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ABSTRACT 
 
 

ABSTRACT 

In Drosophila there are two different chromosome-wide targeting systems, 
the dosage compensation system that equalizes the transcriptional output 
from X-linked genes between males and females, and the regulation of the 
4th chromosome mediated by the POF protein. 

 
The best studied of these two mechanisms is the dosage compensation 
system. To attain dosage compensation in Drosophila at least five different 
proteins, encoded by the male-specific lethal genes msl1, msl2, msl3, mle 
and mof, are required. These proteins together with two non-coding RNAs 
(roX1 and roX2) form a dosage compensation complex (MSL complex), 
which binds exclusively to the X chromosome in Drosophila males and up-
regulates the transcription approximately two times.  

 
In this thesis I show that roX1 and roX2 are most likely the only non-coding 
RNAs within the MSL complex. As expected, the roX transcripts were 
enriched within the MSL complex. Interestingly, one additional transcript 
was identified within the MSL complex. This transcript did not associate 
with the X chromosome and is therefore not believed to be involved in up-
regulation of the X-linked genes. This transcript encodes for the rate limiting 
component in the MSL complex, the MSL2 protein. A model is proposed in 
which free, partial or complete, MSL complex feed-back regulates the 
amount of msl2 transcript, and thereby limits the MSL complex production.  

 
The second chromosome-wide regulatory system in flies acts on an 
autosome, the heterochromatic 4th chromosome. This regulation is a 
balancing mechanism between at least two different proteins, the 
chromosome 4 specific protein painting of fourth (POF) and 
heterochromatin protein 1 (HP1). POF binds to nascent RNAs transcribed 
from the 4th chromosome and HP1 target the same set of genes at the 
chromatin level. POF stimulates the transcribed genes, while HP1 represses 
them; together they create the most optimal condition for these genes. This 
type of balancing mechanism may be a more general way to fine-tune 
transcription at a chromosome-wide level and raises the question about 
autosomal gene regulation as a general mechanism.  
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INTRODUCTION 

THE TINY FLY 

When people ask me what I do for a living, the short answer is that I am a 
PhD student working with a chromosome specific protein in fruit flies. The 
spontaneous response is mostly; “but they are so small, how can you ever 
find anything on those…” Most people also find them disgusting and 
associate them to hot summer days when hundreds of flies swarm around 
trashcans trying to get hold on some rotten food to either eat or lay eggs in. It 
is also quite common to spot them flying around the fruit counter at the 
supermarket. I agree, that’s not their best side they show, but they are so 
much more than just a bunch of annoying flies. If one takes a closer look at 
these tiny flies, you realize that they are actually very beautiful and also quite 
intelligent. 

 
The fruit fly, Drosophila melanogaster, has been used as a model organism 
for over a century, and is one of the most studied organisms in biological 
research. Already in the beginning of the 20th century Drosophila opened the 
door to fruitful discussions about biology in general and inheritance in 
particular. The most famous fly (perhaps except for Kurt Neumann´s “The 
Fly”) is probably a white eyed fly that used to fly around at the top floor at 
Colombia University, also called the “Fly room”. It was Thomas Hunt 
Morgan´s laboratory, where he and his students were trying to identify and 
isolate naturally occurring mutations (Beller and Oliver 2006). This white 
eyed fly vas one of the mutations found, and verified that they had 
succeeded, since wild type flies normally have red eyes. They could conclude 
that genes are located on chromosomes (Sturtevant et al. 1919; Morgan et al. 
1920), and thereby started the discussion of inheritance even though 
Morgan’s finding was determined long before the structure of DNA and its 
responsibility for heredity was known. 

 
But Morgan and his colleagues did not choose Drosophila as their model 
organism just because it was cute. The fly actually possesses a lot of 
advantages when it comes to science, particularly in the fields of genetics and 
developmental biology. Since the flies are quite small, they use little space 
and are also inexpensive to store and care for. They have a relatively short 
generation time where an egg will develop into an adult fly in approximately 
10 days at room temperature (25°C). This means that several generations 
can be studied within a few months. Not only do they develop in a short 
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period of time, but they also reproduce a large number of offspring. Females 
can lay up to 100 eggs per day, and probably as many as 2000 during their 
life time in the laboratory (Sang, 2001).  

 
It is not only the fly that is tiny; they also have a small genome divided into 
four pairs of chromosomes, one sex chromosome and three autosomes. The 
genome size is actually one of the great advantages with Drosophila, since 
there is a high tolerance for aberrations such as translocations, inversions, 
duplications and deletions. Even if it seems like everything with the fly is 
small, one exception is the giant chromosomes, called polytene 
chromosomes, seen in the salivary glands of 3rd instar larvae. Polytene 
chromosomes are formed when the DNA in one nucleus goes through several 
rounds of replication (endoreplication) without any cell division (mitosis). 
The DNA can be endoreplicated up to 10 times, resulting in approximately 
1024 copies (210) of every chromosome. The homolog sister chromosomes 
will pair with each other, which induces the formation of thick chromosome 
bundles visible in an ordinary microscope. The heterochromatic centromere 
regions are also joined in a diffuse structure known as the chromocenter 
(Gall et al. 1971). Heterochromatin is either severely under-represented or 
poorly banded in polytene chromosomes. Therefore highly heterochromatic 
regions, like the majority of the 4th chromosome and the Y chromosome, are 
not visible on polytene chromosomes.   
 
Drosophila has always been a high-throughput model organism, and in the 
beginning of this century the entire Drosophila melanogaster genome was 
sequenced (Adams et al. 2000; Myers et al. 2000). This opened up a lot of 
other doors concerning the fly as a model organism, since it turned out that 
the difference between insects and mammals was much smaller than first 
believed. Humans have always been quite self-centered and the purpose of 
studying Drosophila is of course to learn something about ourselves. There 
are great resemblances between the human and fly genome, in fact about 
75% of known disease causing genes in human have a homologue in the 
genetic code of fruit flies (Reiter et al. 2001; Chien et al. 2002; Bier 2005). 
Now, the genome of 12 Drosophila species has been sequenced by the 
Berkeley Drosophila Genome Project (BDGP) (Clark et al. 2007; Stark et al. 
2007), which makes a great contribution to evolutionary studies. 
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EPIGENETICS 

Epigenetics is one of these words that most people know the meaning of, but 
every person has their own definition. In studying the word epigenetics epi- 
means over or above, imply that this part of genetics influences the 
development of an organism without involving changes in the underlying 
DNA sequence. As all genetic information, epigenetic marks are also 
inheritable from mother to daughter cell and in some cases also from 
generation to generation (Reik 2007; Probst et al. 2009).   

I like to think about epigenetics as a collaboration between the genetic code 
and the surrounding environment. The DNA code will be the same even if 
the chromatin is silenced or active. One can compare epigenetics with a 
book, where the text inside the book will remain the same even if the book is 
closed and stored in a bookshelf or if someone actually reads it and obtains 
useful information from it. The genes can be inactive and stored in the 
genome library, or they can be accessible through different epigenetic marks, 
read by the RNA polymerase and translated into functional molecules.  

 

Chromatin structure 

In the early 1950s Watson and Crick described the “structure of life”, the 
DNA double helix. The DNA double helix consists of two anti-parallel long 
chains wrapped around each other and held together by hydrogen bonds 
between nucleotides, also called DNA bases. This structure is called a left-
handed double helix, and the nucleotide composition of the DNA holds all 
the genetic information about the organism.  

Prokaryotes are unicellular organisms that lack a true nucleus. The circular 
DNA molecule is therefore kept within an irregular DNA/protein complex in 
the cytosol. This structure is called the nucleoid and lacks the nuclear 
envelope characteristic for eukaryotes (Snyder and Champness 2007). One 
advantage of lacking a nucleus is that transcription and translation can be 
performed simultaneously, since transport of the mRNA is not needed. In 
eukaryotic organisms, the genetic material is located within a nucleus 
holding several DNA molecules, also called chromosomes. Chromosomes 
were long viewed only as storage location for genes, where the location of the 
gene or the organization of the chromosome was not important (Kornberg 
and Lorch 1999). Years of research have showed that the regions 
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surrounding genes and also the orientation of the chromosomes are indeed 
important for correct gene expression.  

The genome of eukaryotic organisms, like the fruit fly, is huge. Even though 
far from all genes are expressed in each cell, almost the entire genome is still 
present in every cell nucleus. A stretch of all of the DNA molecules within 
one nucleus will be longer than the organism itself. Thus, for the huge 
amount of DNA to fit within the cell nucleus, the DNA has to be organized 
into a more condensed form (i.e. chromatin). There are two different types of 
chromatin: heterochromatin and euchromatin. Heterochromatin is 
“silenced” chromatin, associated with centromeres, telomeres, and 
pericentric regions. Euchromatin is the active chromatin with a more open 
conformation allowing genes to be transcribed. Chromatin is a complex 
between DNA, histones, and non-histone chromosomal proteins. The 
histone proteins were first described in the end of the 19th century. As part of 
the eukaryotic chromosomes, they were initially believed to be the genetic 
material itself, and later on viewed as specific gene regulators (Kornberg and 
Lorch 1999). Today’s knowledge arranges the histone proteins into an 
octameric protein complex, that together with the DNA are called the 
nucleosome, and constitutes the most basic building block for DNA packing 
(Figure 1). 
 
 

Histone H2A
Histone H2B
Histone H3
Histone H4
Linker Histone H1

 
 

Figure 1. The nucleosome forms the most basic building block for DNA packing. Each Histone 

protein has a free N-terminal tale where the amino acids can undergo different histone 

modifications which alter the chromatin compaction. The DNA is wrapped around the basic 

histone core proteins ant stabilized with a linker Histine H1. 
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There are five different main histone proteins (Phillips and Johns 1965), H1, 
H2A, H2B, H3 and H4, whose primary structure has been highly conserved 
through evolution (Turner 2001). Two copies of the H2A/H2B dimer (Kelley 
1973) and one copy of the (H3/H4)2 tetramer (Kornberg and Thomas 1974; 
Roark et al. 1974) form the octameric histone core complex (Thomas and 
Kornberg 1975) that is repeated every 200 ± 40 bp throughout all eukaryotic 
genomes (McGhee and Felsenfeld 1980). Approximately 146 bp of the 
negatively charged DNA is wrapped 1.65 turns around the basic histone core 
proteins (Luger et al. 1997) and forms a “beads on a string” chromatin fiber 
(Olins and Olins 1974; Finch et al. 1975; Oudet et al. 1975) stabilized by the 
linker histone H1 (Happel and Doenecke 2009).  
 
These fibers are then further organized into a 30 nm fiber (Robinson et al. 
2006) which involves coiling or twisting of the fiber into a solenoid-like or 
zigzag structure (Tremethick 2007). Even though the packing into 30 nm 
chromatin fibers will condense the chromatin approximately 35 times 
compared to the naked DNA, the chromatin has to be further condensed. 
How the 30 nm chromatin fibers are further organized into a more 
condensed form is still not fully understood, but is believed to include 
supercoiling of the chromatin fiber and increased number of base pairs (bp) 
between adjacent nucleosomes (Robinson et al. 2006). The highest level of 
chromatin organization is the compact metaphase chromosomes visible 
during the mitotic phase of cell division.  
 
In the N-terminus of all core histone proteins, there is an unstructured but 
highly evolutionary conserved stretch of amino acids, called the tail domain. 
The tails are positioned on the nucleosome surface and are exposed to the 
surrounding solvent where they can undergo covalent modifications, 
changing both their charge and conformation. Depending on whether the 
chromatin should be accessible for transcription factors or if it should be 
silenced, alterations in the chromatin structure occur by modifying the free 
histone tails. The chromatin is not only organized in different stages of 
compaction, but it also has an organized 3D orientation in the nucleus. 
Generally, the heterochromatic regions, like telomeres and the 4th 
chromosome, are more restricted to the nuclear periphery while 
transcriptionally active regions are organized toward the central area 
(Cryderman et al. 1999; Tanabe et al. 2002). 
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Chromatin remodeling and the histone code 

The organization of chromatin must fulfill two criteria, the chromatin fiber 
must be sufficiently compacted to fit within the nucleus and, at the same 
time, the DNA within active genes has to be accessible to transcription 
factors and the RNA polymerase complex. To satisfy both these 
requirements, remodeling of the chromatin occurs to vary the mode of 
packing. Remodeling of chromatin is achieved by several different events, 
but involves covalent modifications of the histone tails and exchange of 
histone variants.  

There are two proposed models to account for the effect of histone 
modifications on chromatin structure. The quantitative model suggests that 
chromatin structure is affected by histone modifications mainly as a result of 
the net charges of the histones (Megee et al. 1995; Zheng and Hayes 2003). 
For example, acetylations have long been associated with de-condensation of 
the chromatin fiber and an active state which is consistent with the fact that 
acetylations neutralize the positive charge of lysines. An alternative model, 
the histone code model, proposes that specific histone modifications occur in 
different combinations, creating a code of their own that influences the 
chromatin structure (Jenuwein and Allis 2001). Depending on which histone 
modification that occurs, the chromatin will be rearranged into either a more 
compact packing or a more loose packing. A more condensed chromatin 
structure will complicate the binding of transcription factors and other 
proteins and thereby impede the transcription (Jenuwein and Allis 2001). 
Subsequently, a remodeling of the chromatin into a more open state 
facilitates transcription.  

 
There is a broad variety of different histone modifications, and in the 
following sections I have chosen to describe some of the modifications, 
which I find important for my work, in more detail. 

 

Methylation 

Methylation of H3K9 is a hallmark for heterochromatin, since the 
methylation rearranges the chromatin into a more compact state by 
recruiting the heterochromatin associated protein HP1. The ninth amino 
acid of the free N-terminal tail on histone H3 (H3K9), which is a lysine, can 
be mono- (me1), di- (me2) or trimethylated (me3). While mono- and 
trimethylations are mainly found in the chromocenter, dimetylated lysine 9 
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is also found on the 4th chromosome, a few bands along the chromosome 
arms and in the telomeric regions (Ebert et al. 2006). In Drosophila at least 
three different histone methyltransferases (HMT) act on H3K9, dSETDB1, 
SU(VAR)3-9 and dG9a. dG9a catalyzes both di- and trimethylation, but is 
believed to have little or no role in heterochromatin formation (Brower-
Toland et al. 2009). The other two HMTs, dSETDB1 and SU(VAR)3-9, are 
necessary for heterochromatin formation, and are found in pericentric 
heterochromatin and on the 4th chromosome. SU(VAR)3-9 is mainly 
responsible for H3K9me2 and perhaps also H3K9me3, while dSETDB1 can 
perform all three types of methylation (Brower-Toland et al. 2009). A 
mutation of Su(var)3-9 reduces H3K9me and the HP1 binding within the 
centromeric region, but their distribution on the 4th chromosome is basically 
unaffected (Schotta et al. 2002). Subsequently, a mutation of dSETDB1 does 
not affect the centromere, but causes a dramatic reduction of H3K9me2 and 
HP1 on the 4th chromosome (Seum et al. 2007; Tzeng et al. 2007). 
SU(VAR)3-9 is therefore believed to be responsible for H3K9 methylation 
mainly at pericentric heterochromatin, while dSETDB1 is more specific to 
the 4th chromosome.  

 
In contrast to methylation of H3 on lysine 9, methylation of H3 on lysine 36 
(H3K36me3), is a chromatin mark associated with euchromatin and is 
located within the gene body of active genes (Bell et al. 2008). The enzyme 
responsible for this particular trimethylation is the protein SET2 (Larschan 
et al. 2007; Bell et al. 2008). It has recently been shown that the MSL 
complex, which up-regulates the single male X chromosome to achieve 
dosage compensation in flies, is stabilized by binding to H3K36me3 on the X 
chromosome (Larschan et al. 2007; Sural et al. 2008). The MSL complex is 
suggested to spread from its entry sites through association with this 
chromatin mark. (Larschan et al. 2007; Sural et al. 2008). Additionally, 
H3K36me3 is also coupled to dosage compensation through an X-specific 
function, since a decreased level of H3K36me3 also reduces the acetylation 
of H4K16 on dosage compensated genes (Bell et al. 2008).  

 

Acetylation 

H4K16ac is a chromatin mark distributed throughout active transcribed 
regions. It has been shown that H4K16ac interferes with chromatin folding 
and prevents higher order chromatin formation (Shogren-Knaak et al. 
2006), and thus makes the chromatin more accessible for transcription. The 
protein MOF is the histone acethyltransferase (HAT) responsible for 
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acetylation of H4K16 (Akhtar and Becker 2000; Smith et al. 2000). MOF is 
also one of the components in the dosage compensation complex, and 
H4K16ac is therefore a chromatin mark characteristic for dosage 
compensation and transcriptional up-regulation.  
 

Phosphorylation 

Another histone modification associated with active chromatin and 
transcription is the phosphorylation of histone H3 at serine 10 (pH3S10). 
This modification promotes an open chromatin state, since it blocks the 
methylation of H3K9, thus preventing HP1 from binding (Zhang et al. 2006; 
Duan et al. 2008). The kinase responsible for this modification is a protein 
called JIL-1, which is enriched on the male X chromosome (Jin et al. 1999). 

 

Heterochromatin and gene silencing 

The formation of heterochromatin is basically a recruitment of different 
proteins to the histone tails that influences the chromatin fiber to undergo a 
conformational change to form a more compact fiber. The heterochromatin 
is organized in large blocks, mainly in the centric and subtelomeric regions 
of all chromosomes and contains tandem repeated short sequences (satellite 
DNAs), middle repetitive elements (e.g. transposable elements) and some 
single-copy DNA (Ashburner et al. 2005).  

The term heterochromatin was introduced by Heitz in 1928 to describe 
specific chromosomal regions which remain condensed throughout the cell 
cycle (Hochman 1976). Heterochromatin can be divided into two different 
subgroups; constitutive and facultative heterochromatin. Both facultative 
and constitutive heterochromatin contain condensed chromatin fibres 
associated with transcriptional silencing, and can affect gene expression 
(Oberdoerffer and Sinclair 2007). Facultative heterochromatin represents 
the part of the genome that can exhibit different expression states in 
different cell types or in different developmental stages (Craig 2005). One 
example of facultative heterochromatin is the whole chromosome 
inactivation seen in mammalian dosage compensation where one of the 
female X chromosomes is inactivated and forms a Barr body. Constitutive 
heterochromatin, or true heterochromatin, is usually repetitive and refers to 
genomic regions that are heterochromatic in all cell types, such as 
centromeres and telomeres. This type of chromatin can affect gene 
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expression in close proximity by a mechanism called position-effect 
variegation (PEV).  

 

Position-effect variegation 

Chromatin structure can and will influence gene expression, and the 
alteration between heterochromatin and euchromatin is therefore an 
important mechanism for gene regulation. In general, active genes are 
located within euchromatin. However, about 40 genes in Drosophila 
melanogaster have been mapped to highly heterochromatic regions (Turner 
2001). Two classical examples are the genes light and rolled, which are 
located in the centromeric heterochromatin regions of chromosome 2L and 
2R respectively, but are still expressed. Furthermore, light and rolled require 
HP1 for correct expression, suggesting that this process depends on 
heterochromatin (Hearn et al. 1991; Clegg et al. 1998; Lu et al. 2000). Still, 
most genes in the genome are located in euchromatin. A gene normally 
located in a euchromatic environment can become repressed if it is moved 
within, or in close proximity to, heterochromatin by position-effect 
variegation (PEV) (Spofford, 1976). The most classical example of PEV is the 
X-linked white gene, which gives the fly its wild-type red eyes when the gene 
is expressed. If the white gene is translocated to a heterochromatic region, 
like the 4th chromosome, transcription is partially inactivated causing mosaic 
pigmented eyes. This mottled PEV phenotype is caused when some of the 
cells in the eye express the white gene and some of the cells are silenced by 
the heterochromatin. As a consequence, the fly will have both red and white 
clones in the eye.  
 
Position-effect variegation has for a long time been used to screen for 
mutations that affected it either positively (Enhancer of variegation; E(var)) 
or negatively (suppressor of variegation; Su(var)). As the names imply, a 
mutation in a Su(var) gene suppresses the mechanism of PEV meaning that 
the repressive heterochromatin is decondensed and more transcription is 
allowed. The Su(var) genes are therefore believed to encode proteins or 
factors that contribute to a more condensed packing of the chromatin and 
maintain the heterochromatic state. The Drosophila Su(var)2-5 gene, which 
encodes for the protein HP1, was isolated in one such screen and classified as 
a strong suppressor of PEV and the protein itself was found to be enriched in 
heterochromatic regions (Eissenberg et al. 1990). The chromatin associated 
protein HP1 turned out to be particularly important for this thesis. 
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Heterochromatin protein 1 

HP1 is one of the most studied chromatin associated proteins. It is believed 
to contribute to the formation of heterochromatin and repress gene 
expression (Fanti and Pimpinelli 2008; Vermaak and Malik 2009). HP1 is 
mainly associated with transcriptional silenced regions, like centromeric and 
telomeric heterochromatin, and the 4th chromosome in Drosophila 
(Eissenberg et al. 1990). HP1 proteins are highly conserved through 
evolution, where members of this family are characterized by a N-terminal 
chromo domain (Paro and Hogness 1991) that are separated from a related 
chromo-shadow domain (Aasland and Stewart 1995) through a less 
conserved hinge region (Hediger and Gasser 2006) (Figure 2A). The C-
terminal chromo shadow domain is involved in protein–protein interactions 
(Smothers and Henikoff 2000), both with another HP1 chromo shadow 
domain, causing HP1 homodimerization, and with other proteins that 
contribute to a higher-order chromatin state. The chromo domain of HP1, 
interacts with the chromatin by binding to di- and trimethylated H3K9 
(Bannister et al. 2001; Lachner et al. 2001; Jacobs and Khorasanizadeh 
2002). 

 A second target for the HP1 chromo domain is suggested within the 
methylated H3K27 (Jacobs and Khorasanizadeh 2002). These findings 
indicate that the two chromo domains within the HP1 dimer could interact 
with methylated H3K9 on two neighboring H3 tails, alternatively bind to 
methylated H3K9 and H3K27 within the same H3 tail (Figure 2B). 
Consequently, this binding stabilizes the chromatin and contributes to a 
more ordered heterochromatic state. Interestingly, the histone 
methyltransferase responsible for dimethylation of H3K9, SU(VAR)3-9, 
interacts with the HP1 protein through its chromo shadow domain. This 
interaction allows spreading of heterochromatin by SU(VAR)3-9 mediated 
methylation of H3K9 and continued binding of HP1 to adjacent regions 
(Vermaak and Malik 2009). The less conserved hinge domain is also 
suggested to contribute to a more condensed heterochromatic state, since 
this region is believed to interact with the linker protein H1 (Nielsen et al. 
2001). Within the hinge region, an RNA-binding activity has been reported 
that cooperates with the H3K9me binding to direct HP1 to its correct target 
sites (Muchardt et al. 2002).  
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Figure 2. HP1 contributes to the formation of heterochromatin. A) The N-terminal chromo 

domain and C-terminal chromo-shadow domain of HP1 are separated through a hinge region. 

B) Schematic illustration of how HP1 dimers might associate to H3K9me and stabilize the 

chromatin.  

 
 
Both HP1 and methylated H3K9 are enriched on the highly heterochromatic 
4th chromosome in Drosophila. However, this chromosome, and some 
mono- and dimethylations in euchromatin, could be methylated not only by 
SU(VAR)3-9, but also by one additional histone methyltransferase called 
dSETDB1 (Seum et al. 2007; Tzeng et al. 2007). When Drosophila SETDB1 
is mutated, both H3K9 methylation and HP1 binding to the 4th chromosome 
are strongly reduced or lost (Seum et al. 2007; Tzeng et al. 2007). Recent 
studies also propose an H3K9me independent binding between HP1 and the 
core region of histone H3 (Dialynas et al. 2006; Billur et al. 2010), 
suggesting an additional role of HP1 in heterochromatin formation and 
stability. Even though HP1 is associated with heterochromatin, some studies 
also reveal that HP1 is a multi-targeting protein that under some 
circumstances also binds to active genes, suggesting that HP1 can have both 
repressing and activating features (Piacentini et al. 2003, 2009; de Wit et al. 
2007; Vermaak and Malik 2009).  
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THE CENTRAL DOGMA 

The DNA itself does not have any active role in the formation of an organism. 
For the genetic code hidden in the DNA to be applied, the information has to 
be translated into functional proteins. These mechanisms are called the 
central dogma and explain the processes from the developing of a new cell to 
the mechanism of the production of fully functional proteins. 
 
The most interesting part of the central dogma for this particular thesis is 
how genes are regulated and processed into RNAs. Therefore, the main focus 
in this section will be on transcription.  
 

DNA replication 

The most fundamental process for all biological inheritance is DNA 
replication. When a cell is about to divide into two daughter cells basically all 
the genetic material has to be copied rapidly and with high fidelity. Each 
strand of the original double-stranded DNA serves as a template to form two 
identical DNA molecules. In a cell, DNA replication is initiated at fixed 
points in the genome, called origins of replication or just origins. Replication 
is a relatively slow process in eukaryotes, and is therefore initiated at several 
thousand origins on each chromosome simultaneously (Mathews and van 
Holde 1995). For replication to occur the two strands have to be separated 
and the synthesis of new strands form a so called replication fork. There are 
several different protein components that function near or within the 
replication fork. One of them is the DNA polymerase that synthesizes the 
new DNA strands by extending the 3´end of the nucleotide chain. The DNA 
polymerase synthesizes a new complementary strand by adding new 
nucleotides one at the time that match the template strand. There are four 
different nucleotides in DNA, adenine (A), thymine (T), cytosine (C) and 
guanine (G). Free nucleotides contain three phosphate groups (nucleoside 
triphosphate), where two of them will be released when added to the growing 
DNA strand. The mechanism involves formation of a phosphodiester bound, 
and the release of the two phosphates creates the energy needed to attach the 
remaining phosphate to the growing chain (Figure 3). Since the DNA has to 
be replicated several times during a cells life time, mechanisms of 
proofreading and error checking occurs during synthesis. The fidelity of 
replication is very high, with an estimated mutation rate lower than 1 × 10-9, 
which means that errors occur less than one time for every billion base pairs 
copied (McCulloch and Kunkel 2008).  
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Figure 3. Phosphodiester bond formation. Each incoming nucleoside triphosphate is bond to 

the template DNA strand by base-pairing with its corresponding base. A phosphodiester bond is 

created when two out of three phosphates are cleaved. The energy released is used to attach the 

remaining phosphate to the growing chain. 

 
 
Since a new DNA strand only can be synthesized in a 5´→ 3´direction, one 
strand is synthesized in the same direction as the movement of the fork 
(leading strand) and the other in opposite direction (lagging strand). As a 
consequence, the synthesis of the lagging strand occurs within the fork and 
contains only shorter fragments. These fragments are called Okazaki 
fragments, and are subsequently attached to each other to create a 
continuous DNA strand. Unwinding of the DNA also involves loss of 
nucleosomes and other chromatin associated proteins into naked DNA. The 
release of nucleosomes is a stepwise process where the more loosely bound 
H2A/H2B dimers are released prior to the more stable H3/H4 
heterotetramer (Ransom et al. 2010). The nucleosome disassembly from the 
parental DNA will open up approximately 550 bp around the replication fork 
(Sogo et al. 1986; Gasser et al. 1996). When the newly replicated DNA has 
passed the replication fork, and extended to an appropriate length, histone 
octamers are rapidly reassembled into new chromatin (Sogo et al. 1986). 
This mechanism is in backward order compared to nucleosome loss and is 
initiated by association of H3/H4 to the DNA followed by incorporation of 
the two H2A/H2B dimers and other chromatin associated proteins such as 
the linker histone H1. Half the histones reassembled to the two daughter 
strands are recycled from the parental chromatin, while the other half are 
newly synthesized (Ransom et al. 2010). When the DNA replication and 
reassembly of histones and other chromatin associated proteins are 
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complete, two identical chromatin molecules have been formed ready to be 
divided into two separate cells.  
 

Transcription 

Transcription, or RNA synthesis, is the process where DNA is transcribed 
into a complementary single-stranded RNA molecule. Since RNA is single-
stranded, only one of the two DNA strands, called the template strand, is 
used for transcription. Like DNA, RNA can only be synthesized in a 5´→ 
3´direction, the single-stranded feature of the RNA molecule therefore 
eliminates the problem of reading in an opposing 3´→ 5´direction. The 
strand not used in transcription is called the coding strand, because it has 
the same sequence composition as the newly created RNA transcript (except 
for the substitution of uracil (U) for thymine (T)). The stretch of DNA 
transcribed into an RNA molecule is called a transcription unit and encodes 
at least one gene. Within the DNA of one transcription unit not only the 
coding sequence being translated into a protein are present but also 
sequences located before (upstream from) and after (downstream from) the 
coding sequence. The upstream region is called the 5´ untranslated region 
(5´UTR) while the downstream region is called the 3´ untranslated region 
(3´UTR). The UTRs direct and regulate the synthesis of the protein. 

 
DNA and RNA use a common language of nucleotides that enables DNA to 
be converted into RNA and vice versa provided in the presence of the proper 
enzyme. During transcription the enzyme responsible for reading the DNA 
code of the template strand is called RNA polymerase (RNApol). There are 
three different RNA polymerases in eukaryotes, RNA polymerase I, II and 
III. RNApol I transcribes only genes encoding ribosomal RNAs (rRNA), 
while RNApol III act on most short genes, including those encoding transfer 
RNAs (tRNA). The majority of the genome is represented by protein coding 
and small non-coding genes that are transcribed by RNApol II (Egloff and 
Murphy 2008). In contrast to DNA replication, multiple transcriptions of 
one gene can occur simultaneously by several RNA polymerase molecules, 
thereby producing many transcripts in a short period of time. However, 
there are a large number of different types of RNAs, and far from every 
transcript will code for a protein. If the RNA produced is to be translated 
into a protein, a messenger RNA (mRNA) is synthesized. Alternatively, a 
gene may encode for either tRNAs or rRNAs, but also for a lot of other RNAs 
with diverse functions. 
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Initiation 

In eukaryotes, transcription is a complex process that involves binding of 
several proteins, enzymes and cofactors to chromatin. The transcription 
starts at an initiation site called the promoter, which is located upstream 
from the transcription start site and serves as a platform for the assembly of 
proteins involved in initiation of transcription. First, specific proteins called 
activators bind to the promoter region and recruit adaptor complexes that 
subsequently facilitate binding of general transcription factors (Green 2005; 
Thomas and Chiang 2006). In addition, the activators also target chromatin-
remodeling complexes and histone acetyl transferases (HATs) that can 
modify the chromatin into a more accessible state (Li et al. 2007). Once the 
activators, adaptor complexes and transcription factors are bound to the 
promoter region, the RNA polymerase associates to the promoter region 
through the transcription factors and create a preinitiation complex.  

Before transcription can start, a short stretch of the DNA is melted by one of 
the transcription factors possessing helicase activity, and the single-stranded 
template is directed to the correct position within the RNApol II (Mathews 
and van Holde 1995). The RNA polymerase begins to move along the DNA 
together with the transcription factors accumulated at the promoter region. 
During transcription of the first residues, some of the transcription factors 
are released and the RNA polymerase creates a stable complex together with 
the DNA and the transcribing RNA. 

 

Elongation 

Elongation of the nascent RNA occurs through the same mechanism as in 
DNA replication, which is the formation of a phosphodiester bond where 
released energy is used to attach the remaining phosphate to the growing 
chain (Figure 3). In contrast to DNA polymerase, the RNA polymerase can 
read through DNA that is still attached to nucleosomes and organized into 
chromatin (Felsenfeld 1992). The nucleosome density is higher within exons 
and believed to function as “speed bumps” to slow down the RNApol II 
elongation rate (Schwartz et al. 2009; Tilgner et al. 2009). Transcription 
elongation is tightly coupled to splicing (Kornblihtt 2006; Allemand et al. 
2008). Therfore, the nucleosome occupancy within exons is believed to be 
involved in the splicing machinery where it serves to discriminate between 
exons and introns and facilitate insertion of alternatively spliced exons 
(Schwartz et al. 2009; Tilgner et al. 2009). In addition, the speed reduction 
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could also be involved in a proofreading mechanism that can exchange 
incorrectly incorporated bases. In eukaryotes this mechanism is believed to 
occur during short pauses of transcription, which suggests that proofreading 
is more efficient within exons compared to introns. This makes perfect sense, 
since introns are spliced out prior to protein formation and not translated 
into a protein.   

Mechanisms processing the RNA molecule prior to its translation are 
commonly seen as post-transcriptional events which take place after 
transcription termination. Recent studies suggest that probably all these 
mechanisms, but especially splicing, can occur in a co-transcriptional event 
(Pandya-Jones and Black 2009), meaning that they occur before the RNA 
synthesis is complete. In fact, a repeated structure within the carboxyl-
terminal domain (CTD) of the largest subunit of RNApol II, is believed to 
serve as a docking platform for different factors involved in co-
transcriptional mechanisms. The CTD is located close to the RNA exit 
channel where it easily can influence RNA processing reactions (Egloff and 
Murphy 2008). It has also been postulated that splicing can start as co-
transcriptional event and continue post-transcriptionally (Neugebauer 
2002), suggesting that splicing does not always occur linearly and that a 
primary splicing can create new splice sites within the RNA molecule. A 
connection between alternative splicing and different histone modifications 
has also been suggested, where the nascent RNA interacts with chromatin 
associated proteins that reads the histone marks and thereby regulates the 
outcome of alternative splicing (Luco et al. 2010). Taken together, these data 
indicate that co-transcriptional splicing is a common phenomenon that 
partly depends on chromatin structure alterations. 

 

Termination 

When the RNA polymerase has passed through the entire transcription unit, 
the newly synthesized transcript has to be released. This is done by a large 
protein complex that contains different subunits of cleavage and 
polyadenylation factors. The termination protein complex interacts with the 
RNApol II enzyme, which is believed to occur during a pause of the RNApol 
II at the 3´end of the transcript (Glover-Cutter et al. 2008). The protein 
complex associates to an AAUAAA sequence in the 3´end of the transcript 
and cleaves the RNA. Once the RNA is cleaved, the same protein complex 
starts polyadenylation, which is the mechanism where a poly(A) tail is added 
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to the RNA molecule (Balbo and Bohm 2007). The poly(A) tail is important 
for the nuclear export, translation and stability of mRNA.  
 
When the RNA molecule is released from the RNA polymerase, it has to be 
transported to the nuclear envelope which contains nuclear pore complexes 
that export RNAs to the cytoplasm. The RNA produced can then serve as a 
template for protein formation, or play structural or functional roles at other 
stages of gene expression by themselves or in combination with other 
molecules.  
 

Translation 

Translation is the process where the mRNA is decoded to produce a specific 
amino acid chain, a polypeptide, which can fold into an active protein. In 
contrast to the first steps of the central dogma that occur in the nucleus, 
translation is done in the cytoplasm of the cell. Even mRNA encoding 
nuclear proteins therefore has to be exported out from the nucleus, be 
translated into the protein and then transferred back in to the nucleus. 

 
Translation is done by a large protein complex called the ribosome, which 
contains two separate subunits, one large subunit and one smaller subunit. 
Other important participants in translation are mRNA, which serves as a 
template, and tRNA that provides the amino acids needed. The mRNA code 
contains 4 different nucleotides that should be translated into 20 different 
amino acids. Therefore, three nucleotides (codon) will correspond to one 
amino acid, allowing 64 (43) different combinations (Mathews and van 
Holde 1995). Every amino acid is linked to a tRNA molecule containing the 
complementary three nucleotide sequence (anticodon) to that of the mRNA. 
Initiation of translation occurs when the mRNA together with the tRNA, 
carrying the first amino acid, and initiation factors bind to a free small 
subunit of the ribosom (Jackson et al. 2010). The start codon is usually AUG, 
which normally codes for the amino acid methionine, and will direct the 
transcript into the right reading frame. When initiation is complete, the large 
subunit will bind to the pre-complex and elongation of the polypeptide can 
start. In the mRNA code, there are three codons (UAA, UAG and UGA) that 
do not code for any amino acid, and will instead function as a stop codon and 
termination of the complete polypeptide (Mathews and van Holde 1995). For 
the polypeptide to function as an active protein, a conformational change 
into its tertiary structure has to occur.  
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THE DROSOPHILA GENOME 

The Drosophila melanogaster genome is organized into four pairs of 
chromosomes; the sex chromosomes, X/Y, and three pair of autosomes 
named 2, 3 and 4. The entire chromosome is ~180Mb in size, where 
approximately 1/3 is represented by repressed heterochromatin located to 
centromere regions, the Y chromosome and the main part of the 4th 
chromosome (Adams et al. 2000; Hoskins et al. 2002). The remaining 120 
Mb is euchromatin located on the two large autosomes and the X 
chromosome. Chromosome 2 and 3 are both metacentric, which means that 
the centromere is located in the middle of the chromosome. This 
organization will create two distinct arms, one to the left (L) and one to the 
right (R) of the centromere. The arms of chromosome 2 and 3 are therefore 
called 2L/2R and 3L/3R respectively. The 4th chromosome mainly consists of 
a right arm and the composition, sequence and size of a left arm of 
chromosome 4 remains unclear (Ashburner et al. 2005). The Y chromosome 
is entirely heterochromatic and is therefore not visible on polytene 
chromosomes, but still contains at least 16 genes. Many of the Y-linked genes 
are thought to have male-related functions and are important for male 
fitness (Carvalho 2002). In contrast to humans, sex determination in 
Drosophila is not a matter of having a Y chromosome. Instead determination 
of sex is controlled by counting the ratio between the X chromosomes and 
autosomes (X:A). 

In the middle of the 20th century the fruit fly was well established as a model 
organism. But there were some difficulties in comparing the genomes among 
different Drosophila species since they have different karyotypes. In 1940 
Muller compiled the cytological data from several different Drosophila 
species and discovered that the six chromosomal arms in D. melanogaster 
were conserved throughout the genus Drosophila (Muller, 1940). Each 
chromosome arm in D. melanogaster was assigned a letter (A-F), and every 
block is referred to as Mullers element. The D. melanogaster X chromosome 
corresponds to Mullers A element. The major autosomal arms 2L, 2R, 3L 
and 3R were called B, C, D and E respectively, and the small 4th chromosome 
were called the F element. Every element is then comparable with 
chromosome arms, or larger fragments of chromosomes, in the other 
Drosophila species. Mullers elements are highly conserved through 
evolution, where the differences most often are inversions of whole blocks or 
fusions and fissions of entire chromosome arms.  
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The 4th chromosome  

The 4th chromosome of Drosophila melanogaster is in many aspects an 
unusual autosome with both heterochromatic characteristics but also 
resemblances with the X chromosome (Hochman, 1976; Ashburner et al. 
2005; Larsson and Meller 2006; Riddle and Elgin 2006). The dot shaped 4th 
chromosome is the smallest chromosome in the Drosophila melanogaster 
genome. It has an approximate size of 5 Mb, where 3-4 Mb constitute simple 
AT-rich satellite repeats and do not contain any known genes. The sequenced 
part of chromosome 4 is only 1.23 Mb, and represents the banded, 
polytenized gene rich portion cytologically named 101E-102F (Locke and 
McDermid 1993; Ashburner et al. 2005). Even the polytenized part of 
chromosome 4 is considered to be highly heterochromatic, since large blocks 
of repeated sequences and transposable elements are interspersed 
throughout this gene rich portion (Locke et al. 1999; Hoskins et al. 2002; 
Bartolomé et al. 2002; Stenberg et al. 2005). Chromosome 4 has an 
approximately three times higher frequency of transposable elements 
compared with the entire euchromatic part of the genome (Miklos et al. 
1988; Sun et al. 2000; Kaminker et al. 2002). Repeated sequences are also 
reported to be more frequently distributed on the heterochromatic 4th 
chromosome than in euchromatic regions. The overall repeat density of the 
chromosome 4 is at least 25%, in contrast to the euchromatic major 
autosomal arms that have an approximate repeat density of only 6% (Riddle 
et al. 2009). Comparison with the more euchromatic dot chromosome of D. 
virilis reveals a similar density of repeated element, indicating that repeats 
alone will not induce formation of heterochromatin (Slawson et al. 2006). 
Even though the repeat density is several times higher on the 4th 
chromosome compared with the other chromosomes, and chromosome 4 
genes are surrounded by repressing heterochromatin, both the gene density 
and the average gene expression level from this chromosome is comparable 
to the other chromosomes (Haddrill et al. 2008). Aside from the over-
representation of repeats on the 4th chromosome, the structure of the 
chromosome is also different from the other chromosomes when considering 
average intron length, which is approximately twice as long in chromosome 
4 genes in contrast to genes within other chromosomes (Slawson et al. 
2006). 

It is believed that a tight chromatin formation will delay replication. Thus, 
like other heterochromatic regions, the 4th chromosome is late replicating 
(Barigozzi et al. 1966). Another heterochromatic feature that the 4th 
chromosome possesses is the lack of recombination under normal conditions 
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(Hochman, 1976; Sandler and Szauter 1978). Lack of recombination is 
usually associated with heterochromatic regions in the centromere or 
telomere. The reason that the 4th chromosome does not have recombination 
can therefore be an effect of the small size of the 4th chromosome, since the 
overall 4th chromosome is in close proximity to centromere and telomere 
regions. Recombination can occur if the banded part of the 4th chromosome 
is translocated to another chromosome arm (Riddle et al. 2009). In the 
reciprocal cross, when part of the X chromosome is translocated to the 4th 
chromosome, this X chromosomal region will lack recombination (Riddle et 
al. 2009). Interestingly, higher expression levels have also been reported for 
non crossing over regions, especially at the 4th chromosome (Haddrill et al. 
2008).  

 
In chromosome-wide studies the 4th chromosome is often ignored as a 
consequence of its size and nucleotide composition. I claim that the size of 
the 4th chromosome is one major advantage for the studies presented in this 
thesis. Since genome-wide data has to be processed in several steps before 
analysis, a miscalculation, a weak bias or a bad choice of cutoff can easily 
cause misinterpretations. Since the 4th chromosome only has 92 genes it is 
possible to scan the entire chromosome using a “biological approach” (by 
eye), and therefore discover difficulties with the treatment of the data. In 
addition, in expression studies a global change in expression levels of an 
entire chromosome will unavoidably skew the whole dataset. This is a 
common problem when looking at the X chromosome. However, the small 
size of the 4th chromosome will have only minor influence on the whole 
dataset (Stenberg et al. 2009). 

 

Origin of the 4th chromosome 

The majority of the twelve Drosophila species that have been sequenced 
(Clark et al. 2007; Stark et al. 2007) have their F element as a separate small 
dot chromosome, like D. melanogaster. The only species where the F 
element is a larger chromosome with two distinct arms is D. ananassae 
(Kikkawa 1938). In some species the F element is fused to one of the major 
chromosome arms. For example, in D. busckii the F element is fused to the X 
chromosome (Krivshenko 1955, 1959), and in D. willistoni, the F element is 
located as a block within chromosome 3 (E element) (Papaceit and Juan 
1998).  
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Diploid organisms have two copies of every chromosome, one from the 
mother and one from the father. A loss or gain of an entire chromosome is 
usually lethal. One exception is the sex chromosomes, X and Y, which 
normally occur in a haploid state in males. Similar to the X chromosome, 
aneuploidy of the small chromosome 4 is compatible with life, which means 
that a fly can carry the dot chromosome in a copy number other than two 
(diploid). The aneuploidy of the 4th chromosome is functional in haplo-, 
triplo- and even at a tetrasomic state. Strikingly, these flies are both viable 
and fertile (Mohr 1932; Sturtevant 1934; Ashburner et al. 2005). Flies 
lacking one of the 4th chromosomes (haplo-four) have a Minute phenotype 
but are otherwise normal (Mohr 1932). With three copies of the 4th 
chromosome (trisomy), most individuals are viable and fertile (Sturtevant 
1934). Even with four copies (tetrasomy), which is the severest form of 
aneploidy, approximately 70% are viable compared to diploids (Ashburner et 
al. 2005). However, triplo-4 flies have a higher frequency of X chromosome 
non-disjunction, suggesting that the 4th chromosome occasionally can pair 
with the X chromosome during meiosis (Sandler and Novitski 1956). In fact 
the 4th chromosome has been suggested to originate from the X 
chromosome, reviewed by Larsson and Meller (2006). Even though the 4th 
chromosome is an atypical autosome that in many aspects resembles the X 
chromosome, sequence signature analysis separates the two chromosomes 
not only from the rest of the genome, but also from each other, as reported 
by Stenberg and coworkers (Stenberg et al. 2005). The same study also 
shows that the sequence composition of the 4th chromosome differs from the 
rest of the genome even within exon sequences. Because of the similarities 
with the X chromosome a dosage compensation mechanism for the 4th 
chromosome was suggested more than 30 years ago (Hochman, 1976). 
 

CHROMOSOME-WIDE GENE REGULATION 

Dosage compensation 

In most species, females have two X chromosomes and males only one. This 
will cause an imbalance between the transcriptional outputs of the X-linked 
genes between the two sexes. To balance for the different number of X 
chromosomes in males and females, a mechanism called dosage 
compensation has to occur. The mechanism activates or represses gene 
expression from either the male or female X chromosome(s). Different 
species have solved this compensation issue in different ways.  
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In mammals one of the two female X chromosomes is randomly inactivated 
and forms a so called Barr body. For inactivation to occur, the non-coding 
RNA Xist coats the X chromosome intended for inactivation (Xi). Xist is 
subsequently believed to recruit silencing complexes that accumulate 
heterochromatin marks (such as H3K27me3) to the inactivated X 
chromosome (Plath et al. 2003). The silencing complexes subsequently 
modify the chromatin and initiate the formation of heterochromatin 
maintained throughout the following cell divisions (Lyon 1998; Heard and 
Disteche 2006).  
 
In C. elegans, dosage compensation is implemented by the primary sex 
determining signal. Dosage compensation in C. elegans acts on the two X 
chromosomes in the hermaphrodite, where the transcription of both X 
chromosomes is down regulated to compensate for the single X chromosome 
in males (XO) (Meyer 2000). The down regulation is achieved by a large 
protein complex, containing both dosage compensation specific proteins 
(Chuang et al. 1994) but also non specific proteins expressed in both sexes 
(Lieb et al. 1996, 1998). The dosage compensation complex associates with 
both X chromosomes in the hermaphrodite and modifies the chromatin into 
a more condensed form, leading to a down regulation of gene expression. 
 
Both these mechanisms lower the transcriptional output from the X-linked 
genes in females to the same level as from the single X chromosome in 
males. Even though the balance between males and females is equalized, an 
imbalance between the sex chromosome and the autosomes is created within 
the organism. This imbalance has to be regulated by other mechanisms and 
other proteins. Both in mammals and nematodes, a general up-regulation of 
X chromosomes in both males and females occur to compensate for a higher 
expression of autosomal genes (Gupta et al. 2006; Nguyen and Disteche 
2006). In fruit flies both these chromosomal imbalances are solved by one 
single mechanism.  
 
As opposed to dosage compensation in mammals and nematodes where the 
transcriptional output of the homogametic sex is down-regulated, dosage 
compensation in Drosophila acts in the heterogametic sex by up-regulation. 
By up-regulating the single male X chromosome to a diploid level, the fly 
genome is equalized both between males and females but also between sex 
chromosomes and autosomes. Even though the mechanism of dosage 
compensation in fruit flies seems to be quite different from that in mammals 
and nematodes, there are also similar modes between them. 
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Dosage compensation in Drosophila melanogaster 

The Drosophila dosage compensation mechanism is achieved by hyper-
transcription of the single male X chromosome to compensate for the double 
dose of X chromosomal transcripts in females (Park and Kuroda 2001; 
Akhtar 2003). To trigger hyper-activation, a ribonucleoprotein complex 
named the male specific lethal (MSL) complex, associates exclusively to the 
male X chromosome. The MSL complex contains at least five different 
proteins encoded by the genes male specific lethal 1, 2 and 3, maleless (mle) 
and male absent on the first (mof). As the names reveal, a mutation in any of 
these genes is lethal in males but not in females. To form a mature MSL 
complex that can specifically bind to hundreds of sites along the male X 
chromosome, at least one out of two non-coding RNAs must be included 
(Franke and Baker 1999). 

 
MSL1 and MSL2 form the core part of the MSL complex that initiates dosage 
compensation by association to a limited number of sites on the male X 
chromosome. Over-expression of these two proteins is toxic to males (Chang 
and Kuroda 1998; Kelley et al. 1995), and association studies suggest that the 
levels of MSL2 are tuned to match those of the other MSL-complex 
components (Straub et al. 2005). Further, all MSL components are present 
in both males and females except for MSL2, where the translation is blocked 
by the protein SXL (Kelley et al. 1995; Bashaw and Baker 1997). Based on 
these results, the MSL2 protein is concluded to be the limiting component in 
the MSL complex.   

 
The MSL3 protein has a chromo domain, which is commonly found in 
chromatin remodeling proteins. A mutation in the chromo domain of MSL3 
will restrict the MSL complex to chromatin entry sites, suggesting that MSL3 
is important for spreading of the complex (Sural et al. 2008). The spreading 
of the MSL complex has been suggested to depend on the binding of the 
chromo domain of MSL3 to H3K36me3 (Larschan et al. 2007; Sural et al. 
2008). 

 
MOF is a histone acetyltransferase responsible for the acetylation of histone 
H4 at lysine 16 (H4K16ac) (Akhtar and Becker 2000; Smith et al. 2000), a 
modification enriched on the male X chromosome. Unlike the other MSL 
proteins, MOF is not specifically localized to the male X chromosome 
(Bhadra et al. 1999; Kind et al. 2008). This suggests that MOF also can act in 
a non dosage compensation manner. H4K16ac is believed to inhibit higher-
order chromatin formation. It is therefore possible that the role of H4K16ac, 
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and thereby MOF, is to open up the chromatin structure and maintain the 
accessibility for transcription factors (Kind et al. 2008). Except for the non-
coding RNAs roX1 and roX2, MOF is the only component of the MSL 
complex, whose gene is located on the X chromosome. 

 
MLE is the most loosely bound component of the MSL complex, and is 
released from the X chromosome upon RNase treatment (Richter et al. 
1996). The protein possesses both ATPase and helicase enzymatic activities 
(Kuroda et al. 1991). The ATPase activity catalyzes dephosphorylation of 
adenosine triphosphate (ATP) into adenosine diphosphate (ADP), which 
results in release of energy. The energy is used by the helicase to separate 
two annealed nucleic acid strains (i.e. DNA, RNA or RNA-DNA hybrids). 
MLE has high preference for ssRNA or ssDNA and are therefore believed to 
bind to single-stranded regions on the male X chromosome. The spreading 
of MLE along the single-stranded regions requires ATPase activity, but to 
spread through double-stranded regions both the helicase activity and the 
energy derived from ATP hydrolysis is needed (Lee et al. 1997; Gu et al. 
2000).  

 
The MSL complex also requires at least one out of two non-coding RNAs for 
its stability and correct targeting to the male X chromosome (Franke and 
Baker 1999; Meller 2003; Deng and Meller 2006). The RNAs named roX1 
and roX2 (RNA on X) are transcribed from the X chromosome and were 
connected to the dosage compensation system by an in situ hybridization 
experiment reveling that roX1 and roX2 co-localized with MSL1 on the male 
X chromosome (Meller et al. 1997; Franke and Baker 1999). The roX RNAs 
are only expressed in males (Amrein and Axel 1997; Meller et al. 1997), but 
can be induced in females if a mature MSL complex is formed by production 
of the MSL2 protein (Meller et al. 1997).  This strengthens the connection of 
roX1 and roX2 to the dosage compensation complex. 

 
The two RNAs are very different in both size and sequence, since roX1 is a 
large transcript of 3.7 kb and roX2 only 0.6 kb in length (Amrein and Axel 
1997; Meller et al. 1997; Smith et al. 2000). Despite the size difference, roX1 
and roX2 are redundant, meaning that they have the same function and that 
deletion of either will not affect the viability of the fly (Franke and Baker 
1999; Meller and Rattner 2002). Deletions of both are believed to be lethal in 
males (Meller and Rattner 2002) due to a non functional dosage 
compensation system. This is not completely true, since about 5% of roX1 
roX2 double mutant males will survive (Meller and Rattner 2002; Deng et al. 
2005; Menon and Meller 2009), suggesting that other RNAs act in the same 
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manner as the roX RNAs to induce targeting and spreading of the MSL 
complex (Ilik and Akhtar 2009).  

 

Binding of the MSL complex 

The binding of the MSL complex to the male X chromosome is a two step 
process involving targeting and spreading. Targeting is initiated by a 
heterodimer formation between MSL1 and MSL2 (Lyman et al. 1997). A 
critical motif for the connection between these two proteins is the RING 
finger domain (C3HC4) located within the protein structure of MSL2. The 
first zinc binding site in the RING finger domain and adjacent residues 
interact with the MSL1 protein to form a heterodimer (Copps et al. 1998). 
The heterodimer of MSL1 and MSL2 is associated to approximately 15o-300 
high affinity sites on male X chromosome called MSL recognition elements 
(MREs) (Alekseyenko et al. 2008). Two of the MREs are actually located in 
the roX1 and roX2 genes (Kelley et al. 1999; Alekseyenko et al. 2008). When 
the remaining MSL proteins (i.e. MSL3, MOF and MLE), together with roX1 
or roX2 join the pre-complex, a mature MSL complex is formed that can 
spread in cis to cover the male X chromosome. Both the ATPase activity from 
MLE and the histone acetyltransferase activity of MOF are needed for the 
MSL complex to spread along the entire male X chromosome (Lucchesi et al. 
2005). Spreading is also believed to occur through local targeting of regions 
marked by H3K36me3 (Larschan et al. 2007; Sural et al. 2008). 

 
Chromosome-wide high resolution mapping of MSL reveals that more than 
50 % of the X-linked genes are targeted by the MSL complex (Alekseyenko et 
al. 2006; Gilfillan et al. 2006). The complex associates to active genes on the 
male X chromosome (Alekseyenko et al. 2006; Gilfillan et al. 2006; Legube 
et al. 2006), favoring exon regions over introns and intergenic region   
(Gilfillan et al. 2006), The MSL binding also has a preference toward the 
3´end of the transcription unit (Alekseyenko et al. 2006; Gilfillan et al. 
2006). The MSL complex can also regulate genes not physically targeted by 
the complex (Legube et al. 2006). These genes are still acetylated at H4K16, 
suggesting that MSL can act beyond its target sites and promotes a transient 
binding of the MSL complex to the X chromosome (Gelbart et al. 2009). 

Sex-lethal 

Imbalance of the genome will cause severe effects for the organism, and just 
as a non functional dosage compensation system in Drosophila is lethal to 
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males, females that undergo dosage compensation will die according to the 
hyper-transcription of the two X chromosomes. All the msl genes are present 
in both males and females, therefore a controlling mechanism that 
distinguishes between the male and female X chromosomes has to occur. 
The regulation of dosage compensation toward males in flies relies on the 
gene sex-lethal (Sxl), that has different splice variants in males and females 
(Bell et al. 1988, 1991). The Sxl mRNA in Drosophila males includes the 
third exon, that contains an in frame stop codon that truncates the 
polypeptide. In females this particular exon is spliced out and instead a 
transcript is formed capable of encoding a functional protein. The sex-lethal 
protein (SXL) prevents formation of a functional MSL complex by targeting 
the limiting msl2 transcript (Bashaw and Baker 1995; Kelley et al. 1995). SXL 
binds simultaneously to long stretches of uridines at the 5´and 3´un-
translated regions (UTRs) in the msl2 transcript and prevents accessing of 
splicing and translation factors (Kelley et al. 1997; Gebauer et al. 2003). The 
binding of SXL to the 5´and 3´UTRs will not completely eliminate 
translation of MSL2 proteins (Kelley et al. 1997). Therefore, SXL has also 
been suggested to interfere with the stability of the msl2 mRNA (Penalva and 
Sánchez 2003). 

 

Wannabes in the dosage compensation complex 

As mentioned earlier, dosage compensation in Drosophila is achieved by the 
MSL complex that contains at least five different proteins and two non-
coding RNAs. Whether there are additional component within this core MSL 
complex or not has been discussed for some years now, and I guess this 
discussion will continue.  

The most prominent additional component with links to the MSL complex is 
the tandem kinase JIL-1. Even though this protein is distributed within 
interbands on all chromosomes, a nearly 2-fold enrichment is detected on 
the male X chromosome compared with the other chromosomes (Jin et al. 
1999). On the male X chromosome, JIL-1 perfectly colocalizes with the MSL 
complex, and a physical interaction between JIL-1 and the MSL complex has 
been established (Jin et al. 2000). The ability of JIL-1 to maintain an open 
chromatin state through pH3S10 and that the accumulation of JIL-1 seen on 
male X chromosomes depends on the MSL complex, suggest that JIL-1 
contributes to dosage compensation by retaining the open chromatin state 
created by the MOF protein (Jin et al. 2000; Zhang et al. 2006).  
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A connection between the protein ISWI, which is a chromatin remodeling 
enzyme with ATPase activity, and dosage compensation has also been 
suggested (Akhtar 2003). ISWI is an essential protein believed to be 
responsible for chromatin compaction, since ISWI mutants exhibit a 
dramatic de-condensation of the male X chromosome (Deuring et al. 2000). 
To my knowledge, no physical interaction has been documented between 
ISWI and members of the MSL complex. However, it is highly possible that 
ISWI indirectly regulates dosage compensation. Indeed, the bloated X 
chromosome seen in ISWI mutants is believed to occur due to an imbalance 
in chromatin structure, and suggests that ISWI is a opposing factor for  MOF 
and H4K16ac (Akhtar 2003). Since MOF opens up the chromatin while ISWI 
works towards a more condensed chromatin, the stability of the dosage 
compensation mechanism is disturbed if one of these opposing factors is 
lost. 
 
Another protein believed to be involved in the fly dosage compensation 
system is DNA supercoiling factor (SCF), which can generate negative 
supercoils and thereby preventing higher order structures of the chromatin. 
This protein binds to transcriptionally active regions on all chromosomes 
(Kobayashi et al. 1998), but are more distinct on the male X chromosome 
(Furuhashi et al. 2006). The SCF protein colocalizes with the MSL complex 
on the male X chromosome, and MOF is believed to be required for this 
particular binding pattern. Loss of SCF does not disrupt the MSL binding 
pattern, suggesting that SCF is not important for initiation and spreading of 
the MSL complex (Furuhashi et al. 2006). However, a depletion of scf does 
cause severe effects on male viability and also reduced expression of male X 
linked genes (Furuhashi et al. 2006). These results suggest that, similar to 
ISWI and JIL-1, SCF most probably regulates male X gene expression by 
modifying the chromatin structure. 

It has also been suggested that the MSL complex interacts with several 
components of the nuclear pore complex, especially Mtor and Nup153 
(Mendjan et al. 2006; Vaquerizas et al. 2010). These proteins associate to 
active regions of the genome, and are more enriched on the male X 
chromosome compared to the rest of the genome. Several attempts have 
been made to unravel the role of Mtor and Nup153 in dosage compensation 
and whether the MSL binding to the X chromosome is caused by these two 
proteins (Mendjan et al. 2006; Grimaud and Becker 2009), with 
contradictory results. Nuclear pore components contribute to the spatial 
organization of the genome, and are most likely involved in dosage 
compensation by an affinity for the MSL complex that organizes the male X 
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chromosome in a more favorable position for gene expression (Vaquerizas et 
al. 2010).  
 
Taken together, there are many factors that influence regulation of the male 
X chromosome, where both external and internal components cooperate to 
achieve accurate gene expression. 
 

Autosomal gene regulation 

Dosage compensation has long fascinated scientists with the precise control 
of gene regulation, so that the transcription from male and female X 
chromosomes is equalized. Recent data suggest that the mechanism of 
dosage compensation is not alone responsible for this outcome. Thus a 
general mechanism for buffering of regions that is present in more or fewer 
copies than normal, including monosomy of the male X chromosome, has 
been suggested (Deng and Disteche 2010). 

 
Even though the single male X chromosome is a naturally occurring 
aneuploidy, loss of whole chromosomes or chromosome segments causes an 
imbalance in the genome that is often lethal for the organism. A general rule 
in Drosophila is that when approximately 1% of the genome is present in 
only one copy, viability and fertility are reduced and lethality is reached 
when the monosomy cover ~3% of the genome (Lindsley et al. 1972). The 
same study also reveals that there are very few genes that cause 
haploinsufficiency, indicating that the severe phenotypes caused by 
monosomy depend on a global instability of the genome and not on single 
genes.  

 
In absent of the dosage compensation complex, both autosomes and the sex 
chromosomes are compensated in expression for a change in copy number 
(Zhang et al. 2010). This finding indicates that there are two different 
regulatory mechanisms in Drosophila, the dosage compensation system that 
act exclusively on the single male X chromosome and one general 
mechanism that buffers all chromosomes in response to copy number. 
Deficiency and duplication studies reveal that genes expressed within 
aneuploid regions are under a general buffering mechanism. This buffering 
effect is more pronounced within deleted regions compared to regions 
present in three copies (Stenberg et al. 2009). The general buffering effect is 
not equal for all genes. It has been shown that within deleted regions 
ubiquitously expressed genes are significantly less buffered compared to 
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differentially expressed genes. The opposite was observed in duplicated 
regions, i.e., differentially expressed genes are less buffered in response to 
extra copies (Stenberg et al. 2009). These results indicate that generally 
expressed genes are less sensitive to up-regulating buffering effects than 
genes that alternate between expressed an unexpressed. Why genes present 
in three copies are less buffered than genes present in single-copy are still 
not known, but suggests that too much expression is not as severe as reduced 
expression. 

 
One alternative hypothesis, called the inverse regulator model, combines 
dosage compensation and autosomal gene regulation. This mechanism 
suggests that the expression of the entire genome is elevated by haploid 
conditions (including the single X chromosome in males) (Bhadra et al. 
1999, 2005). Accumulation of the MSL proteins, especially MOF, to the X 
chromosome prevents inappropriate increases in autosomal expression. This 
means that the main function of MOF is not to up-regulate the X-linked 
genes, but to avoid an over expression of the autosomes (Bhadra et al. 2005).  

Regardless of general buffering of autosomes, Drosophila melanogaster 
possesses a mechanism that like the MSL complex acts on an entire 
chromosome. Instead of regulating a sex chromosome, this mechanism 
influences the dosage regulation of an entire autosome, the balancing of the 
4th chromosome. This regulation is mediated by the protein Painting of 
Fourth (POF), and is the first and so far the only example of specific 
autosomal gene regulation. 

 

PAINTING OF FOURTH 

In the late 90´s, a yeast two-hybrid screen for Drosophila proteins that 
interacted with Zeste was performed. Several potential Zeste interacting 
proteins were found, as always using this type of screens. When the most 
promising candidates had been investigated, it turned out that one of the 
proteins isolated were completely unique. Chromosome stainings revealed 
that this protein binds exclusively to the entire 4th chromosome. It looked 
like the protein had decorated or “painted” the 4th chromosome, and was 
excluded on all the other chromosomes. Therefore, this protein was named 
Painting of Fourth (POF).  
  
The Pof gene was first cloned in the beginning of the century by Larsson et 
al., and was located to the right arm of chromosome 2 (2R) at position 60E 
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(Larsson et al. 2001). Since the Drosophila genome has been updated several 
times since then, its location has been modified to 60D13 (Tweedie et al. 
2009). The Pof gene produces two different transcripts (RA and RB), which 
both encode a 55kD nuclear protein, POF, in which one of the known motifs 
is an RNA binding domain. This RNA recognition motif (RRM) is the most 
studied and also the most abundant RNA binding domain in eukaryotes. In 
both humans and Drosophila, about 1% of the proteins contain the RRM 
motif (Venter et al. 2001). A domain expressed this frequently is obviously 
important and participates in numerous different biological functions. It has 
been shown that RRM-containing proteins are present in all post-
transcriptional events, like alternative splicing, mRNA stability, mRNA 
export and so on. The specificity and affinity for RNA binding is also varied a 
lot between different RRM-containing proteins (Maris et al. 2005; Cléry et 
al. 2008). Because of the wide range of different functions and the variety of 
specificity, the mechanistic role and the function of the RRM domain in POF 
is hard to predict. In resemblance with both the mammalian and the fly 
dosage compensation system, that requires RNA to spread along the dosage 
compensated chromosome, POF is probably also connected to RNAs through 
its RRM domain. 

 

POF; an autosome specific protein 

POF is the first, and so far the only protein found that binds exclusively to an 
autosome, in this case, the 4th chromosome in Drosophila melanogaster 
(Larsson et al. 2001). The MSL complex and the POF protein are both 
chromosome specific factors. In addition there are also other similarities 
between them that indicate that autosomes can also possess chromosome-
specific regulatory mechanisms (Larsson and Meller 2006). POF is believed 
to be involved in a mechanism that stimulates gene expression from this 
highly heterochromatic chromosome (Johansson et al. 2007a-b). In fact, a 
general buffering of most genes that are present in only one copy has been 
reported. On the 4th chromosome, this buffering is mediated by the protein 
POF (Stenberg et al. 2009).  

Initially, the POF protein was mainly found in males and only in limited 
amounts in females (Larsson et al. 2001). However, POF is probably 
expressed in most or all cells at limited amounts in both males and females, 
and the high enrichment in males is caused by an accumulation of the POF 
protein in male testis (Larsson et al. 2004). Why POF is enriched in male 
testis still eludes our understanding, but micro array analysis on testis tissue 
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shows that most genes on the 4th chromosome are down-regulated in Pof 
mutants compared to wild type (Stenberg et al. 2009). This data suggest that 
the genes located on the 4th chromosome are under regulatory functions also 
in the male germ line.  

 

POF in evolution 

The Pof gene is found in all insects whose genomes have been sequenced, 
and the binding of the POF protein to the 4th chromosome, or the F element, 
is conserved in evolution (Larsson et al. 2004). With antibodies raised 
against the D. melanogaster POF polypeptide, the POF binding has been 
tested in eight Drosophila species (from genus Drosophila). POF is found in 
all except one, D. willistoni. In D. willistoni the F element is fused to one of 
the major autosomal arms (Papaceit and Juan 1998). Even though the F 
element is inserted basically as major complete blocks or gene clusters, POF 
is not detected on this chromosome (Larsson et al. 2004). This result 
suggests that when chromosome 4 genes are located within another 
autosome, POF is no longer needed for their regulation. One theory could be 
that chromosome 4 genes are not under the same heterochromatic stress 
when they are moved to another autosome, as is the case in D. willistoni. 
Other chromosome-wide regulatory mechanisms, performed by other 
proteins than POF, could also explain why POF binding is not found in D. 
willistoni. The lack of POF binding in D. willistoni could also be a 
consequence of reduced antibody affinity, since the antibodies are raised 
against the D. melanogaster POF protein. It should be stressed though, that 
POF is detected with the same antibodies in Drosophila species that 
diverged from D. melanogaster earlier than D. willistoni (e.g. D. virilis).  
   

POF binding to the X chromosome 

In three of the eight Drosophila species tested (D. busckii, D. ananassae and 
D. malerkotliana), POF associates to the entire male X chromosome. The 
genomes of D. ananassae and D. malerkotliana contain separate F 
elements. In both these species, POF binds both to the F element and the 
male X chromosome. When bound to the male X chromosome, POF 
co-localizes with MSL3, which is the one of the components in the MSL 
complex (Larsson et al. 2004).  
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The most distant species tested within genus Drosophila, is Drosophila 
busckii. In this case, the 4th chromosome counterpart, the F element, is 
incorporated in the proximal part of the X chromosome (Krivshenko 1955, 
1959). In this species, MSL binding has not been detected on the male X 
chromosome. However, the acetylation of H4K16 characteristic for dosage 
compensation is conserved in D. busckii and co-localizes with POF. In 
contrast to the POF binding in D. melanogaster, no POF staining is found in 
D. busckii females (Larsson et al. 2004). Taken together these results suggest 
a relationship between the dosage compensation system and the POF 
protein. It also suggests that POF may have originated as an early dosage 
compensation mechanism to regulate the male X chromosome.  

 

POF binding to the 4th chromosome 

The binding of POF is limited to the polytenized banded region of the 4th 
chromosome, and is not associated to the heterochromatic proximal part of 
the chromosome. Even though the proximal part of the chromosome is not 
bound by the protein, this region is believed to be essential for POF to 
initiate binding (Larsson et al. 2001). In resemblance with the MSL complex, 
the binding of POF to the 4th chromosome has been hypothesized as a two 
step process. First POF identifies the 4th chromosome by recognition of a 
structure or sequence in the heterochromatic proximal part of the 
chromosome. In a second step, POF spread in cis to decorate the entire 4th 
chromosome (Larsson et al. 2001).  

Chromosome translocation studies reveal that POF cannot spread into parts 
of other chromosomes translocated to this chromosome (Larsson et al. 
2001), suggesting that there are also structures or sequences within the gene 
rich portion of the chromosome that are important for POF binding. 
Translocations where the majority of the banded sequence of chromosome 4 
(101F-102F) is reciprocally exchanged with the distal part of the X 
chromosome, show that POF only binds to the original 4th chromosome 
(Larsson et al. 2001). However, if the translocated 4th chromosome and the 
original 4th chromosome pair with each other, POF can spread in trans to 
decorate both the translocated and the normal chromosome (Larsson et al. 
2001). To date the autosome specific targeting of POF is still a unique case, 
and since this protein acts specifically on a whole chromosome it is more 
comparable to the dosage compensation system than general buffering.  
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AIMS 

The purpose of basic research is to get an increased understanding of how 
fundamental processes work. By studying the 4th chromosome in Drosophila 
melanogaster we will hopefully contribute to a wider understanding about 
the essential mechanism of gene regulation. The 4th chromosome is a very 
good example of autosomal chromosome-wide gene regulation and a perfect 
model to study how genes within a repressing environment, such as 
heterochromatin, are expressed. Hopefully, the answers we get from our 
research will be will be general and perhaps also universal. 

 
The aims of the work presented in this thesis have been to address the 
following questions. 
 
 

What are the requirements for POF binding? 
 

Which sequences on chromosome 4 are targets for POF? 
 

What are the links between the POF protein and RNA? 
 

 

Do POF and the MSL complex share the same mechanisms for 
targeting?
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RESULTS AND DISCUSSION 

Until the discovery of the POF protein in Drosophila melanogaster, dosage 
compensation acting on the X chromosome was the only known whole-
chromosome gene regulatory system (Larsson et al. 2001). 

In papers I-III included in this thesis, we show that genes on chromosome 4 
are under a chromosome specific regulatory mechanism. This regulation is 
achieved by at least two different proteins; POF and HP1. POF binds to 
nascent RNAs transcribed from the 4th chromosome in Drosophila 
melanogaster and stimulates gene expression while HP1 represses the same 
set of genes. Together they optimize and fine-tune the transcriptional output 
from the highly heterochromatic 4th chromosome. 

The last paper in this thesis (Paper IV) concerns the regulation of the X 
chromosome and the mechanism of dosage compensation. In this paper we 
report a novel mechanism in chromatin structure regulation. A non-
chromatin associated fraction of the MSL complex regulates the amount of 
mature MSL complexes available for chromatin targeting and gene 
regulation. This feed-back regulatory mechanism acts through titration of 
the msl2 RNA whose encoded product is the limiting factor of the MSL 
complex. Partial or complete MSL complex associates to the msl2 mRNA and 
thereby blocks the production of a functional MSL2 protein which in turn 
dictates the amount of MSL complex formed. 

 

PAPER I-III  

Working with the POF protein and its association to the 4th chromosome in 
Drosophila is both fun and stimulating. Up to this date we have been able to 
solve a lot of the POF puzzle and broaden our knowledge about how this 
protein acts as a key player in heterochromatic chromosome-wide gene 
regulation. And hopefully, by studying this regulatory mechanism, we will 
continue to contribute to a better understanding on gene regulation in 
general. 
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Heterochromatin is needed for POF binding 

Heterochromatin formation in the Drosophila genome can be modified by 
epigenetic and environmental factors. I have previously described how 
different histone modifications can alter the compaction of heterochromatin, 
representing the epigenetic regulation. One environmental factor that can 
alter the compaction of heterochromatin is the breeding temperature. An 
elevated temperature during early developmental stages will loosen up the 
heterochromatin, while a decrease in temperature increases the compaction 
of heterochromatin. Another factor influencing the compaction of 
heterochromatin is the overall heterochromatin amount. The total amount of 
heterochromatin within one nucleus appears to be rather constant. Thus, if 
heterochromatic regions are removed, the remaining heterochromatic 
regions will become even more condensed to compensate for the 
heterochromatic loss. A total or partial removal of the heterochromatic Y 
chromosome will therefore increase the compaction of heterochromatin 
(Gowen and Gay 1934; Spofford, 1976; Dimitri and Pisano 1989).  

 
In paper I, we used temperature shifts and chromosome Y removal to show 
that POF is dependent on heterochromatin to initiate binding to a 
translocated 4th chromosome. Normally, POF does not associate to a 
translocated 4th chromosome, unless the original 4th and the translocated 4th 
chromosome pair with each other (Larsson et al. 2001). We noticed that 
increased compaction of heterochromatin can induce POF binding to a 
translocated 4th chromosome. Thus, by studying different chromosome 4 
translocations with different amounts of heterochromatin we conclude that 
POF will not associate to a translocated 4th chromosome unless the proximal 
heterochromatic part of the chromosome is present or the compaction of 
heterochromatin is increased. Partial spreading of the protein will only occur 
when the proximal heterochromatic region is present together with an 
increase of the heterochromatin compaction. The spreading get more 
distinct with increased compaction of heterochromatin and a total spreading 
of the POF protein throughout chromosome 4 is reached when the 
heterochromatic region is present together with decreased breeding 
temperature and total removal of the Y chromosome.   
 
Even though POF requires heterochromatin for targeting and spreading to 
the 4th chromosome, heterochromatin alone is not enough for POF binding. 
Highly heterochromatic regions like the centromere and telomeres do not 
show POF staining on polytene chromosomes and POF binds within genes 
on the highly heterochromatic 4th chromosome. This suggests that POF is 
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specific for chromosome 4 genes when these genes are under 
heterochromatic pressure. Even though the genes on the 4th chromosome 
can be distinguished from the genes on the rest of the chromosomes in the 
Drosophila genome by sequence determinants (Stenberg et al. 2005), we 
have so far not been able to determine what kind of motif POF requires for 
targeting the 4th chromosome. 

 

POF associates exclusively to the 4th chromosome 

In the beginning of the 21st century POF was mapped on the 4th chromosome 
by polytene chromosome staining. A POF binding profile was created based 
on the cytology from these stainings, but to be able to identify specific 
sequences or structures that POF associates to, a map with a much higher 
resolution was needed.  

In the first paper we used real-time PCR to map POF along the entire 
sequenced part of the 4th chromosome at a resolution of approximately 10 kb 
and three genes at a higher resolution (2 kb). The results suggested that POF 
was located within genes, but still we were not satisfied with the resolution 
this map provided. To map the POF binding along the entire 4th chromosome 
using real time PCR with a relatively high resolution would have taken a very 
long time, even though this chromosome is very small. Therefore, in paper 
II, we used a tiling array approach where we have one probe for every 10 bp 
covering the entire 4th chromosome. This analysis resulted in a POF binding 
profile with an extremely high resolution, approximately 200 bp. In this case 
the resolution is limited by the ChIP technique itself and not by the array. 
With the chromosome-wide POF binding profile provided by the tiling array, 
we confirmed that POF is highly enriched on the 4th chromosome. 

With the same high-resolution tiling array, we also obtained a high quality 
transcript profile for each gene, and concluded that POF is highly correlated 
with transcription (Paper II). The transcript profile also revealed which 
exons are used and to what extent. In paper I and II we show that POF 
preferentially binds within genes, and within the genes POF has a preference 
for exons.  
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POF binds to nascent RNA from the 4th chromosome  

Our ChIP-chip technique used in paper II is based on cross-linked 
chromatin, and we can therefore not determine whether POF associates 
directly to the DNA or if it associates to the chromatin through other 
proteins. Like other components in the dosage compensation complex (MSL 
complex), POF does not have any obvious DNA binding domain. Instead, the 
RNA binding domain within the POF protein (Larsson et al. 2001) suggests 
that POF has affinity for RNAs. To determine if POF, like roX1 and roX2, 
binds to specific non-coding RNAs, or if it has a more general affinity for 
RNAs, we performed RNA immunoprecipitation followed by tiling array 
(RIP-chip) with both native and cross-linked samples (Paper III). The results 
reveal that POF associates to chromosome 4 transcripts that are tethered to 
the RNA polymerase during elongation. Even though POF associates to 
chromosome 4 transcripts, it is still possible that the POF complex contains a 
specific RNA responsible for stability or complex formation. Therefore, the 
question remains whether the POF complex, like the MSL complex, also 
requires a specific non-coding RNA. The association to nascent chromosome 
4 RNAs will explain the linear positive correlation between POF binding and 
transcription observed in paper II. Even though we have shown that POF 
associates to the nascent RNAs (paper III), we cannot exclude the possibility 
that POF in addition associates also directly to chromatin.  

Interestingly, the POF RIP-chip data showed that POF associates to a 
transcript downstream of the gene eIF-4G that was not annotated as a gene 
or non-coding RNA in FlyBase. With a combination of our transcript profile 
and ChIP-chip data of H3K9ac published in paper II, we predicted a novel 
gene in this particular region. H3K9ac is enriched in the 5´end of 
transcribed genes and would indicate that this novel gene is transcribed from 
left to right.  
 

Exon bias 

The data from both our ChIP and RIP tiling arrays show that POF has a 
preference for exons. But how is this exon bias compatible with the fact that 
POF binds to nascent RNAs? The exon bias seen at the chromatin level 
(Paper II) could be explained by increased nucleosome density within exons 
that function as speed bumps to slow down the elongation rate of RNApol II 
(Schwartz et al. 2009; Tilgner et al. 2009). When the elongation speed is 
reduced, the RNApol II will spend more time within exons compared to 
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introns and untranslated regions. As a consequence, more chromatin 
fragments containing exons will be isolated during the ChIP which will show 
this exon bias. 

In paper III we show that POF binds to the nascent RNA when it is still 
attached to the RNA polymerase. Subsequently the exon bias indicates that 
POF binds to spliced mRNA. Generally, transcription and splicing is studied 
as two separate events. However, splice factor assembly on the transcript 
and subsequent intron looping can occur simultaneously with the elongation 
of the RNApol II directed transcripts (Beyer et al. 1981; Beyer and Osheim 
1988). Recent data also indicate that the majority of introns are spliced out 
prior to transcriptional termination (Pandya-Jones and Black 2009), 
suggesting that co-transcriptional splicing is more common than earlier 
believed. The exon bias seen at the transcript level is therefore not striking, 
and could be explained by co-transcriptional splicing. 
 

POF co-localizes with HP1 

As mentioned earlier, POF is dependent on heterochromatin to initiate 
binding to the 4th chromosome. Accordingly, to gain an increased 
understanding of the relationship between POF and heterochromatin we also 
included the heterochromatin associated protein HP1 in our studies.  

 
In paper I, we used polytene chromosome staining to show that POF and 
HP1 are interdependent. This means that removal of one of the proteins will 
affect the association to the 4th chromosome of the other protein. A deletion 
of Pof lowers the amount of HP1 bound to the 4th chromosome, while a 
deletion of HP1 will reduce the amount of POF bound to the same 
chromosome. It should be stressed that only HP1 binding to the 4th 
chromosome is affected by removal of POF, since HP1 is still attached to 
other heterochromatic regions like the centromere. In the same paper, we 
also show that the same set of genes is regulated by POF and HP1. The 
binding profile for HP1 (Paper II) strengthens the connection between these 
two proteins. The HP1 binding profile almost perfectly correlated with the 
POF profile, and reveals that POF and HP1 also associate to the same set of 
chromosome 4 genes. We also obtained a transcript profile by hybridizing 
cDNA to the same tiling array as used for POF and HP1. The transcript 
profile shows that POF and HP1 will only bind to genes that are active. Genes 
that are expressed in one cell type bind both POF and HP1. The same gene 
can be inactive in another cell type and then lack POF and HP1 binding. 
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Whether POF recruits HP1 to the 4th chromosome, or if it is the other way 
around still remain unclear. 

 

Dual target sites for HP1 

The tiling array binding profiles for HP1 indicate not only that HP1, like POF, 
binds within chromosome 4 genes, but also reveal a second target site 
located in the promoter region of these genes. These findings suggest that 
HP1 has at least two different properties on the 4th chromosome, where one 
of them is POF dependent and the other is not dependent on the POF 
protein.  

HP1 can bind to both di-methylated and trimethylated histone H3K9. Since 
at least two different methyltransferases can methylate histone H3K9 it is 
tempting to speculate that one of them is operating within the gene body and 
the other methylates H3K9 at the promoter region. POF binding to the 4th 
chromosome is not affected by a Su(var)3-9 mutation (Paper I), suggesting 
that SU(VAR)3-9 is responsible for the methylation of H3K9 within 
promoters. Subsequently, binding of SETDB1 is most pronounced at the 4th 
chromosome  (Seum et al. 2007; Tzeng et al. 2007) and would for that 
reason be suitably likely candidate for the methylation of H3K9 within the 
gene body. Since nature never is black or white but more of a grayscale, this 
hypothesis is probably far too simple. But the difference in binding profile 
and the methylation of H3K9 by different methyltransferases strongly 
suggest that HP1 has two separable targets on the 4th chromosome which in 
turn may reflect differences in function. It will be of great interest to see if 
the two different methyltransferases follow a specific binding pattern on the 
4th chromosome, or if they are equally distributed within the gene body and 
the promoter region.  

 

POF and HP1 fine tune the 4th chromosome 

Microarray analyses reveal a decrease of chromosome 4 mRNAs in a Pof null 
mutant compared to wildtype and an increased chromosome 4 mRNAs level 
upon HP1 RNAi compared to wildtype (Paper I). When the microarray 
results are plotted with respect to gene position on the 4th chromosome, the 
effects of Pof and HP1 turns out to be mirror images of each other.  
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In the third paper, we report that POF bind to chromosome 4 nascent mRNA 
still tethered to the elongating RNApol II. Further, we show that HP1 targets 
the same set of genes on the 4th chromosome as POF (Paper II). It should be 
stressed that POF, in contrast to HP1, is limited to the banded gene rich 
portion of the 4th chromosome and not detected at the centromere proximal 
heterochromatic region. Altogether our data suggest that POF and HP1 are 
counterparts in a balancing mechanism where POF stimulates chromosome 
4 genes and HP1 represses them (Figure 4). This type of balancing 
mechanisms may be a more general way to fine-tune transcription at 
chromosomal regions that are sensitive to alterations in expression levels or 
positioned in an unfavoured environment. 

 
 
 

+

POHP1 F

 
 

Figure 4. POF and HP1 are involved in the global regulation of the 4th chromosome. POF and 

HP1 bind interdependently to the genes on the 4th chromosome to fine tune the transcriptional 

output. POF up-regulates the genes on the 4th chromosome and HP1 represses them. Together 

they create the most optimal transcription rate for those genes. 

 

It should be stressed that there are few examples in which POF, HP1 and 
transcription are not correlated. We find at least two genes (RfaBp and 
sphinx) that are highly expressed in salivary gland tissue, but lack both POF 
and HP1 binding. These genes indicate that POF do not bind all chromosome 
4 transcripts and suggest that transcription and chromosome 4 location 
alone is not enough for POF targeting. This observation strengthens the 
hypothesis about POF binding motifs on the 4th chromosome. Additionally, 
the gene onecut is one of the rare examples of a gene that bind HP1 in 
salivary glands but not POF. In this particular gene the transcription level is 
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low which might explain the lack of POF binding. We also observe a region 
around 814 kb that are transcribed in both salivary gland tissue and S2 cells, 
but not annotated as a gene. This could be a potential novel gene, but it 
should be stressed that we could not detect any enrichment of H3K9ac 
normally seen in the 5´end of transcribed genes. In this region we could not 
detect any POF binding, but we do have an enrichment of HP1. Notice that 
there are regions or genes, regardless of the promoter region, that HP1 binds 
to but we have not been able to find any part of the 4th chromosome that only 
attracts POF and not HP1. 
 

POF is involved in export of chromosome 4 transcripts 

We have concluded that POF up regulates the genes on the 4th chromosome 
(Paper I and Paper II), but the mechanism for this up regulation is still not 
fully understood. In paper III we suggest that POF is involved in facilitated 
export of chromosome 4 transcripts, since the whole cell/nuclear ratio of 
chromosome 4 RNA is increased relative to the other chromosome arms. 
This means that chromosome 4 transcripts spend less time within the 
nucleus compared to transcripts produced from the rest of the genome. 
Therefore we propose that POF facilitates the transport of the RNA to the 
nuclear pore or initiate rearrangement of the chromatin into closer vicinity 
of a nuclear pore. 

 

Regulation of the 4th chromosome 

There are obviously a lot of factors influencing the expression from this 
highly heterochromatic small chromosome. We have shown that 
heterochromatin, the heterochromatin associated protein HP1, transcription, 
the RNA affinity of the POF protein and its binding to transcripts are 
important for correct expression rate of chromosome 4 genes. It is also 
known that the spatial organization of the chromosomes within the nucleus 
is important, where heterochromatic regions are located close to the rim of 
the nuclear envelope. In mammals, a connection between the nuclear 
envelope and HP1 has been reported (Kourmouli et al. 2000), suggesting 
that HP1 triggers the relocalization of heterochromatic regions near the 
nuclear envelope. Within the nuclear envelope, nuclear pore complexes 
transport RNAs to the cytoplasm. I speculate that the heterochromatic 
regions and/or HP1 will direct the chromosome close to the nuclear rim and 
thereby in close vicinity to the nuclear pore complexes, creating a favorable 
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environment for export. Proposed sequences or structures in the proximal 
heterochromatic region of the 4th chromosome could then attract POF and 
cause an accumulation of the protein on the chromosome. The POF proteins 
subsequently bind the transcripts produced from chromosome 4 through its 
RNA binding domain (RRM). We have concluded that POF and HP1 are 
interdependent (Paper I and II), and it is possible that they interact with 
each other and form a stable complex (Figure 5). But further studies have to 
be done to elucidate the components in the anticipated POF complex.  

 
 
 

H3K9me2
H3K9me3

 
 

Figure 5. Schematic binding of the two chromatin associated proteins POF and HP1. POF (red) 

associates to nascent chromosome 4 RNA still attached to the RNApolII. HP1 (green) bind to the 

chromatin through di- or trimethylation of H3K9. Whether POF and HP1 are in physical contact 

or not has not yet been determined.  

 

 
Even though our results do not reveal a complete mechanism of the 
regulation of the 4th chromosome, we have concluded that POF is a key 
component in this particular regulatory mechanism. Our results also 
contribute to further knowledge about the regulation of gene expression in 
highly heterochromatic regions, and raise questions about additional 
mechanisms to regulate gene expression.  

PAPER IV 

When we performed the RIP-chip with POF, we decided to add two 
components from the MSL complex as controls. It is known that the non-
coding RNAs roX1 and roX2 are highly enriched in the MSL complex, and 
that the POF protein and the MSL complex display several similarities. So if 
the POF RIP-chip data would not tell us anything, at least we could tell if the 
experiment had worked or not by studying the roX RNA enrichments from 
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the MSL RIP-chips. It turned out that the experiment worked, and also that 
POF and MSL are not as similar as earlier believed. 

No roX3 is present in the MSL complex 

We show in paper III that POF associates to chromosome 4 nascent RNAs. 
Even though we like to compare the two chromosome-wide regulatory 
mechanisms present in the fly with each other, they associate to the 
chromatin in different ways. In paper IV we show that in contrast to POF, 
the MSL complex binds directly to the chromatin and is not associated to X-
linked transcribed RNAs. Since the MSL complex did show a general affinity 
to RNAs produced from the X chromosome and the fact that roX1 roX2 
double mutants are partly viable, we decided to elucidate whether roX1 and 
roX2 are the only non-coding RNAs present in the complex. Earlier attempts 
have been made to find additional RNAs that can substitute for roX1 and 
roX2 (Fujii and Amrein 2002; Oh et al. 2003). However, these studies have 
not been as extensive as our chromosome-wide RIP-chip approach described 
in paper IV.  

We report strong enrichments of both roX1 and roX2 within the MSL 
complex, as expected. In addition, even though a small number of roX1 roX2 
double mutants escape lethality, we could not find any additional RNA that 
can perform the same actions as roX1 and roX2. It should be stressed that it 
is still possible that a transcript located in the un-sequenced heterochromatic 
regions of the genome could function as a substitute for roX1 and roX2, and 
thereby explain why some roX1 roX2 double mutants still survive. 
Alternatively, several unspecific RNAs can substitute for roX1 or roX2 but 
with much lower affinity.  

We also report a difference in roX1 and roX2 enrichment when we compare 
cross-linked samples with non cross-linked samples. The enrichment of 
roX2 is slightly more pronounced in the MSL complex compared to roX1. 
The enrichment of roX2 is also relatively stable in both native and cross-
linked samples whereas roX1 is more enriched in the cross linked sample 
compared to native samples. Taken together these data suggest that the MSL 
complex has a higher affinity for roX2 transcript compared to roX1.  
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Dosage compensation is tuned by a feedback mechanism 

The amount and local concentration of MSL complex is important for 
spreading and therefore crucial for correct regulation of the dosage 
compensated X linked genes (Dahlsveen et al. 2006). Thus, a system that can 
regulate the amount of MSL complexes is required. The MSL2 protein is the 
limiting factor in the complex formation, and the only MSL protein absent in 
females. Further, the amount of MSL2 is suggested to be tuned to match the 
levels of the other MSL complex components (Straub et al. 2005). We 
suggest that this tuning is regulated by a novel mechanism dependent on a 
non-chromatin bound fraction of the MSL complex.  

Even though we did not detect any RNA redundant with roX1 and roX2, the 
MSL complex has a general RNA affinity and does bind to some other 
transcripts. Surprisingly, besides the roX RNAs, the most prominent 
transcript in both enrichment and total amount turned out to be the msl2 
transcript itself. In our study we also report enrichment of msl1 RNA pulled 
down with the MSL complex, but not to the same extent as msl2 RNA. The 
blocking of dosage compensation in females depends on the female specific 
protein sex lethal (Sxl) and it’s binding to the msl2 transcript. Sxl associates 
to the 5´and 3´UTRs of the transcript and blocks the binding of 
transcription and splicing factors which prevent translation of an MSL2 
protein. Further, it has been postulated that Sxl also binds a subset of msl1 
transcripts to prevent formation of a mature MSL complex in females (Kelley 
et al. 1995). These data indicate that the mechanism of dosage compensation 
goes through several regulatory steps and that the concentration of mature 
MSL complex is regulated primary by msl2 but also msl1. 

We were not able to detect the msl2 transcript on the X chromosome with in 
situ hybridization, suggesting that msl2 mRNA bind to free, partial or 
complete, MSL complex within the nucleoplasm. Our model postulates that 
when the concentration of the MSL complex gets too high, free complexes in 
the nucleus start to bind the transcripts of msl2. Binding of msl2 RNA 
prevents more MSL complexes from being formed and the dosage 
compensation system thereby feedback regulates the amount of complexes 
available for targeting the X chromosome.



Conclusions 
 

 

CONCLUSIONS  

 
 

• POF and HP1 fine-tune the transcriptional output of the 4th 
chromosome, where POF stimulates transcribed chromosome 4 
genes and HP1 down-regulates the same set of genes. 
 

• POF binding to the 4th chromosome is dependent on 
heterochromatin. 
 

• POF and HP1 associate to transcribed chromosome 4 genes with a 
strong preference for exons. Further, HP1 displays an additional 
“peak” in the promoter region of bound genes. 

 
• POF associates to nascent processed chromosome 4 mRNA and 

facilitates export of chromosome 4 transcripts out of the nucleus. 
 

• Nuclear MSL complex, not bound to the X chromosome, associates 
to newly transcribed msl2 mRNA and regulates the amount of 
available MSL complexes by a feed-back mechanism. 
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SUMMARY IN SWEDISH/SVENSK SAMMANFATTNING 

I de flesta diploida organismer, dvs. de som ärver halva sin genuppsättning 
från sin mamma och andra halvan från sin pappa, har honan två X 
kromosomer medan hanen endast har en. För att det globala genuttrycket 
ska bli lika hos båda könen måste uttrycket av X kromosomen i antingen 
honor eller hanar kompenseras. Denna mekanism kallas doskompensering 
och i bananflugor sker den genom att generna på hanens X uppregleras 
ungefär två gånger. För att uppnå rätt dos krävs att ett protein-komplex 
binder till generna på hanens X kromosom och luckrar upp kromatin- 
strukturen (dvs. packat DNA) vilket underlättar transkriptionen av dessa 
gener. Protein-komplexet består av minst 5 olika proteiner, som är 
essentiella för hanar, och två icke kodande RNA molekyler. Den sista artikeln 
i min avhandling visar att doskompenseringen regleras genom att begränsa 
antalet komplex som kan bildas. Detta sker genom en ”feedback” mekanism 
där delar av eller hela protein-komplexet blockerar bildandet av ett av de 
proteiner som ingår i komplexet.  
 
Bananflugan är än så länge unik i att ha två kromosomala genreglerande 
mekanismer, dvs. regleringen av en hel kromosom. Förutom 
doskompensering och regleringen av X kromosomen, så regleras även 
kromosom 4 som är en autosom, en icke könskromosom. Det speciella med 
kromosom 4 är att den är heterokromatisk, vilket betyder att DNAt är 
kompakt och att dessa gener därför har svårare för att uttryckas. Jag visar i 
min avhandling att regleringen av generna på kromosom 4 sker genom ett 
samarbete mellan två proteiner, POF och HP1. POF binder specifikt till den 
4:e kromosomen, och är det protein som jag huvudsakligen arbetar med. 
POF har en stimulerande effekt på generna från kromosom 4, medan HP1 
dämpar samma gener. Tillsammans skapar POF och HP1 ett optimalt 
förhållande för dessa gener. Hur denna finjusterings mekanism fungerar i 
detalj är ännu inte helt utrett, men vi visar att POF binder till RNAt som 
produceras från kromosom 4 gener och hjälper till i transporten av dessa 
transkript ut ur cellkärnan där de omvandlas till funktionella proteiner.  
 
Genom att studera POF och den kromosomala genregleringen på kromosom 
4, får vi en större förståelse om kromosomernas uppbyggnad och funktion, 
samt hur gener som ligger i en repressande omgivning uppnår korrekt 
genuttryck.  
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