vivo. Fur-
thermore, a majority of the FOXA1-2-3 bindings coincided with H3K4Me3
and we found that there might be a directionality of this histone modification
at these sites, although no TSS is found in close vicinity. Finally, we suggest
SNPs in combination with ChIP-seq as a tool for identification of monoallel-
ic binding of TFs and enrichment of histone modifications.
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Concluding remarks and future perspectives

In this thesis, I have presented genetic and genomic studies of transcriptional
regulation in human cells. In the genetic studies, we specifically examined if
and how repeat sequences participate in regulation of gene expression. Like
other studies, we found that repeats may contribute by forming non-B DNA
structures and by binding factors that may be involved in transcriptional
regulation. In the genomic studies, we mapped the binding sites of six TFs
important in liver metabolism, in addition to an epigenetic histone mark, and
concluded that these TFs play a bigger role in cells than known before and
that structure of regulatory sequences may be reflected in the epigenetic
pattern at these sites.

The genetic view

We demonstrated that the CCTTT-microsatellite in the regulatory sequence
of inducible nitric oxide synthase is potentially functional. We mainly base
this conclusion on the in vitro ability of this microsatellite to form triplex
and bind nuclear factors. This is further strengthened by the finding that
another PPy/PPu tract in the regulatory sequence of NOS2, with a similar
sequence as the microsatellite, formed triplex in vifro and bound regulatory
factors in vivo. Our proposed model is that both the CCTTT-microsatellite
and the CT-repeat can assume a triplex-DNA formation with part of the re-
peat in a triple-helix and a fourth strand unpaired. This single strand can then
be recognized and bound by a complex of PTBP1 and hnRNPK.

In our system, we could not detect binding of the hnRNP family members
at the microsatellite in vivo. This could be due to several reasons: 1) we have
only examined one cell line and the microsatellite might not be active or not
bind these factors in this tissue. 2) The microsatellite might not be respon-
sive to the cytokine treatment and may require other signaling pathways to
become active. 3) The microsatellite might be inactive at this stage of cell
life and instead be more important at the earlier stages of the tissue devel-
opment, for example before the cell has differentiated.

As reported, the CT-repeat in intron 1 of NOS?2 interacts with both PTBP1
and hnRNPK, but also RNA polll ir vivo. For now, we do not have a clear
picture of how this repeat might be involved in transcriptional regulation of
the gene. However, a possible hypothesis is that cytokine signaling activates
TFs, which bind the regulatory sequences of NOS2 and engage histone mod-
ifying enzymes. These enzymes then modify the chromatin to make it ac-
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cessible, which may permit for formation of a secondary structure in the CT-
repeat opening the chromatin further. The single stranded DNA in the
formed triple helix is then more accessible than the surrounding regions and
makes an entry point for the GTFs and the RNA polll, allowing the CT-
repeat to act as an alternative TSS. As mentioned in the introduction, there is
evidence of alternative TSSs and alternative splicing of NOS2 mRNA. Fur-
thermore, hnRNP proteins are suggested to play a role in alternative splicing
of pre-mRNAs, which strengthens this hypothesis further. Another possibili-
ty is that the CT-repeat acts as a TSS for antisense transcription.

An observation made in the genetic studies is the following: In our asso-
ciation study we found that alleles of the microsatellite were implicated in
the etiology of POAG. Due to the high prevalence of SNPs, they appear to
be the best markers for mapping disease-causing elements in the human ge-
nome. SNPs throughout the whole human genome have been genotyped in
several populations to construct haplotypes®>. The information obtained is
then utilized for mapping the loci that contribute to all common diseas-
es™®*** and a range of other phenotypes®*®**’. The results of our study indi-
cate that SNPs alone may not be powerful enough in all instances; rather a
combination of SNPs and microsatellites could make a larger contribution to
such studies. Microsatellites are usually more polymorphic than SNPs,
which most often have two alleles, why one SNP-haplotype can be linked to
different alleles of a microsatellite. In addition, microsatellites have a higher
mutation frequency that further can break down the SNP-microsatellite lin-
kage disequilibrium.

Polypyrimidine/polypurine tracts and other repetitive sequences are very
common and spread in the human genome. If they indeed are able to adopt
secondary structures and interact with proteins, they may have much larger
impact on transcriptional regulation of genes in the human genome than is
assumed today. In the future this could modify the perception of transcrip-
tional regulation, since another level of complexity is added to what already
is an intricate network of interactions between transcription factors and
DNA, at the same time as it facilitates our understanding of how regulation
of transcription functions in the human cell.

The genomic view

Looking at the genomic data for the TFs presented in papers III-V, we can
divide the factors in two groups: distal element binding TFs (DEBTF) with
HNF4a, FOXA1, FOXA2, and FOXA3 and proximal element binding TFs
(PEBTF) with SREBP-1 and GABP. The former are factors that mostly bind
at longer distances from TSSs, while the latter are factors that bind at or in
vicinity of TSSs. This is obviously not a clear cut line, since we for example
found that a considerable part of FOXA3 binding is within 500 bp of a PCG.
As it appears in our data, the PEBTFs are restricted to always bind at promo-
ters, since even sites that at first appear intragenic, are in fact novel TSSs.
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DEBTFs on other hand are more promiscuous binders that seem to mostly
participate in long-range interactions for regulation of target genes. The rea-
son for that is unclear, although one could imagine different scenarios. One
would be that these factors are crucial for expression of certain genes and
therefore bind at proximal sites, while for other genes they function merely
for raising the expression to higher levels than normal. If this is true, a
knock-down of expression of DEBTFs may lead to complete silencing of
genes with the factor at their promoter, while the other genes should only
suffer loss of a part of the expression.

Another scenario could be that DEBTFs are binding at uncharacterized
TSSs. Our current definitions of what a gene is and the techniques for tran-
scriptome analysis used during the previous years, have restricted us in de-
fining the transcriptional activity in our genome. However, with the current
development of more sensitive molecular tools we might find that the tran-
scriptome of the human genome is much larger than we can imagine. As
mentioned in the introduction, recent findings in fact demonstrate that a sig-
nificant part of the human genome is transcribed. With a better definition of
the transcriptome, we might find that the DEBTFs are in fact PEBTFs of
other crucial less-abundant transcripts. This is in part supported by our find-
ing that FOXA-binding sites at distal elements have H3K4Me3 enrichment
in close proximity. As data suggests today, H3K4Me3 is mostly enriched at
TSSs.

An additional interesting finding was binding of SREBP in 3’-end of
genes together with RNA polll, suggestive of presence of other promoters.
As it was presented, these genes also had RNA polll binding at their known
TSSs. Whether this 3’-end promoter results in shorter transcripts of the gene,
in antisense transcription, or in competition with the main TSS is not yet
known. Furthermore, a genome-wide location analysis of RNA polll in
HepG2 cells is needed to get a better view of the on-going transcription in
these cells and to understand if some of the intragenic bindings for the
FOXAs and HNF4a might also be sites of new promoters. However, this is
yet another strong implication that there is more transcription in the cells
than meets the eyes now and that each gene in the human genome is certain-
ly a scene for more than one player.

A technically important aspect of the work presented in papers IV and V
is that with the current available methods and tools, we can refine the genetic
information obtained by these high resolution studies. For TFs, it is now
possible to study their interaction with DNA at resolutions less than a 100
bp, even down to tens of base pairs depending on the analysis method. This
is shown in paper IV, where we can locate the TF binding motif in a majori-
ty of the putative binding sites. For histone modifications, the resolution is at
the highest possible level, i.e. at nucleosome level, as presented in paper V.
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The remaining question is: what is the use of genome-wide localization of
TFBSs? Understanding the biology of transcription factors starts with under-
standing which processes these factors are involved in and with which other
factors they interact. Certainly, this cannot be performed without combining
this type of information with data from other genetic and epigenetic studies
as well as transcriptome and proteome data. With this information in hand,
we then can comprehend how our genes are regulated and how they function
with the ultimate goal of understanding the biology of our genome. This not
only benefits the scientific progression, but will undoubtedly help us to un-
derstand the etiology of human disorders and to design drugs that can target
the point of “failure” while having mild side-effects.

And the future...

We live in an exciting time, when we are witnessing the development of
genome biology in a faster rate than ever before. We have come far during
these 55 years, since the determination of DNA structure, but there is still a
long way to go.

What lies ahead? We need to understand how the ~1850 transcription fac-
tors function in each and every human tissue and how the regulatory circui-
try in each tissue operates. We should certainly not forget that each of these
transcription factors can carry one or a combination of different post-
translational modifications, each affecting the function of the transcription
factor. At the same time we need to understand the combinatorial pattern of
histone modifications. Another component of transcriptional regulation,
which has not been described deeply in this thesis, is the regulatory RNAs.
Finally, we need to merge the information from these three wide areas, the
transcription factors, the histone modifications, and the regulatory RNAs, to
comprehend how the combinations of these constitute the transcriptional
regulatory code.

What lies ahead is an exhilarating time, when we will witness astonishing
findings beyond our imagination.
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