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TERMINOLOGY AND ABBREVATIONS  

Autosome  All chromosomes which are not sex-chromosomes 

CD  Chromo domain 

Centromere Part of the chromosome that links sister chromatids during 

metaphase  

Chromatin The DNA-protein structure, which all DNA in the nucleus 

is present in 

CSD  Chromo-shadow domain 

DCC  Dosage Compensation Complex 

dsRNA Double-stranded RNA, two RNA molecules that base-pair 

with each other 

Ectopic  Occurring in an abnormal position 

Exon The segments of a gene that will be present in the mRNA 

when it is transcribed   

Gene body The entire gene from the transcription start site to the end 

of the transcript 

Haplo-4th   One copy of the 4th chromosome  

Heterozygous  Two different alleles for a single trait 

Histone Small DNA binding proteins that forms the complex which 

DNA is wrapped around in nucleosomes 

HKMT  Histone lysine methyltransferase 

Homozygous  Identical alleles of a single trait  

HP1a   Heterochromatin protein 1 a 

H3K9me1, me2, me3 Histone H3 mono-, di-, trimethylated at lysine 9 

(associated with inactive genes) 

H3K36me3 Histone H3 tri-methylated at lysine 36 (associated with 

active genes) 

H4K16ac Histone H4 acetylated at lysine 16 (associated with active 

genes) 

Intron The segments in-between exons in a gene, they are not part 

of the mRNA 

Kb  Kilo base pairs   

Mb Mega bases 

Mitosis When a cell separates all replicated chromosomes into two 

identical groups, before dividing into two daughter cells  

Meiosis Special type of cell division that forms eggs and sperm 

cells. Four haploid cells are produced from one diploid cell 

MOF  Males absent on the first  

Monosomic  A chromosome region present in one copy 

MRE  MSL recognition element 

mRNA messenger RNA, carrier of information from DNA 
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MSL Male specific lethal, the complex which mediates dosage 

compensation of the Drosophila male X-chromosome  

nm Nano meter  

Nucleotide  The building blocks of DNA: A, T, C, G 

Nucleosome Basic DNA packaging unit consisting of a histone-DNA 

complex 

NUEG Non- Ubiquitously Expressed Gene, genes required for 

tissue specific functions, not expressed in all tissues 

Orthologue Genes in different species that evolved from a common 

ancestral gene by speciation 

Paralogue Related genes which have occurred due to duplication 

within a species 

Pericentromeric regions Heterochromatic regions near the centromere 

Promoter A region of DNA that initiates transcription from the 

nearby located gene  

RNAi  RNA interference 

RNA polymerase II An enzyme that produces RNA from a gene 

roX RNA on X, non-coding RNA which is part of the MSL 

complex 

S-phase The phase of the cell-cycle in which DNA is replicated, 

occurs before mitosis  

SXL  Sex lethal (prevents MSL2 from forming in females) 

Su(var)  Suppressor of variegation 

TE Transposable elements 

Transcriptional elongation The process when RNA polymerase II reads a gene and 

synthesizes RNA 

Transgene A gene or genetic material that researchers have inserted in 

a genome, or into another species 

Trisomic A chromosome region present in three copies 

UEG Ubiquitously Expressed Gene, genes required for 

maintenance of basic cellular functions (housekeeping)  

Xi  Inactivated X chromosome, found in mammals 

3’ end  The end of a gene, is transcribed last 

5’ end  The beginning of a gene, is transcribed first 

 



ABSTRACT 

 

 

vii 
 

ABSTRACT 

Stimulation or repression of gene expression by genome-wide regulatory 

mechanisms is an important epigenetic regulatory function which can act to 

efficiently regulate larger regions or specific groups of genes, for example by 

compensating for loss or gain of chromosome copy numbers. In Drosophila 

melanogaster there are two known chromosome-wide regulatory systems; 

the MSL complex, which mediates dosage compensation of the single male 

X-chromosome and POF, which stimulates expression from the 

heterochromatic 4th chromosome. POF also interacts with the 

heterochromatin inducing protein HP1a, which represses expression from 

the 4th chromosome but which also has been assigned stimulatory functions. 

In addition to these two, there is another more elusive and less well-

characterized genome-wide mechanism called buffering, which can act to 

balance transcriptional output of aneuploidy regions of the genome (i.e. copy 

number variation).  

In my thesis, I describe the presence of a novel physical link between dosage 

compensation and heterochromatin; mediate by two female-specific POF 

binding sites, proximal to roX1 and roX2 on the X chromosome (the two 

non-coding RNAs in the MSL complex). These sites can also provide clues to 

the mechanisms behind targeting of chromosome-specific proteins. 

Furthermore, to clarify the conflicting reports about the function of HP1a, I 

have suggested a mechanism in which HP1a has adopted its function to 

different genomic locations and gene types. Different binding mechanisms to 

the promoter vs. the exon of genes allows HP1a to adopt opposite functions; 

at the promoter, HP1a binding opens up the chromatin structure and 

stimulates gene expression, whereas the binding to exons condense the 

chromatin and thus, represses expression. This also causes long genes to be 

more bound and repressed by HP1a. Moreover, I show that buffering of 

monosomic regions is a weak but significant response to loss of 

chromosomal copy numbers, and that this is mediated via a general 

mechanism which mainly acts on differentially expressed genes, where the 

effect becomes stronger for long genes. I also show that POF is the factor 

which compensates for copy number loss of chromosome 4. 
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SVENSK SAMMANFATTNING 

Alla celler i kroppen innehåller all vår arvsmassa, våra gener, i form av DNA 

och funktionen för varje enskild cell styrs av vilka gener som är aktiva 

(uttryckta) i just den cellen. Det är därför extremt viktigt att regleringen av 

hur gener används fungerar som den ska. Denna reglering sker ofta på en 

enskild gen-nivå, men förekommer också på en mer generell nivå på grupper 

av gener eller på hela kromosomer. Fördelen med en generell genreglering är 

att cellen på ett effektivt och synkroniserat sätt kan reglera grupper av gener 

som är kopplade till liknande funktioner eller till samma region, till exempel 

genom att kompensera uttrycket om delar av en kromosom av någon 

anledning tappar eller får extra kopior, ett tillstånd som kallas aneuploidi. 

Detta är vanligt förekommande i naturen och det är till och med troligt att 

varje människa bär på hundratals små aneuploida regioner. Gravare 

aneuploidi är starkt förknippat med tumörer och utvecklingsstörning, t.ex. 

Downs syndrom är orsakat av en kopia för mycket av kromosom 21. Det 

finns mekanismer som verkar i aneuploida regioner för att dämpa effekterna 

av felaktig gen-dos, så kallad buffring, men hur de fungerar är fortfarande 

mycket oklart. Jag visar i min avhandling att den buffring som motverkar 

effekterna av en halverad gen-dos troligtvis är en generell mekanism som 

känner igen regioner med felaktiga kopienummer, och som dessutom har 

starkast effekt på långa gener. Gener som är viktiga för vävnadsspecifika 

funktioner, och därmed bara aktiva i vissa celler, verkar också ha lättare för 

att bli buffrade och bör alltså klara en halverad gen-dos bättre än gener som 

är konstant aktiva och involverade i livsuppehållande processer i alla celler. 

Utöver denna ännu ganska oklara buffringsmekanism finns det två mer 

väldefinierade, kromosom-specifika system i bananflugan som stimulerar 

genuttryck: proteinkomplexet MSL, som doskompenserar hanarnas enda X-

kromosom så att den får dubbelt så högt uttryck och blir likvärdig med 

honornas två X-kromosomer, samt proteinet POF, som specifikt binder 

kromosom 4 och stimulerar genuttrycket. POF är också starkt kopplat till 

HP1a, ett proteins som är mycket viktigt för att cellen ska kunna bilda 

heterokromatin, en tätt packad DNA struktur som tystar ner de flesta gener. 

Jag visar att POF kan binda till två speciella ställen på honornas X-

kromosom, vilket dels kan vara mycket användbart för att förstå 

mekanismen bakom hur POF känner igen kromosom 4, men som också 

tyder på att POF har kopplingar till doskompensering. Jag visar också att 

HP1a kan ha motsatta effekter på genreglering; om HP1a binder till en 

promoter (en DNA-sekvens bredvid genen som hjälper till att reglera 

uttrycket) uppstår en löst packad DNA struktur som leder till ökat 

genuttryck, medan HP1a bindning till själva genen inhiberar genuttryck. 
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INTRODUCTION 

The processes behind gene expression are of course extremely complex, with 

many different proteins involved in recognizing, binding to, reading, and 

ultimately translating the messages within the genes, the DNA code, into 

fully functional proteins that are required in different processes of the cell. 

The cell nucleus is literally packed with proteins with the only purpose of 

maintaining a balanced and functional flow of information from the genes.    

All this would be far too complicated to describe in just one book, so this 

thesis will be focused on one small part of the puzzle: genome-wide gene 

regulation, which involves how the regulation of gene activation, or 

repression, can be maintained on a larger scale. This means not only 

regulation of individual genes but rather, the regulation of large genomic 

regions, and even entire chromosomes. Most of this works falls under a 

branch of genetics called epigenetics. 

EPIGENETICS 

The properties and characteristics of all life forms are said to depend on the 

genetic factor, the DNA code containing all the heritable information, as well 

as on the environmental factor which shapes us during life. Which one is the 

actually determining factor for many of our traits is very often a subject of 

dispute, but it has grown more and more evident that it is likely a 

combination of both, and that they are linked by an intermediate factor: the 

epigenetic factor.  

Examples to illustrate the impact of epigenetics: compare one of your brain 

cells with one of your skin cells or muscle cells; they contain the exact same 

DNA, and yet they have such different features, or compare two adult 

identical twins; they have identical DNA but will most likely differ in small 

physical characteristics. This is caused by epigenetics. 

Epigenetic literally means “above genetic” and is defined as changes and 

patterns in gene expression, which can be inherited through mitosis and 

sometimes also meiosis, but which are not caused by any changes in the 

actual DNA sequence.  

To explain in other words: The DNA code is (ideally) a fixed and non-

changing sequence of letters which, when put in different combinations (a 

bit like the binary system in computers), can be interpreted into information 



INTRODUCTION 

 

 

2 
 

that the cell uses to assemble proteins. But this does not mean that all parts 

of this code are always read at all times (much like in a computer). 

Depending on the cell and the function it has, different genes will be read, 

and at different times.  

So how can your body (or the bodies of identical twins), have emerged from 

just one single cell and turned into all these different cell types that have 

adopted so different fates. And an equally important question is: how do they 

remember their fate throughout endless rounds of cell division? 

Cell differentiation 

The initiation of cell differentiation (i.e. establishing the fate of a cell) is 

usually a complex orchestra of different signal molecules that permeate the 

embryo during early development. In Drosophila (i.e. fruit fly), this process 

is well studied and it all begins with a few number of signal molecules that 

are deposited in opposite ends of the egg (oocyte) by the mother. These will 

define the polarity of the embryo (i.e. determine the anterior- posterior axis) 

and diffuse throughout the embryo, creating a gradient of the signal 

molecules which will result in the activation or inhibition of various different 

genes. These genes have evolved to respond differently (i.e. be active or 

silent) to different concentrations of signal molecules, hence the position a 

cell has within the embryo will determine its fate, “simply” by the different 

gradients of the signal molecules that reaches the cell. This cell will then in 

turn activate new genes which will submit new signal molecule gradients, 

and thus the complex process of cell differentiation begins.  

However, once the fate of a cell is established, it needs to maintain this 

identity even in the absence of the initial signal. This is actually where 

epigenetics comes into the picture; epigenetics is the memory by which 

expression statuses assigned to various genes and/or genomic regions are 

maintained through cell division. Essentially, this memory is mediated by 

keeping active genes easily accessible to the transcription machinery, 

whereas inactive genes are blocked from transcription. The key to this lies in 

the organization of the DNA in the nucleus, and the various proteins which 

are surrounding the DNA.  

CHROMATIN 

To really understand the concept of epigenetics, it is important to first 

understand the organization of the chromosomes and the genetic material; 



INTRODUCTION 

 

 

3 
 

since the DNA material within each individual cell measures a total of about 

2 meters in humans, it is extremely important for the cell to keep the DNA 

organized to uphold a smooth and efficient reading of the genetic material, 

and a correct replication and distribution of the DNA into two daughter cells 

during cell-division. This is done by packaging all DNA into a large, 

condensed DNA-protein structure called chromatin. As a first step of 

condensation, stretches of DNA are wrapped around a specific protein core 

complex, forming a DNA-protein complex called a nucleosome (see figure 

1A), which is found in all eukaryote genomes [1-3]. The protein core, also 

called the histone core, is made up of an octamer of the different histone 

proteins H3, H4, H2A and H2B, which are all present in two copies [4]. 

Around the histone octamer, 146 base pair (bp) of DNA are wrapped forming 

1.65 turns [5] and the DNA is then “locked” in position on the histone core by 

a linker histone protein 1 (H1) [6]. The nucleosome structure compacts the 2 

nm thick DNA about a five- to ten-fold, into an 11 nm thick structure (see 

figure 1B). Between each nucleosome is a short segment of linker DNA 

which, depending on level of compaction, varies between about 10-80 bp in 

length [7,8], giving the DNA a typical “beads on a string” like structure. This 

structure is best visible if the linker histone 1 is removed [1-3]. 

This structure is then further condensed into an about 50-times folded, 30 

nm thick fiber-structure [9] (see figure 1B), by either folding into a zigzag 

structure or into a solenoid-like structure [1]. In a mitotic chromosome, a 

partly unknown mechanism can condense this 30 nm structure even a few 

hundred-fold more, to form the final compacted structure which makes the 

chromosomes visible as separate units (see figure 1B), or the “X”-like shape 

that we associate with a metaphase chromosome in a karyogram (the “X” is 

formed when the cells are about to divide and each chromosome has 

replicated into two copies, only attached by the centromere). 

The histone core, on which the DNA resides, is the actual backbone for 

almost all the epigenetic information that can control gene expression. This 

is because each histone molecule has 15-38 amino acids protruding in the N-

terminal end, forming a “tail” domain, which is accessible outside of the 

compact DNA-histone core [10]. These histone tails function as potential 

modification site where a variety of different small tags can be attached by 

different enzymes. These tags can affect the biological role of the underlying 

DNA by modifying the level of chromatin compaction, often by functioning 

as signals, or binding platforms, for specific chromatin-associated 

proteins, which can bind to the nucleosome and affect the properties of the 

local chromatin structure; either making it more condensed, and thus silent, 
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or making it more loose, which increases transcription activity. One example 

of such a protein is HP1a, which will be mentioned later on in this thesis.  

Several different types of tags have been found on the different histones, for 

example: methylation, acetylation, phosphorylation, ubiquitylation and 

sumoylation. Depending on which amino acid-residue they modify and at 

which position on the histone tail, they will have different functions. These 

modifications are dynamic and rapidly changing, they can be added or 

disappear within minutes of stimuli on the cell surface. I will go into a 

selection of these modifications that are relevant for this thesis:  

Figure 1. DNA compaction. A) The nucleosome core, consisting of an octamer of two 

copies each of four histone molecules. DNA (light blue) is wrapped around the core, and one 

copy of the linker histone H1 secures the DNA binding. Each histone has an N-terminal tail 

protruding out of the core, which can be labeled by different tags (for example a methyl 

group). B) The different compaction levels of chromatin (i.e. the DNA-histone complex that 

constitutes the chromosomes), from the 2 nm thick naked DNA helix to the 1400 nm thick 

highly condensed metaphase chromosome.  

A B 
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Histone acetylation 

Acetylation is generally associated with active chromatin and of the known 

modifications, acetylation has the highest potential of unfolding chromatin, 

since it can neutralize positive charges on the target residues and thus make 

the tail of the histone less prone to interact with the negatively charged DNA. 

This allows easier access of the transcriptional machinery to increase 

transcription [11]. 

H4K16 acetylation 

An example of acetylation is the covalent addition of an acetyl group onto the 

16th amino acid, a lysine (K), on the tail of histone 4 (H4K16ac), which is 

highly associated with the action of the dosage compensation system in male 

Drosophila (this will be discussed in detail later). The acetylation of lysine 16 

on histone 4 [12] has also been shown to inhibit the formation of the 30 

nanometer fiber and higher-order chromatin structures [13] [14]. 

Histone and DNA methylation 

Methyl groups can be covalently added to the histone tails of nucleosomes, 

but also directly to the DNA. DNA methylation is a repressive mark highly 

associated with epigenetic inheritance in mammals, however, the role of 

DNA methylation in Drosophila is more elusive. Some traces of this has been 

found in early stages of embryonic development [15], but in general, it is 

believed not to have any functional significance in Drosophila and therefore; 

I will focus on the methylation of histones. This modification can have both 

positive and negative effects on the level of transcriptional activity and this 

depends on the position of the target residue in the tail. Furthermore, this 

modification adds even extra complexity because each histone tail binding 

site can have between one and three methyl groups attached: Lysines (K) can 

be mono- (me1), di- (me2) or tri (me3)- methylated and arginines (R) can be 

mono- or di- methylated  [16].  

There are so far six well characterized methylation marks, three of which are 

in general correlated to active transcription: H3K4 [17], H3K36 [18] and 

H3K79 [19]. The other three are associated with transcriptional repression: 

H3K9, H3K27 and H4K20 [20]. Most important for this thesis is the H3K9 

methylation:  
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H3K9 methylation 

Methylation of lysine 9 on the tail of histone 3 results in repression of gene 

expression and is highly associated with heterochromatin. In Drosophila, it 

is primarily found on chromosome 4, in the centromeric and 

pericentromeric regions. It is mediated by the proteins Su(var)3-9 and 

SETDB1 and is essential for the binding of a protein named HP1a, these 

will all be described in detail later.  

DIFFERENT CHROMATIN STRUCTURES 

Chromatin can be classified into different types depending on the different 

levels of chromatin compaction, level of gene activity, and associated histone 

modifications. Traditionally two different main types have been defined: 

euchromatin and heterochromatin. 

Euchromatin 

The active parts of the genome essentially consists of euchromatin, a 

structure in which the DNA is loosely packed around the histone cores (see 

figure 2A) and this allows access of the transcriptional machinery to the 

genes. Euchromatin is loosely packed throughout most part of the cell cycle 

(interphase), and only becomes condensed during the relatively short mitotic 

phase of the cell cycle when the duplicated DNA needs to be efficiently 

distributed between the two daughter cells. Known histone modifications 

associated with active chromatin are: H3K4 methylation, H3K9 acetylation 

and H3S10 phosphorylation [21-23].  

Heterochromatin 

Heterochromatin is considered to be the “silent” chromatin, associated with 

very little gene activity. It is a gene-poor, condensed structure (see figure 

2A), which generally lacks mitotic recombination, is late replicating, and 

remains condensed throughout the entire cell cycle. It is usually associated 

with low levels of acetylation and high levels of some methylated sites such 

as H3K27, H4K20 and most importantly, methylation of H3K9 [21-23].  

Interestingly, the level of heterochromatinization can be affected by 

environmental factors, for example temperature changes in Drosophila 

during development; a decrease in temperature from 25˚C to 18˚C results in 

more heterochromatic silencing of gene expression, whereas an increase in 
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temperature to 29˚C results in less heterochromatic silencing [24]. Other 

factors that affect the rate of development also show similar effects. The 

highly heterochromatic Y-chromosome is known to affect the level of 

heterochromatinization; flies carrying an extra copy of chromosome Y show 

reduction in heterochromatic silencing in other parts of the genome. On the 

other hand; male flies lacking the Y-chromosome (X0) display enhanced 

heterochromatic silencing [25,26].  

About one-third of the Drosophila genome consists of heterochromatin and 

regions, which are located close to the centromeres, most parts of 

chromosome 4, and the telomere regions [27] (see figure 3A). The 

localization of heterochromatin might be important for protection of DNA 

during replication and to separate sister chromatids in mitosis. The 

pericentromeric regions and chromosome 4 are predominantly associated 

with H3K9me2, whereas the centromeric regions are most enriched in 

H3K9me3 [22,28]. The Y-chromosome, which corresponds to about 20-30% 

of the male genome (~40 Mb) in size, is also considered to be 

B 

A 

Figure 2. Heterochromatin vs. euchromatin. A) Schematic illustration of the 

difference in compaction between heterochromatin and euchromatin, and the possible role 

HP1a has in compacting chromatin into heterochromatin. HP1a binds to methyl groups on 

lysine 9 on the N-terminal tail of histone H3 (H3K9me) and forms an HP1a dimer that links 

together two adjacent nucleosomes. B) Schematic illustration of the protein-domains of 

HP1a.  
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heterochromatic and mostly contains repetitive elements and very few genes 

[29]. In addition, small regions of heterochromatin are found dispersed in 

the euchromatic parts of the genome. 

Since the amount of genomic heterochromatinization is variable and can be 

affected by factors such as temperature, it is possible that euchromatin and 

heterochromatin are highly dynamic states that are sometimes more 

transient, and sometimes more fixed, and that large heterochromatic regions 

have the role of titrating the amount of heterochromatin associated proteins. 

If the amount of heterochromatin proteins becomes too large, threatening 

the expression of the active genome, it can be redirected to heterochromatic 

regions, such as the Y-chromosome. On the opposite, if the Y-chromosome is 

missing, the amount of heterochromatin proteins in the genome becomes 

abundant, and can repress other regions. 

GREEN, BLUE, BLACK, RED, YELLOW chromatin 

The traditional view on chromatin is that heterochromatin and euchromatin 

are the two main types of structure, but it has become more and more 

evident that there are large variations also within these groups, and therefore 

a more specific classification of chromatin has been proposed [30], in which 

five principal chromatin types, defined by unique combinations of associated 

chromatin binding proteins, are specified in Drosophila: 

GREEN chromatin corresponds to “classical” heterochromatin and is 

found primarily in pericentromeric regions and on chromosome 4. It is 

defined by the presence of Su(var)3-9, HP1a (described later on in this 

thesis), as well as a couple of HP1a interacting proteins: LHR and HP6. In 

addition, GREEN chromatin is also highly and specifically enriched in 

H3K9me2. 

BLUE chromatin corresponds to PcG chromatin since it is associated with 

the Polycomb-group (PcG) proteins PC, E(Z), PCL and SCE (these are 

proteins important for maintaining silencing of specific genes during 

Drosophila embryonic development). In addition, it is highly enriched with 

the repressive histone modification H3K27me3, which is mediated by E(Z) 

and recognized by PC. The Hox gene cluster (a well-known PcG target loci) is 

found within BLUE chromatin.  

BLACK chromatin is the most abundant chromatin type, covering 48% of 

the probed genome of Drosophila. It is generally gene poor, and the enclosed 
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genes (4162 genes) are either silent or expressed at very low levels. In fact, a 

majority of the silent genes in the genome are found within the BLACK 

chromatin definition. It lacks the active histone marks H3K4me2 and 

H3K27me3 but is marked by a number of chromatin associated proteins, like 

histone H1. BLACK chromatin appears to have an active role in 

transcriptional silencing, since it has a higher ability to repress inserted 

reporter genes than the rest of the genome. 

RED chromatin and YELLOW chromatin both constitute the active 

chromatin (euchromatin) and they share several marks for active chromatin. 

Both are replicated early in S phase of the cell cycle, but characteristic for 

RED chromatin is that it tends to be replicated even earlier in S-phase and is 

strongly enriched in origin of replication complex (ORC). Apart from 

replication timing, the YELLOW chromatin differs from RED chromatin by 

being enriched in MRG15, a chromo domain-containing protein that has 

been suggested to bind to H3K36me2 and me3, [31] and YELLOW 

chromatin in general also contains more H3K36me3 than RED chromatin. 

Genes that are ubiquitously expressed over many embryonic stages and 

tissue types, such as ribosomal- and DNA repair genes and genes involved in 

nucleic acid metabolic processes, are mostly found within YELLOW 

chromatin whereas genes involve in more specific processes such as defense 

responses, signal transduction etc. are more located in RED chromatin.  

These five different types of chromatin are distributed in a mosaic around 

the entire genome, with accumulation of repressive chromatin around the 

centromeres. Although this classification is rough, it provides a more specific 

definition of different chromatin types, which often differs extensively in 

characteristics. A similar classification has been done by the modENCODE 

project, in which they defined nine chromatin states [32]. Chromatin state 7 

or the GREEN chromatin corresponds to the heterochromatin type that will 

be in focus in this thesis.  

Position-effect variegation 

A chromatin connected mechanism, which has been particularly well studied 

in Drosophila, is position-effect variegation, one of the first mutations that 

was discovered in Drosophila was white, which changes the eye color of the 

fly from the normal red into white. Muller experimented with X-ray as a 

mutagen to induce mutations and discovered an unusual and interesting 

phenotype; a fly with red and white patched eyes, i.e. variegated eyes. This 

was highly intriguing since it meant that the white gene was indeed affected 
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by the mutagenesis, but not destroyed. Had it been destroyed, every facet of 

the eye would have been white. Moreover, this variegated phenotype could 

be restored back into wildtype red eyed in some of the offspring of variegated 

parents, by again using radiation. This meant that it was no ordinary 

mutation, and to better understand this, they examined the chromosomes of 

these variegated flies and found that a chromosome breakage and 

subsequent inversion of a chromosomal segment had translocated (i.e. 

moved) the white gene into close vicinity of heterochromatin. The gene was 

thus still intact and could in principal be expressed, but the new 

heterochromatic silencing surrounding could actually spread into the white 

gene, causing varying degree of repression of the red eye pigmentation which 

results in red and white patched eyes. This phenomenon was named 

Position-effect variegation (PEV) (reviewed by [33]), since this 

phenotype was a result of a change in position of the white gene. In 

Drosophila, practically every gene examined has shown PEV when 

translocated into the vicinity of heterochromatin. PEV of the white gene in 

Drosophila has been used as a tool to identify genes involved in 

heterochromatin formation; by combining PEV flies with various other 

mutations, scientists could search for those mutations that result in an 

increase of silencing of the reporter gene, termed Enhancer of variegation, 

E(var) or in a decrease of silencing, termed Suppressor of variegation, 

Su(var). Using this method, so far about 30 different genes involved in 

modifying PEV have been isolated and characterized [33].  

Two of these genes have particular importance for the formation of 

heterochromatin and the silencing of genomic regions: Su(var)2-5, encoding 

the protein HP1a and Su(var)3-9, encoding the protein Su(var)3-9, which 

mediates a methylation mark required for HP1a targeting. I will describe 

both in more detail. 

HP1A (SU(VAR)2-5) 

HP1a (Heterochromatin Protein 1a) is the most important factor involved in 

establishing and maintaining heterochromatin by binding directly to and 

affecting the compaction level of the chromatin. A complete removal of HP1a 

using a homozygous mutant results in loss of heterochromatin and hence, 

lethality [34]. HP1a essentially functions by binding to H3K9me2 and me3 

marks and initiates a compaction of the nucleosomes. The protein is made 

up of two functionally important parts: the N-terminal chromo domain (CD), 

which mediates the interaction with H3K9me2 and me3 [35,36] [37], and 

the C-terminal chromo-shadow domain (CSD), which can interact with the 
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CSD of another HP1a molecule to create a HP1a dimer [38,39]. The two 

functional domains are connected through a hinge domain, which gives the 

protein flexibility and potentially aids in the recognition of H3K9 

methylation [40] (see figure 2B).  

HP1a binding sites in the Drosophila genome are highly associated with 

GREEN chromatin [30] and are found primarily in the pericentromeric 

region, on the 4th chromosome, and dispersed in a number of smaller 

euchromatic sites, of which cytological region 31 on chromosome arm 2L is 

the most distinct one [27,41-45]. On chromosome 4, HP1a is bound to the 

gene body (the part of the gene that is transcribed) and the promoters (the 

region which recruits transcription proteins and initiates transcription of the 

gene) of active genes [30,43-47], whereas in the pericentromeric regions, 

HP1a appears to bind in a more general manner and it spreads over tens of 

kb rather than to individual genes [45,47]. 

Interestingly, HP1a binding to the gene body is dependent on H3K9me2 and 

me3 whereas the binding peak at the promoters of the genes is methylation-

independent [45], this could indicate that HP1a binds to chromatin by two 

different binding mechanisms.  

Repressive or activating function of HP1a? 

HP1a is, as already mentioned, essential for formation and maintenance of 

the highly repressive heterochromatin, and has thus been assumed to have a 

repressive function. This view was also supported by an RNAi mediated 

knock-down of HP1a, which resulted in an increased expression of genes on 

the 4th chromosome [48,49].  

But more recently, several conflicting studies have emerged, providing 

different evidence for an activating function of HP1a; knock-down 

experiments using both RNAi [50,51], and mutation have discovered several 

euchromatic genes that, as a result of the HP1a depletion, are down-

regulated in expression [42,52-54]. This is the opposite of the effect you 

would expect given HP1a’s inhibiting properties. In addition, genes such as 

light, rolled, RpL15 and Dbp80, which are all located within the 

heterochromatic pericentromeric regions, have shown to actually depend on 

HP1a and the heterochromatic surrounding to maintain proper expression 

[55-60]. Furthermore, the existence of euchromatic binding sites of HP1a 

also indicates an association with active gene transcription [41] [47,52], 

although here, the binding seems mostly localized to the gene body rather 
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than the promoter [52] and is mostly independent on Su(var)3-9 [42]. Other 

sites with high gene activity, such as developmentally regulated genes and 

heat-shock induced chromosomal puffs, have also been associated with HP1a 

binding [52].  

All these evidence has led to an unresolved debate whether HP1a has a 

repressing or a stimulating function on gene expression, and this is an issue 

explored and discussed in paper III in this thesis. 

Isoforms of HP1 

D. melanogaster encodes no less than 5 paralogues of HP1: HP1a, HP1b, 

HP1c, HP1d/Rhino and HP1e. They are structurally similar, containing the 

conserved chromo domain and chromo-shadow domain that are separated 

by a variable hinge domain. Yet they appear to have different functions; 

HP1a is the most studied isoform and usually the one that is referred to in 

general studies of HP1 function. As described above, HP1a localizes mainly 

with H3K9 methylation and the GREEN heterochromatic regions. HP1b is 

found in both euchromatic and heterochromatic regions whereas HP1c is 

primarily localized to euchromatic regions [61], and co-localizes with 

H3K4me and RNA polymerase II (both marks for active gene transcription) 

[62]. HP1a, HP1b and HP1c are all ubiquitously expressed whereas 

HP1d/Rhino and HP1e are mainly functioning in the germline of males and 

females [63]. 

MEDIATION OF H3K9 METHYLATION MARKS 

As mentioned above, the binding of HP1a to the chromatin and the gene 

bodies of active genes requires the presence of the histone modification 

H3K9me2 and/or me3, i.e. the attachment of two or three methyl-groups to 

lysine (K) 9 on the tail of histone H3. The exception is HP1a binding to 

promoter regions, which is independent on H3K9 methylation. The proteins 

that mediates these methylations are known as histone lysine methyl 

transferases (HKMTs) and in Drosophila there are three known HKMTs; 

G9a, Su(var)3-9 and SETDB1.  

G9a 

The Drosophila dG9a protein appears to be a functional orthologue of the 

mammalian G9a, which mediates mono- and dimethylation in euchromatic 

regions [64], however, in Drosophila G9a does not appear to affect the H3K9 
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methylation patterns and is also not important for viability [65]. A role in 

germ cell formation has been proposed [66], but in general, the function of 

G9a in Drosophila remains elusive [45,65,67]. 

Su(var)3-9 

Su(var)3-9 controls H3K9me2 and me3 [68] primarily in the centromeric 

and pericentromeric regions, and is therefore important for gene silencing 

through formation of heterochromatin [69-71]. Notably, in the centromeric 

regions, Su(var)3-9 only seem to control the me3, but not the me2 [20,70].  

It actually is a rather funny coincidence that this protein happens to 

methylate H3K9, since the name 3-9 was given because the gene is situated 

on chromosome 3, and 9 was just a serial number applied during the 

screening experiment that identified it. The actual function was discovered 

much later. 

Su(var)3-9 mutants have depleted levels of HP1a and H3K9me2 in the 

pericentromeric regions and, in contrast to HP1a mutants, are generally 

viable, fertile and unaffected in germ-cell development [71]. A mutation that 

gives the protein a hyperactive function results both in stronger PEV (i.e. 

heterochromatic silencing of reporter genes), higher levels of H3K9me2 and 

me3 at the chromocenter, and also ectopic H3K9 methylation in several 

euchromatic sites. Su(var)3-9 contains a SET domain, which mediates the 

methylations, and a chromo domain, commonly associated with chromatin 

remodeling proteins  [70,71]. Both the SET domain and the chromo domain 

are required for the binding to heterochromatic sites [70]. 

The presence of Su(var)3-9 and its methylation of H3K9 in heterochromatic 

regions is a prerequisite for HP1a binding to these regions, but in fact, these 

two proteins are interdependent on each other; HP1a is essential for 

restricted Su(var)3-9 binding to heterochromatin and the two proteins can 

bind to each other through interactions between the chromo domain of 

Su(var)3-9 and the chromo-shadow domain of HP1a [70]. Furthermore, in a 

HP1a mutant background, the H3K9 methylation patterns are increased, 

particularly in euchromatic sites [20]. 

In addition to the pericentromeric regions, Su(var)3-9 binding has been 

detected on chromosome 4, but the H3K9 methylation pattern of the 4th 

chromosome is unaffected in a Su(var)3-9 mutant, so the function of 

Su(var)3-9 here is still unknown [20,45]. Furthermore, in contrast to 

Su(var)3-9 binding to pericentromeric regions, it appears as if Su(var)3-9 
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does not require the SET domain and the chromo domain to bind to 

chromosome 4 [70].  

SETDB1 

The other HKMTs that mediates H3K9me2 and me3 in Drosophila is 

SETDB1 [45,54,72-74], which is encoded by the gene Setdb1 (also named 

eggless or egg) [64]. Su(var)3-9 and SETDB1 appear in principle to be 

complementary and are responsible for H3K9 methylation in different 

regions. So whereas Su(var)3-9 mediates H3K9 methylation in the 

pericentromeric regions, SETDB1 is mainly responsible for mediating H3K9 

methylation on chromosome 4 [45,72], although it has also been suggested 

to mediate H3K9 methylation at some euchromatic sites [72]. In a Setdb1 

mutant, H3K9 methylation and HP1a binding is impaired on chromosome 4, 

but not in pericentromeric regions [73]. 

More specifically, SETDB1 methylates the gene body of active genes on 

chromosome 4 [45], and in a Setdb1 mutant, HP1a binding to the gene body 

of chromosome 4 active genes is impaired, while HP1a binding to the 

promoters is still unaffected [45]. 

SETDB1 contains a methyl-CpG-binding domain (MDB), which seems able 

to recruit deacetylase (HDAC) complexes [75] and a PreSET/SET domain, 

which mediates the methylation function [64,73,74]. SETDB1 is essential for 

female fertility [74,76,77] by mediating H3K9me3 in germ cells and somatic 

cells of the germarium, and early stages of egg chamber require SETDB1 for 

proper formation [74]. There are some results that indicate that in the germ 

cells, SETDB1 is the only active HKMTs and is therefore responsible for 

mediating the H3K9 methylation in the pericentromeric regions (instead of 

Su(var)3-9), and then in a later stage of the oogenesis, this function is 

transferred to Su(var)3-9 [76].  

In addition to the pericentromeric regions and chromosome 4, H3K9 

methylation is also detected at telomeres and at some euchromatic sites, but 

neither Su(var)3-9 nor SETDB1 appear to be involved in establishing these 

marks, indicating the presence of additional unknown HKMTs [20,70]. 

HETEROCHROMATIN FORMATION 

Once H3K9me2 and me3 has been established by either SETDB1 or 

Su(var)3-9, they function as docking sites that recruit HP1a [35,36,78,79] 
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through an interaction between the H3K9me2 or me3, and a hydrophobic 

pocket in the HP1a N-terminal chromo domain (CD) [35,36,80]. Two 

adjacent nucleosome-bound HP1a molecules can interact with each other’s 

C-terminal chromo-shadow domain (CSD) to form an HP1a dimer [39], 

which causes two HP1a bound nucleosomes to be linked tightly together [38] 

(see figure 2A). Depending on regions, Su(var)3-9 or SETDB1 is then 

believed to interact with the CSD of the bound HP1 [70] to promote further 

methylation of the neighboring nucleosome, forming a new binding site for 

HP1a and thus, initiate a spreading mechanism that will cause the chromatin 

to become condensed and inactive. 

For euchromatin to be heterochromatinized, specific de-methylation, de-

acetylation and de-phosphorylation reactions need to take place within the 

euchromatin, and this process seem to begin with the de-acetylation of H3K9 

by the enzyme HDAC1 [81]. HDAC1 and Su(var)3-9 have been shown to 

associate in vivo, and could thus provide extra complexity to the process of 

heterochromatin formation [69]. 

Heterochromatin formation and RNA interference 

In a number of eukaryotes, RNAi is involved in heterochromatin formation. 

For example in S. pombe (fission yeast), RNAi is required for spreading of 

H3K9 methylation into reporter genes that have been inserted into 

heterochromatic regions [82]. RNA interference or RNAi was originally 

identified as a mechanism involved in post-transcriptional regulation and 

defense against for example retroviral infections. It is also believed to be 

involved in post-transcriptional silencing of transposable elements. The 

RNAi mechanism regulates the levels of RNA transcript in several steps; first 

a group of proteins known as the dicer family targets and cleaves dsRNA into 

short segments of 21-30 nucleotides, called small interfering RNAs (siRNA). 

These siRNAs are then binding to argonaute proteins to form the RISC (RNA 

Induced Silencing) complex. The siRNA will base pair with complementary 

transcripts and hence, guide the RISC complex to degrade it.  

Recently, an RNAi mediated guidance mechanism for targeting of chromatin 

remodeling factors to heterochromatic sites has been proposed in 

Drosophila, in which the protein Piwi (part of the argonaute protein family) 

associates with, and utilizes various different piRNAs (Piwi-interacting 

RNAs) to target piRNA complementary sites within heterochromatic regions, 

and then recruiting HP1a and Su(var)3-9 to these sites to induce 

heterochromatinization. The involvement of the RNAi machinery and small 



INTRODUCTION 

 

 

16 
 

interfering RNAs may explain the lack of sequence recognition domains in 

the chromatin remodeling proteins [83].  

Transposons 

Transposons or transposable elements (TE) are found in both eukaryotic and 

prokaryotic genomes and are highly associated with heterochromatic 

regions. They constitute a very special type of DNA sequences, also known as 

“selfish” elements or as “jumping” genes [84]. Transposable elements can 

have the ability to self-replicate and to change position within the genome, 

some of them carry within them genes encoding proteins such as 

transposases, which can cut and paste the transposon between genomic sites 

(DNA transposons), other TE transcribe RNA which is converted into DNA 

by a reverse transcriptase, and then inserted into new genomic sites 

(retrotransposons). In active state, these elements can potentially cause 

severe damage if the insertion site happens to be within an essential gene. 

Fortunately, most TE are silent, either due to disruption of their important 

genes, or by silencing mechanisms that have evolved in the host genome as a 

response to the deleterious effects of active TE [85]. In humans for example, 

RNA interference is important for silencing of transposons; small RNAs 

from the transposon sequence are incorporated into the RISC complex, 

which then can target and repress all the copies of that particular TE [86]. 

Chromatin modifications also appear to be involved in the repression of TE; 

a big proportion of HP1a and H3K9me3 binding is reported to occur to 

transposons and repeated elements, where they co-localize with each other. 

Transcription activity marks (such as H3K9ac and RNA Polymerase II) on 

the other hand, are more or less absent [44], showing that most transposons 

in Drosophila, with few exceptions, are transcriptionally silent and that 

HP1a is suggested to be involved in this silencing [87] by binding to 

Su(var)3-9 mediated H3K9me3 marks [88].  

Over the course of evolution, silenced TE seem to have accumulated within 

heterochromatic regions, and about 77% of Drosophila heterochromatin (or 

about 30% of the entire Drosophila genome) consists of transposable 

elements or repeated regions [89], and organisms with larger genomes, for 

example humans or maize consists of as much as 45% and 75% transposons 

respectively, in the entire genome [82]. 

If these elements become active and change positions, they sometimes bring 

part of the surrounding genome along for the ride. This of course can be very 
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deleterious to a cell, but also, can be a driving force for evolution, and 

Drosophila genetic researchers are often utilizing this feature to create 

disruptions of genes or genomic segments for studies of gene function.    

WHY USE DROSOPHILA AS A MODEL ORGANISM?  

General information about the fruit fly 

Drosophila melanogaster, or fruit fly, is a black and yellow fly with bright 

red eyes, which is usually found around the fruit section in grocery stores, or 

in the kitchen of your average student habitat. With a humble size of only 2.5 

mm, it might appear very insignificant, or at most, slightly annoying. But in 

fact, the fruit fly is very valuable for many researchers and it has been used 

as a genetic model organism for more than 100 years (Thomas Morgan Hunt 

began to use them for heredity studies around 1910). It became a popular 

model organism for many different reasons; the most obvious is that they are 

easy and cheap to cultivate and don’t require much space, and with a 

generation time of about 10 days at room temperature, you can study several 

generations within a few weeks. Genetically they also have several useful 

traits; the complete genome of D. melanogaster was sequenced and first 

published in 2000 [90]. They have nearly as many genes as humans, about 

15 000 genes (compared to 20 000 in humans) and about 75% of human 

disease genes have homologues in the genome of Drosophila [91], yet the 

size of its genome is substantially smaller and easier to handle, about 260 

Mb (2.6 x 108) (according to Drosophila annotation release 5) divided 

between just four pairs of chromosomes (to compare with the human 

genome which is about 6 x 109 bp divided between 23 pairs of 

chromosomes). The genome consists of one pair of sex chromosomes: XX or 

XY, and three pairs of autosomal chromosomes: chromosome 2, 3 and 4, of 

which chromosome 2 and 3 are each divided into two chromosome arms, left 

and right, separated approximately in the middle of the chromosome by the 

centromere (they are more specifically named chromosome 2L, 2R, 3L and 

3R) (See figure 3A). 
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The Drosophila males are lacking meiotic recombination, and this facilitates 

genetic crosses, and because the fly has been used as a model organism for so 

many years, a great deal of genetic tools have been developed which are now 

readily available for many different uses. For example, genetic markers such 

as genes for eye color, body- and wing features etc., which makes it visibly 

possible to keep track of the genetic contents of the fly. “Balancer 

chromosomes” also exist, which are chromosomes with multiple inversions 

that makes it possible to uphold fly strains containing recessive lethal alleles 

of genes of interest, which would otherwise quickly vanish from the strain.  

Figure 3. The genome of Drosophila melanogaster A) The genome consists of two 

pairs of large autosomal chromosomes, 2 and 3 (blue), both divided into left and right arms 

separated by the centromere (black dot), one pair of the small autosomal chromosome, 4 

(red), and one pair of sex chromosomes, X (green) and Y. The grey areas represent the major 

heterochromatic regions primarily consisting of the telomeres (the tip of the chromosomes), 

the whole Y-chromosome, parts of chromosome X, most part of chromosome 4, and the 

pericentromeric regions (the grey areas around the centromere of chromosome 2 and 3). B) A 

polytene chromosome from a male Drosophila, where the DNA is stained with blue and the 

two chromosome-wide regulatory systems MSL and POF are stained in green and red 

respectively. The heterochromatic areas, shown in grey in (A), are not endoreplicated and are 

therefore not visible in a polytene chromosome. 

B 

A 
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Specific advantages of fruit fly in epigenetics 

However, there are two specific properties that are unique for the fruit fly, 

which makes them specifically good as a model organism for my work: 

Polytene chromosomes 

One specifically useful feature of Drosophila, when it comes to studying 

chromatin binding proteins, is their polytene chromosomes. These are 

extremely large chromosomes found primarily in the salivary glands of third 

instar larvae of Drosophila and other dipteran (two-winged) insects. The 

purpose of these giant chromosomes is believed to be to increase expression 

of proteins that are needed for pupation. The polytene chromosomes are 

formed through repeated rounds of DNA replication, but instead of the 

normal division into two cells, the cell grows in size and the sister 

chromatids remain synapsed together, forming a chromosome consisting of 

multiple copies (in Drosophila sometimes up to 1024 copies) adjacent to 

each other (a process known as endoreplication). As a result, a very long and 

thick chromosome (see figure 3B) is easily seen in microscopes and it is very 

good for immunostaining and in situ hybridization, which allows 

visualization of the binding sites of proteins and RNAs. 

Two chromosome-wide regulatory systems  

The second thing that makes Drosophila good for studies of chromatin 

associated and chromosome-wide gene regulation, is that it has two known 

chromosome-wide gene regulatory mechanisms; the MSL complex, which 

decorates the male X-chromosome and mediates dosage compensation, 

and POF, a chromosome 4 specific stimulating protein (see figure 3B). POF 

is the first and only autosome-specific gene regulatory protein reported in 

any organism to this day and therefore makes Drosophila unique compared 

to other model organisms. I will go through these two mechanisms in detail:  

DOSAGE COMPENSATION  

General  

In many organisms, sex is determined by the combination of the sex 

chromosomes X and Y. Females have the combination XX and males have 

the combination XY. These two chromosomes differ substantially in their 

genetic content. The Y-chromosome mostly consists of heterochromatin and 
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repetitive elements and very few genes, in mammals about 80 protein-

coding genes [92], out of which the most important one is the key gene in 

male sex determination, SRY [93]. The Drosophila male Y-chromosome is 

entirely heterochromatic and contains even fewer genes, between 12 to about 

20 genes, of which several have suggested male related functions, but unlike 

the mammalian sex determination, the Drosophila Y-chromosome is not the 

key factor for male determination, but rather for fertility.  

The Y-chromosome originally started out as a homologue to the X-

chromosome, the proto-Y, but over the course of evolution, the proto-Y-

chromosome has degenerated in the heterochromatic Y-chromosome, 

leaving only a few genes and a small region of homology so that X and Y can 

pair during cell division [29,94]. This means that an imbalance in X-linked 

genes has occurred between the sexes (♂X: ♀XX) which need to be 

compensated for. This is achieved by a dosage compensating mechanism, 

which has the purpose of equalizing the gene expression from the X-

chromosome between males (XY) and females (XX) (see figure 4). Different 

organisms have evolved different dosage compensating mechanism [95], but 

I will focus on the mechanisms in mammals and in Drosophila.  

In mammals  

Mammals have evolved a mechanism in which one of the two female X-

chromosomes, Xi, in each cell is randomly inactivated after a few rounds of  

Figure 4. Dosage compensation. The left part illustrates the problem with uneven X-

chromosome numbers between males (one copy) and females (two copies), and the uneven 

ratio between the X-chromosome and the autosomes (two copies of each autosome) in 

males. This is in mammals compensated by an inactivation of one of the female X-

chromosomes, by condensing it into a compact Barr body (small dot), but also by doubling 

the expression of the X-chromosome in both sexes to equalize the X:A ratio. In Drosophila, 

dosage compensation is mediated by restricting the doubling in expression of the X-

chromosome to males.  
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cell division in the embryo [96], and condensed into a small, highly compact 

element called the Barr body [97]. Females are thus mosaics for two cell 

types that express one or the other X-chromosome. Only a few Xi-bound 

genes escape the inactivation and are still expressed from the Barr body [96].  

The X inactivation occurs early during embryogenesis and is initiated by 

transcription of the 19 kb long non-coding RNA Xist, from an inactivation 

center on the X-chromosome destined for inactivation. The Xist RNA 

spreads in cis to cover the entire length of the X-chromosome [98,99] [100], 

and initiates the silencing process, possibly by functioning as a platform for 

recruiting repressive complexes (Polycomb complexes) [101]. Transgenes of 

Xist placed on autosomes can induce spreading of Xist and different degrees 

of gene silencing of autosomal genes surrounding the insertion site [102]. 

Evidence suggests that HP1 is involved in the process of inactivating the X-

chromosome in humans [103].  

Up-regulation of mammalian X-chromosome 

The inactivation of one of the female X-chromosomes solves the problem 

with unbalanced sex chromosome ratio between males and female, however, 

one additional problem remains with this model; the single active X-

chromosome in both males and females is out-numbered by the autosomal 

chromosomes, which are all present in two copies. This leads to an 

unbalanced X to autosomes ratio of 0.5-1, and the transcriptional output 

from the single X-chromosome will thus be too small compared to the 

transcriptional output from the autosomal chromosomes.  

This problem appears to be solved by a doubling of the expression from the 

X-chromosome in males and from the active X-chromosome in females 

[102,104-106] (See figure 4). Up-regulation of mammalian X-chromosome 

has been detected in several species including human, primates, rat and 

mouse, and microarray studies have shown that the X:autosome 

transcriptional output is close to 1 in most somatic tissues from both males 

and females [104-107].  

In fact, it is likely that up-regulation of the X-chromosome actually began to 

evolve first, to balance the X to autosome ratio when the proto-Y in males 

was gradually degenerated, and that the X-inactivation in females followed 

as a response to the hyper-activation of the X-chromosome, which would be 

unfavorable for females already possessing two X-chromosomes [108].  
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Very recently, an additional long non-coding RNA, XACT, has been 

discovered in a pluripotent human cell line. XACT coats the length of the 

active X-chromosome in females as well as in males in a similar fashion to 

the Xist covering of the inactive Xi-chromosome [109], indicating that this 

non-coding RNA might be involved in the mechanism that up-regulates the 

active X-chromosome in males as well as females. In absence of Xist, the 

XACT RNA is expressed from, and covers the length of both X-

chromosomes. 

However, it should be noted that mammalian X-chromosome up-regulation 

is a controversial issue and some studies claims that up-regulation of the 

mammalian X-chromosome does not exist at all [110]. 

In Drosophila  

In Drosophila, dosage compensation is achieved by a two-fold up-regulation 

of the male X-chromosome (see figure 4) [108], and this hyper-activation is 

mediated at least to some extent by a male-specific ribonucleoprotein 

complex, called the Male-Specific Lethal (or MSL) complex. The MSL 

complex decorates the entire length of the male X-chromosome, by binding 

to hundreds of distinct sites (shown by cytological studies on polytene male 

X-chromosomes) (see figure 3B), and mediating H4K16 acetylation [111]. 

The proteins of this complex are, as implied by their name, essential for 

viability in males but not in females and males lacking any one of the MSL 

proteins will die during larval stage [95]. The complex consists of at least five 

different proteins, MSL1, MSL2 and MSL3, MLE, and MOF and two non-

coding RNAs (ncRNAs), roX1 and roX2.  

MSL1 

MSL1 (Male-Specific Lethal 1), together with MSL2, appears to function as a 

backbone for the assembly of the complex, and MSL1 can independently 

interact with MSL2, MSL3 and MOF [112,113]. Evidence suggest that the C-

terminal domain (also called the PEHE domain) of MSL1 interacts with 

MSL3 and MOF [114], and that a coiled-coil N-terminal domain of MSL1 

interacts with a RING finger domain of MSL2 [115,116]. It has been 

suggested that two MSL1 proteins initially form a dimer that is essential for 

the MSL complex to assemble, recognize- and spread on the X-chromosome 

[117].  
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MSL2 

MSL2 (Male-Specific Lethal 2) is the limiting component which stabilizes the 

entire MSL complex; without MSL2 no complex is formed and in contrast to 

the other components of the MSL complex, the MSL2 protein is only 

expressed in males. The absence of MSL2 is also what prevents the MSL 

complex from being formed in females, because the expression of MSL2 in 

females is blocked at the level of translation by the female specific sex-lethal 

(SXL) protein, thus, the remaining proteins expressed in females cannot be 

assembled into a functional MSL complex. If ectopic expression of MSL2 is 

induced in females, an MSL complex is formed and hyper-activates the 

female X-chromosomes, leading to severely impaired viability [118-121]. 

MSL2 is a RING finger containing protein, meaning that it can potentially 

bind to DNA [118,119,122]. An additional MSL2 regulating mechanism has 

been proposed for male Drosophila, in which non-chromatin- associated 

MSL complexes bind to msl2 mRNA in males. This blocks the translation 

into MSL2 proteins and allows a fine tuning of the amount of functional MSL 

complex, by feedback regulation of the rate-limiting component [123]. 

MSL3 

MSL3 (Male-Specific Lethal 3) contains an N-terminal chromo domain, a 

common domain within chromatin remodeling proteins [124], which is 

needed for interacting with H3K36me3 on the nucleosomes of active genes. 

MSL3 and MOF interact together and MSL3 must be acetylated by MOF at a 

single lysine residue close to its chromo domain (at lysine 116) to be properly 

included in the MSL complex [125]. 

MLE 

MLE (Maleless) is an ATP-dependent RNA/DNA helicase, which means it 

has the capacity to unwind DNA or double-stranded RNA by breaking the 

hydrogen bonds between the two strands [126]. It is weakly associated with 

the MSL complex [115,127], and the association of MLE with the X-

chromosome is sensitive to RNase treatment [128]. MLE interacts with the 

roX RNAs, and this interaction appears to be necessary for both of them to 

be incorporated into the MSL complex [129-131]. MLE has an ATPase 

activity, which means it catalyzes the release of energy by de-

phosphorylating ATP into ADP, and this activity appears to be sufficient for 

transcriptional activation, whereas the helicase activity is required for the 

spreading of the MSL complex along the X-chromosome [132]. Additional 
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function of MLE has also been proposed, in which it binds to newly 

transcribed RNAs from the X-chromosome, and in this way it can direct the 

MSL complex to active genes [128,133,134].  

MOF 

MOF (Males absent On the First) is a histone acetyltransferase (HAT) and it 

specifically acetylates lysine 16 on histone H4 (H4K16), which is important 

for the up-regulation of the X-chromosome [111,135,136]. The presence of 

H4K16 acetylation does not appear to be directly involved in targeting or 

spreading of the complex, since none of the components of the MSL complex 

have any known domain for recognizing this modification. It thus seems 

more likely that this modification facilitates spreading by opening the 

chromatin structure, and thus, increasing the accessibility of the MSL 

complex [137]. Unlike the other MSL proteins, MOF is encoded on the X-

chromosome. 

MOF is the only MSL component that is also found associated with 

autosomal chromosomes [137,138], and it appears to be part of a non-X-

specific complex called the NSL (Non-Specific Lethal) complex, which 

targets promoters of constitutively expressed genes (housekeeping genes), 

on both the X-chromosome and on autosomes in males and females. It 

appears to be involved in the recruitment of RNA Pol II and the pre-

initiation complex to the promoters of the targeted genes [139,140]. 

However, in presence of the MSL complex, the catalytic activity of MOF is 

mostly constrained to the X-chromosome [141]. 

roX1 and roX2 

roX1 and roX2 (RNA on the X1 and 2) are two non-coding RNAs essential for 

proper targeting of the MSL complex. They are both encoded on the X-

chromosome, at cytological section 3F3 and 10C7 respectively. These two 

ncRNAs are very different in size and primary sequence, roX1 is 

approximately 3.7 kb in length whereas roX2 is only 0.6 kb in length. They 

only share one similar, 30 bp long sequence [142]. Despite these differences, 

roX1 and roX2 have redundant functions, meaning that deleting one of these 

two still creates a fully functional MSL complex, but deleting both is lethal to 

males, with a few sterile escapers (in contrast to mutants of the other 

components of the MSL complex which have no escapers). In these flies, 

both the MSL complex and histone 4 acetylation are relocated to autosomal 
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sites [143,144]. This creates interesting questions about the function of these 

ncRNAs in the MSL complex.   

The MSL complex binds to these two genes, and it has been suggested that 

the MSL complex is incorporating the synthesizing roX RNAs at the site of 

transcription, because autosomal transgenes of roX can induce spreading of 

MSL binding at about a 1-2 Mb region surrounding sites of insertion 

[145,146], and both roX RNAs are rapidly degraded if they do not associate 

with the proteins of the complex [131]. Autosomal roX transgenes can also 

rescue roX mutants which would otherwise die [144].  

High affinity sites and spreading of DCC 

It is known that the MSL complex binds to active genes on the male X-

chromosome, rather than over stretches of genomic regions (thus resulting 

in the re-occurring banded pattern) (see figure 3B), and MSL1 and MSL2 

forms the core of the complex that initially targets about 200 reproducible 

sites distributed over the length of the chromosome. These sites have been 

named High affinity sites (HAS) or chromatin entry sites (CESs) 

[120,145,147-151] The MSL1- MSL2 core serves a platform on which the 

additional proteins and ncRNAs assembles into a functional MSL complex, 

which then can spread to cover the remaining non-CES targeting sites on the 

X-chromosome. MSL3, MLE and MOF and at least one of roX1 or roX2 are 

all required specifically for MSL spreading from the CES [144,149,151]. The 

genes encoding roX1 and roX2 are furthermore two of the strongest CES for 

the MSL complex and were the first CESs to be discovered [130]. CES 

inserted into autosomal sites can induce short-range spreading to the 3’ end 

of flanking genes surrounding the site of insertion [148]. 

Targeting mechanisms of the MSL complex 

One very important question is how the dosage compensation mechanism is 

able to distinguish the genes of the X-chromosome from the other 

chromosome, and there are two main models for the targeting of MSL: the 

transcription model and the sequence model. 

The transcription model argues that MSL targeting depends on gene 

activity, because the MSL complex is highly associated with active genes: 

about 75% of all active genes on the male X-chromosome are bound by the 

MSL complex; and about 80-90% of genes bound by the MSL complex are 

associated with active chromatin marks, such as the transcription-associated 
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H3K36me3 mark [146,152,153]. If the chromo domain of MSL3 is disrupted, 

the MSL complex is not able to spread further than about 1 kb away from a 

CES, which indicates that the recognition of H3K36me3 by MSL3 is involved 

in spreading of the complex [154]. It is also known that the complex can 

spread from an ectopic CES into active genes with no X-specific sequence 

(i.e. translocation of CES to autosomes can induce spreading) 

[145,146,154,155], and that autosomal genes inserted onto the X can be up-

regulated [156,157]. Also, non-dosage compensated X-bound genes can start 

recruiting MSL upon activation [158]. Furthermore, it is interesting that even 

though the dosage compensation seems to depend on H4K16 acetylation 

mediated by MOF, many more genes (nearly all active genes) are acetylated 

than are bound by the MSL complex [159] and more active genes also appear 

to be dosage compensated than are bound by the MSL complex [105]. 

The sequence model on the other hand claims that the MSL complex 

recognizes chromosome X specific sequences; sequence composition analysis 

(i.e. searching for enrichment of specific types of sequences) of the X-

chromosome in Drosophila have revealed that the X is enriched for simple 

repeat sequences, making it different from the autosomal chromosomes 

[160,161]. Motif search in previously defined CES [162,163] has furthermore 

identified a 21 bp long, GA-rich motif enriched in MSL binding, this motif is 

named MSL recognition site (MRE) [148]. Sequence motif have also been 

suggested by [153,164], although they do not perfectly predict the MSL 

binding. 

However, it is likely that the targeting mechanism is actually a combination 

of these two models, so that the MSL complex first recognizes specific 

sequences in the CES, and then spreads to nearby genes based on chromatin 

marks for active transcription [146]. It has also been suggested that the 

secondary spreading mechanism as well could depend on sequence-

specificity [165]. 

Mechanism behind the X-chromosome up-regulation 

The MSL complex binds mainly to the gene body of active genes, with a 

preference for the middle part and the 3’ end of the genes [152,153]. In 

contrast to many transcriptional regulators, it does not bind to promoters. 

The 3’ end binding bias is observed for many factors that regulate 

transcription elongation, and this suggests that the MSL complex is 

important for functions such as transcriptional elongation or recycling 

of the polymerase back to the promoter [152,153] [166]. However, recently 
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this 3’ bias was suggested to depend on the fact that the 3’ end usually 

contains longer exons, and that the MSL complex rather binds with an exon 

bias than a 3’ bias [147]. The H4K16 acetylation mediated by the MSL 

complex on the X-chromosome is also said to be responsible for hyper-

activation by loosening up the chromatin structure and thus allowing easier 

transcription initiation [167], or enhanced transcription elongation [168].  

However, it is relevant to keep in mind that although the X-chromosome in 

males is hyper-activated about two times, i.e. has an expression level in 

range with that of the autosomes, the up-regulation mediated by the MSL 

complex actually only counts for about a 1.4-fold hyper-activation [169-173]. 

This indicates that another compensating mechanism exists as a 

complement to the MSL complex.  

PAINTING OF FOURTH (POF)  

For a long time, the concept of chromosome-specific gene regulation was 

ascribed only to sex chromosomes and dosage compensation mechanisms; 

however, with the discovery of a particular protein that seemed to only bind 

to the small 4th chromosome in Drosophila, this view was challenged. This 

protein was named Painting of Fourth, or POF [174]. POF binds to the 

distal section of the fourth chromosome and is so far the only described 

chromosome specific protein that binds to an autosome (see figure 3B). The 

Pof gene is located in region 60E on chromosome 2R and it encodes a 495 

amino acid long protein containing a predicted RNA-binding domain 

(RRM1) in the central part of the protein [174].  

Specifically, POF targets the gene body of active genes on the 4th 

chromosome and has a strong preference for exons, with a tendency for a 

stronger binding at the 3’ end [46,48,175], and it is responsible for 

stimulating expression to similar levels as the MSL complex. A Pof mutant is 

viable but has a significant general reduction of chromosome 4 gene 

expression [48]. 

The binding of POF is quite specific for the 4th chromosome because partial 

translocation of chromosome 4 onto the tip of other chromosomes cannot 

recruit POF, nor can POF binding spread into regions of other autosomes 

that are translocated onto the tip of the 4th chromosome [174]. 
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Chromosome 4 

The 4th chromosome of Drosophila is unique and differs from the other 

chromosomes in several ways; the most obvious difference is the size; the 4th 

chromosome is very small, its total length is estimated to be 4.5-5.2 Mb or 
about 3.5% of the genome (see figure 3A) [176]. Secondly, even though it 

contains about 92 genes, it is considered to be a mixture of both euchromatic 

and highly heterochromatic regions. The entire 4th chromosome displays 

heterochromatic features such as late replication [177] and no meiotic 

recombination, and the proximal part of this chromosome, which also 

constitutes the majority of the length (about 3-4 Mb), is a highly condensed, 

completely heterochromatic structure. The proximal region is under-

replicated in polytene tissue (i.e. does not go through endoreplication and is 

therefore not visible in polytene chromosome), mostly consists of simple 

satellite repeats and does not contain any known genes [178].  

The remaining 1.23 Mb of the 4th chromosome constitutes the polytenized 

distal part, which roughly corresponds to the banded region visible in 

polytene chromosomes (cytological sections 101E-102F). The 92 genes 

associated with the 4th chromosome are all found within this banded section, 

giving it a gene density close to that of the major chromosome arms. 

However, this region also has several properties typical of heterochromatin: 

the genes are interspersed with a mix of unique sequences, repetitive- and 

transposable elements [179-182], and it is associated with the 

heterochromatin inducing proteins HP1a, SETDB1 and the histone 

modification H3K9me. It also has the capacity to induce variegated 

repression on inserted reporter genes in a way that is typical of 

heterochromatin position-effect variegation (PEV) [183]. 

So this gene-containing section of the chromosome is actually a mixture of 

euchromatin and heterochromatin [180], and this means that the active 

genes on the 4th chromosome have to be able to uphold expression within a, 

in many aspects, repressive environment [184,185]. It is even so that the 

ability of POF to bind chromosome 4 depends on this heterochromatic 

background; increasing the compaction of heterochromatin, by decreasing 

the temperature or removing the Y-chromosome, can results in binding of 

POF to a translocated 4th chromosome [48]. This makes the 4th chromosome 

a very interesting model for studying heterochromatin and its effects on gene 

expression. 
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Haplo-4th lethality and POF 

One very interesting feature of the 4th chromosome is that it is the only 

autosome in Drosophila that can exist in only one copy, without causing the 

flies to die, i.e. it is haplo-viable [178]. But if you combine a haplo-4th 

condition with a Pof mutation (which on its own does not cause lethality), 

the flies apparently can no longer sustain sufficient chromosome 4 

expression and die. Therefore, it seems as if POF is essential for maintaining 

chromosome 4 gene expression in flies which are deficient in chromosome 4 

dose [48].  

Balanced regulation of chromosome 4 genes by POF and HP1a 

Interestingly, the binding of the stimulating protein POF and the repressing 

protein HP1a to the distal, euchromatic part of chromosome 4 genes overlap 

almost perfectly and they both bind with a preference for exons of the active 

genes [45,46,48]. Furthermore, the binding of the two proteins appears to be 

interdependent on each other; if HP1a is absent, POF is released from the 4th 

chromosome and if POF on the other hand is absent, the HP1a binding to the 

4th chromosome is reduced; although, this reduction is less pronounced [48]. 

This was, however, contradicted by a recent study showing that POF binding 

is essentially unaffected in an HP1a mutant [54], but either way, they still 

bind to essentially the same genes, and the opposing effects on gene 

transcription suggest a system in which the expression of chromosome 4 

genes is fine-tuned by a balancing mechanism between HP1a and POF, in 

which POF provides a stimulatory function and HP1a provides a repressing 

function [48].   

Importantly, there is an exception to the overlap between POF and HP1a 

binding to the distal section of 4th chromosome, and that is the 

uncharacteristic H3K9me-independent HP1a binding to the promoters, 

which are not targeted by POF [45,46]. In line with the fact that POF only 

correlates with H3K9me-dependent HP1a binding; POF is also suggested to 

interact with SETDB1, and the H3K9 methylation pattern on chromosome 4 

is impaired in a Pof mutant, suggesting that the proper function of SETDB1 

depends on the presence of both HP1a and POF at the gene bodies [73]. 

Evolutionary links between POF and the MSL complex 

The apparent requirement of POF to maintain sufficient chromosome 4 gene 

transcription in a haplo-4th condition gives POF a whole-chromosome 
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regulatory function, reminiscent of the dosage compensation system of the 

male X-chromosome. The stimulating potential of POF and the MSL 

complex are also comparable to each other. But there are also other 

evolutionary aspects connecting POF and chromosome 4 to the MSL 

complex and the X-chromosome: the binding of POF to chromosome 4 (also 

known as the F element) is evolutionary conserved in several different 

species of genus Drosophila (for example in D. virilis which diverged from 

D. melanogaster about 39 million years ago [186]). And in some species, like 

D. ananassae and D. malerkotliana, POF in fact decorates the entire male 

X-chromosome and co-localizes perfectly with the MSL complex.  

Furthermore, in D. busckii, where POF not only binds to the X-chromosome, 

but where the entire F element is actually fused to the X-chromosome, there 

is no apparent MSL complex (i.e. no complex that is detectable with a D. 

melanogaster MSL-antibody), instead, POF is decorating the X-

chromosome in males, but not females, and this binding co-localizes with 

H4K16 acetylation (which is characteristic for D. melanogaster dosage 

compensation of the male X). This suggests that POF and the MSL complex 

are evolutionary connected [187]. It is noteworthy that of the tested relatives 

of D. melanogaster within genus Drosophila, D. busckii is also the most 

distant relative that contained POF, and this suggests that POF might have 

originated as an early form of dosage compensating mechanism for up-

regulating the male X-chromosome [46,48,172,174,187,188]. 

Moreover, in similarity with the X-chromosome, chromosome 4 seems to 

have “female tendencies”, meaning that in intersexes with a 2X:3 autosome 

ratio, an increase in chromosome 4 dose will lead to female development, 

whereas a decrease in dose will lead to male development [189,190]. 

Furthermore, three copies of the 4th chromosome increase the frequency of 

chromosome X nondisjunction, which indicates that chromosome 4 

sometimes pairs with the X-chromosome during meiosis [191].  

Do other compensating systems exist? 

I have discussed the highly evolved mechanisms for compensation of sex 

chromosomes that aim to equalize expressional output between the X-

chromosomes of XX:AA females and X:AA males, as well as the equalization 

between the autosomes and the single X-chromosome ratio in mammals. 

POF, and the up-regulation of chromosome, 4 presents the so far first 

described autosome specific regulating protein, and this facts gives rise to 

the perhaps not very far-fetched question: are there other similar 
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mechanisms for compensating un-balanced autosomal regions in general? 

Unbalance in genome copy number is generally referred to as aneuploidy, 

and this is not at all an uncommon phenomenon in nature, so aneuploid 

genomes can provide good models for investigating autosomal compensatory 

mechanisms. I will first explain the concept of aneuploidy, and its general 

effects and consequences: 

ANEUPLOIDY 

Aneuploidy and segmental aneuploidy refers to a state in which one or 

more chromosomes or chromosome segments are present in abnormal copy 

numbers. The normal chromosome copy number for many species, including 

mammals and Drosophila, is two, meaning that all chromosomes (and 

hence, all genes) are present in two essentially identical copies, one set is 

inherited from the mother and one set is inherited from the father. The 

exception is the sex chromosomes, which are unequally distributed between 

the sexes. Aneuploidy is defined as loss or gain of one or more (but not all) 

chromosomes, giving a chromosome number that is not an exact multiple of 

the haploid number. This is slightly different from polyploidy, in which the 

cell or organism carries three or more complete sets of chromosomes. This 

phenomenon is frequently found in nature as the normal chromosome set up 

of many plants and some animals, including a few specific human cell types.  

Aneuploidy usually occurs during meiosis: Normally, when chromosomes 

are being duplicated, the two copies of the chromosomes are equally 

distributed to the two daughter cells, so that the total number of 

chromosomes is maintained in the cell line. But if you have errors in the 

chromosome segregation, chromosome copies can be lost or an extra copy 

can be obtained (aneuploidy states which more specifically are termed 

monosomy and trisomy, respectively). If the segregation problem is 

combined with double strand breaks of the chromosome, it might lead to 

segmental aneuploidy.  

Cancer, developmental diseases and aneuploidy 

Aneuploidy in humans in most cases lead to fetal abortion at early 

developmental stages and is actually the leading cause of miscarriages in 

humans [192,193]. It is predicted that over 10% of human oocytes are 

aneuploid, although these oocytes rarely give rise to viable offspring [194]. 

However, in cases where the offspring is viable, the copy number defects 

always give rise to developmental abnormalities and a reduction in fitness 
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occurs in all species studied [193,195-200]. Most mental retardations in 

humans are caused by aneuploidy [196,201], for example trisomy 21 (Down 

syndrome) which is an extra copy of the relatively small chromosome 21 in 

humans. As can be expected, the severity of the associated defects of 

surviving individuals with aneuploidy can to some degree be correlated with 

the length of the aneuploidy region, and in general, segmental trisomies are 

better tolerated than segmental monosomies [195,197,200].   

In addition to developmental abnormalities, aneuploidy is one of the 

hallmarks of cancer, and tumors often contain extensive aneuploidy, with 

gain or loss of multiple chromosome copies or segments of chromosomes 

[201]. This is very contradictory with the nature of aneuploidy, since this in 

normal cases is deleterious to a cell and to organisms as a whole. So the fact 

that tumor cells survive these deleterious chromosomal rearrangements has 

remained a mystery, but it also remains very complex and controversial 

whether aneuploidy is a cause or a consequence of cancer [195,200]. Either 

way, the aneuploid state, which would normally be deleterious, is clearly 

accepted in tumor cells since these have gained proliferative advantages 

compared to normal cells within their surroundings. This provides 

interesting future questions to understand how or by which mechanisms 

tumor cells are able to evade the deleterious effects of abnormal copy 

numbers, and consequently the unbalanced levels of gene products.  

Aneuploidy and evolution 

One important aspect to consider in aneuploidy is that although an 

aneuploidy state is usually deleterious to a cell, and in theory should be 

selected against, variations in the number of chromosome or chromosomal 

segment copies is important for genomic variance and hence in the long run, 

evolution. With this in mind it is understandable that cells and organisms 

need to be able to survive certain amount of copy number variation to 

potentially obtain new traits, and will thus have evolved mechanisms for 

this. These mechanisms need to be balanced between being efficient enough 

so that the cells survive minor copy number variation, but without 

compensating away the potential beneficial effects [172,199]. It turns out 

that differences in copy number are relatively common in all individuals of 

all species studied. About 500 individual regions or around in total 0.2% (6 

Mb) of the genome may for example vary in copy number between two 

normal human individuals [202,203], and recent studies have shown that up 

to 13% may vary in copy number between two individuals [199], indicating 

the importance of aneuploidy for creating genomic variation.  
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Aneuploidy in Drosophila 

The Drosophila genome has been divided into 102 numbered divisions based 

on cytological analyses of the polytene chromosome [204], and each region 

is about 800-1500 kb in length [205]. Induced monosomic regions (i.e one 

copy number) longer than 800-1500kb, or more than 1% of the genome 

reduces fertility and viability [197]. Although, there are a couple of 

exceptions to this rule, where flies carrying a ~1.7 Mb or a ~2.8 Mb 

monosomic region respectively, are still viable [206]. In general, Drosophila 

are more sensitive to segmental monosomy than trisomy (in the whole 

genome so far only one triplo-lethal allele and two alleles that give mutant 

phenotype in triplo condition are described [197]). Still, only about 50 out of 

all the approximately 15 000 genes in Drosophila are haplo-insufficient, 

meaning that they are lethal when one of the copies (alleles) are mutated. 

One large class of these haplo-lethal loci is the “Minute” genes. Monosomic 

state of these loci results in flies with short, thin bristles, reduced 

developmental rate, low viability and fertility and other abnormalities 

[207,208]. This means that for the large majority of genes, one wildtype gene 

copy is sufficient for proper function of the organism.  

Are there mechanisms for aneuploidy compensation? 

The various aspects of aneuploidy listed above hints that there should be 

some mechanism involved, which can diminish the deleterious effects of 

autosomal copy number variation and allow cells to survive minor 

rearrangements. Also, that the MSL complex only accounts for about 1.4 

times of the up-regulation of the two-fold hyper-acetylated male X-

chromosome [171] indicates the existence of another, more elusive 

compensating mechanism.  

Buffering 

Indeed, several studies have shown that autosomal aneuploidy regions are 

actually affected by an elusive mechanism which compensates the expression 

level of these regions, both up or down, and this autosomal compensation 

has been named buffering (see figure 5).  

When considering aneuploidy, i.e. variations in the dose of a genomic region 

and the effects on expression level, you would intuitively expect that if a 

genomic region was present in either one copy (monosomy) or three copies 

(trisomy), the transcriptional output from this region would drop to 0.5 or 
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increase to 1.5 respectively, compared to a normal two copy region where the 

transcriptional output would be 1. However, it has been shown in a number 

of early studies in segmental trisomies, that duplicated genes had a lower 

expression output than expected, indicating that something is reducing, or 

buffering, the expression of the three autosomal gene copies, and this was 

measured both on protein level [209-211] and RNA level [209,212]. Studies 

using more genome-wide approaches, such as microarray, supported these 

findings and showed that buffering appears to exist also on a wider scale 

[105,213-216]. For example one of these studies performed in humans found 

that triploid regions were expressed at a mere 1.1-fold, compared to the 

expected 1.5-fold, indicated that the triploid regions are repressed to obtain 

an transcriptional output level more similar to that of a wildtype [215]. Two 

studies also showed that a three-fold gene dose difference (i.e. when 

comparing the expression from three copies of an autosomal region to that of 

one copy number of the same region) only results in a 1.4-fold change in 

mRNA levels [105,216]. Thus, it is evident that autosomal compensation, i.e. 

buffering exists, albeit elusive.  

Buffering could explain why the male X-chromosome has a two-fold up-

regulation even though the MSL complex only accounts for a 1.35-fold up-

regulation [171]. It was speculated by [105,108,171,172] that if we assume 

that buffering stimulates monosomic regions to an average of an 1.5-fold up-

regulation and that it can act on all chromosomes with a deviating copy 

number, including the male X-chromosome, then buffering together with the 

effects of the MSL complex can count for the two-fold hyper-activation of the 

male X-chromosome, 1.50-fold x 1.35-fold=2.03-fold!  

Even if this particular effect of buffering of the X-chromosome can be a bit 

hard to measure exclusively, the conclusion is that autosomal buffering does 

exist to allow cells and organisms to survive milder forms of chromosome 

imbalance, and it appears to act on the transcript level. However, the 

buffering effects do not fully restore transcript levels back to a wildtype 

(diploid) level, and it is therefore possible that buffering occurs on more than 

one level. A study in a number of yeast strains, carrying extra chromosome 

copy numbers, showed that mutations leading to increased proteasomal 

degradation had evolved to increase the fitness of several trisomic yeast 

strains [217]. This suggests that buffering is something that also acts on a 

protein level, and thus it is obvious that many aspects about buffering 

remains to be explained. 
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One important question is how this buffering mechanism works; and also 

what causes the haplo-insufficiency once the aneuploidy region becomes too 

extended: either it could be a general mechanism that recognizes and targets 

monosomic/duplicated regions and stimulates or inhibits gene expression 

more or less evenly over these regions, and that the cause of haplo-

insufficiency is depleted levels of the buffering components. This model is 

supported by the fact that when the size of an aneuploidy region reaches a 

Figure 5. Schematic illustration of buffering. A normal disomic region in two copies 

(one copy inherited from the mother and one copy inherited from the father) compared to a 

monosomic region (i.e. a region that has lost one copy) with and without buffering, and a 

trisomic region (i.e. a region with one extra copy) with buffering. In the absence of any 

buffering, the expected transcriptional output of the monosomic region is 0.5 of that of the 

disomic region. But if the monosomic region is buffered, an unknown mechanism induces a 

higher expression of the remaining single copy genes so that the total amount of 

transcriptional output is closer to that of the normal disomic level. In a trisomic region, 

buffering works in the opposite way, repressing gene expression to reduce the amount of 

transcriptional output. 
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critical point, it is primarily the extent of the aneuploidy that causes the 

lethality and not the uncovering of specific genes or regions [197]. The other 

option is that buffering is the sum of regulation of individual genes, which 

would mean that most genes within a deficient region are unaffected 

whereas a few genes become fully compensated by feedback regulation. The 

haplo-insufficiency would then primarily be caused by collapsing gene 

networks. So as long as a deficiency is small enough, the probability is that 

the affected genes are functionally unrelated to each other, and the 

remaining components of the protein network can balance for the lack of one 

network component. As the deficient region expands, you will eventually 

reach a point in which more than one gene involved in the same protein 

network is affected, and consequently, the other components of the network 

can no longer cover up the losses, resulting in lethality [218].  

It addition to the putative buffering mechanism or mechanisms, other less 

general mechanisms could also be involved in gene dose regulation, such as 

feedback regulation and feedforward regulation. 

Feedback regulation 

Feedback regulation is a mechanism for controlling gene expression by the 

level of gene product present. If levels of a protein or RNA are too low, gene 

product is continuously produced until sufficient levels are reached, and the 

newly synthesized proteins will inhibit the formation of more proteins. This 

makes feedback regulation a well-established error control mechanism 

where the protein itself regulates the amount of new protein produced.  

Feedforward regulation 

Feedforward mechanism on the other hand functions by anticipating 

possible effects of system errors rather than acting once the levels are out of 

balance. For example the cells can detect copy number variation and adjust 

transcription levels prior to major errors occur. 

One specific example is the sex determination in male Drosophila embryos: 

the cells detect the X copy number in relation to autosomal copy number and 

assigns the MSL complex to the X before zygotic transcription is activated in 

a feed-forward manner [219]. Although the MSL actually also displays 

feedback properties by binding to transcribed genes [152,163,220,221]. 
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Inverse dosage effect 

An alternative view on aneuploidy compensation is that since most gene 

regulatory enzymes are repressing, loss of a chromosomal segment would 

lead to a greater loss of negative regulators than of positive regulators, and 

consequently the remaining genome will increase in transcription, rather 

than the monosomic region being decreased in expression. According to this 

model, the monosomic state of the X-chromosome in males causes a general 

up-regulation of the entire genome and the MSL complex acts by attracting 

and isolating the activating factor MOF to the X-chromosome, and hence 

passively causing an up-regulating of the male X-chromosome [222]. This 

model is however contradicted by the finding that an msl2 mutant causes a 

reduction of chromosome X expression, but with very little effect on the 

autosomes [169,223]. Yet, the true reasons behind these differences in X-

chromosome and autosomal expression levels are very hard to determine 

and this issue presents one of the most problematic aspects of measuring 

genome-wide effects of gene expression:  

Challenges with genome-wide expression analysis 

Reference points 

In studies involving gene expression effects of chromatin-binding proteins, 

chromosome copy number variation, or other conditions in general that 

affect large parts of the genome, one key concern for accurate estimations is 

to set valid reference points, and this is a general problem in these kinds of 

studies. If you measure effects of a few genes, which most likely will have 

very minor effects on the remaining genome, the whole genome or a few 

reference genes can be used as the standard to which the effects of your 

genes of interest can be compared to. But if you start applying severe 

conditions to the cells, or study aneuploid regions that are big enough to 

affect the rest of the genome, it becomes very difficult to set a reference 

point, to what should you compare the effects that you are interested in? 

Skewness 

Another related issue is skewness since it is evident that different data set 

will always be affected by both biological and technical variation. Two 

replicates that are generated by genome-wide expression arrays (such as 

next generation sequencing or microarrays) can never be directly compared 

as raw data, instead they need to be normalized against each-other so that 
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they obtain in principle the same array average value, and the same variance. 

If gene expression of a large part of the genome is affected, for example by a 

down-regulation of the X-chromosome, the normalization process will by 

default try to equalize the overall average expression level of the whole data 

set, and this will mean that the down-regulation of one large region will be 

compensated by increasing the expression value of the remaining genes, thus 

creating a bias [224]. This will have the result that it is very hard to 

determine whether a change between the X and the autosomes is caused by 

just a down-regulation of X or also by an up-regulation of the autosomes. 

Thus, the challenge with genome-wide studies is keeping a balance between 

measuring the effects of large genome rearrangements and still avoiding 

biased data sets. 

This is one of the reasons why the small 4th chromosome is such a good 

model for studying chromosome-wide gene regulation; it has its own unique 

regulatory mechanism (POF) and contains enough genes (92) to measure 

significant effects, but it is still small enough not to affect the remaining 

genome, and thus it is easy to set reference points. The same is true for 

segmental aneuploid regions (such as those used in paper I and II in this 

thesis). They are in approximately the same size range as chromosome 4, and 

will thus be very useful in examining effects on copy number variation and 

the potential autosomal buffering effect.  

Limitations in the arrays 

An additional problem with several genome-wide methods, especially 

microarrays, is that there are limitations in the detection range. The 

expression levels of genes that are expressed at very low levels (i.e. un-

expressed) will inevitably drown in background noise of the microarrays, 

meaning that any differences in transcriptional output between genes in a 

monosmic or trisomic state vs. a diploid (wildtype) state will not be detected, 

and these genes will therefore appear as if they are fully compensated. This is 

a general problem with many of the previous estimations of buffering level, 

which have usually included all genes, both expressed and unexpressed. 

Therefore, these studies may tend to overestimate the buffering effect, and 

this is a problem we have addressed in paper I and II. 
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AIMS 

 

The general aims of this thesis have been to: 

 

 Investigate the buffering effect of segmental monosomic regions and 

find out if there are general responses in the genome that are 

triggered by aneuploidy (Paper I and II). 

 Determine whether buffering is a general mechanism or a gene 

specific mechanism, and potentially find features of genes and 

regions which affect the level of buffering (Paper I and II). 

 Elucidate the conflicting reports about HP1as function on gene 

expression; inhibiting or stimulating? (Paper III).  

 Determine which roles the two different HKMTs, SETDB1 and 

Su(var)3-9 are playing on gene expression in different parts of the 

genome (Paper III).  

 Use POF binding sites located on the female X-chromosome to 

determine the relationship between POF and dosage compensation, 

and furthermore, determine how POF binding is influenced by 

chromatin environment (Paper IV).  
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RESULTS AND DISCUSSION 

PAPER I AND II 

General buffering levels 

In segmental monosomic regions, we found that the transcription output 

was indeed enhanced in relation to the gene dose, i.e. buffered. The average 

expression varied depending on region between 54%-58% of wildtype 

expression in paper II, and up to 64% of wildtype expression level in paper I. 

If no buffering effect existed, we would expect these regions to be expressed 

at 50% of wildtype expression, corresponding to the 0.5 gene dose. Our 

measured buffering effect is in general lower than previous studies have 

shown [105,213,215], however, we postulate that this is caused by the more 

stringent cutoff we applied, excluding all genes expressed below or above the 

reliable detection range of the array. The excluded genes are in the risk of 

being scored as fully compensated if the array, due to background noise or 

over-saturation, is unable to detect differences in gene expression between 

the aneuploid and the control samples. We conclude that buffering of 

monosomic regions is a weak but significant effect, which acts to stimulate 

expression of the remaining single copy genes to compensate for the reduced 

gene dose. Furthermore, we find that the average buffering of entire 

monosomic regions is weakly related to the number of genes that are in 

single copy, the more genes affected, the lower the buffering is. Yet, buffering 

is not clearly decreased if another monosomic region is added in the same 

genome, nor could any other clear effects be seen when combining 

monosomic regions. 

Buffering of specific gene groups  

On average, when studying compensation of whole regions, our estimated 

buffering effect is small but significant, however, when we start looking at 

specific groups of genes, the buffering effect becomes evident. We found that 

buffering depends on expression pattern, wildtype expression level, and gene 

length: 

UEGs and NUEGs 

We found that in monosomic regions, Non-Ubiquitously Expressed 

Genes (NUEGs) (i.e. genes which are only expressed in some, but not all 
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tissue types of the body) are more strongly buffered than Ubiquitously 

Expressed Genes (UEGs) (i.e. genes which are expressed in all tissue 

types). UEGs are likely important for maintaining general housekeeping 

functions and need to be expressed at relatively high levels in all tissue types, 

whereas NUEGs on the other hand are required for more tissue specific 

functions in general, and are consequently only active in some tissue. We 

therefore speculate that more regulatory mechanisms have evolved to fine 

tune expression of NUEGs than UEGs. UEGs are already expressed close to 

the maximum levels, and therefore, it is hard to further stimulate these 

genes, whereas NUEGs still have the potential to have their transcription 

enhanced in most tissues. One could even speculate whether UEGs are 

buffered at all; it is possible that the weak effects measured for UEGs are 

mainly due to misclassified NUEGs, which is likely to occur since 

classifications such as the one used will never be perfect.  

Gene length and wildtype expression level affects buffering  

When looking at the buffering of individual genes, the strongest determinant 

for buffering we found was gene length: long genes (>3 kb) display the 

strongest buffering, and for these genes, the buffering effect is also 

independent on wildtype expression level or expression pattern (i.e. NUEG 

or UEG). Short genes (<3 kb) are less buffered on average, but interestingly, 

these genes in contrast actually depend on both expression pattern and 

expression level, with a low expression level resulting in nearly the same 

buffering as long genes. The short genes with highest expression level are not 

buffered at all, and virtually the same is true for short UEGs. Thus, gene 

length appears to be the primary determinant for buffering (see figure 6). 

Buffering mechanisms 

One very interesting and important question concerning buffering is: what is 

the underlying mechanism behind buffering? Is it the sum of feedback 

regulation of a few individual genes, or in the form of protein network 

effects? Or is it a more general mechanism that recognizes and acts on 

regions present in only one copy?  

If the buffering was caused by feedback regulation, we would most likely see 

a strong buffering effect only in a few monosomic genes, whereas the 

majority of genes are expressed at around the expected 50% of wildtype. In 

contrast, we observe a normal distribution of the buffering, on average most 

monosomic genes are up-regulated and the variation is likely caused by 
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normal variance and array noise. This indicates that buffering is mediated by 

a more general mechanism, although, there is also a possibility that the 

normal distribution of the buffering is caused by feedback regulation of 

specific genes and that the buffering effect spreads, since spreading is a well-

known mechanism in, e.g., dosage compensation [130,145,152,225]. 

However, we found that buffering does not spread to neither neighboring 

genes within the monosomic regions, nor to neighboring diploid regions, 

which argues against a spreading mechanism. 

The finding that gene length is the primary determinant for buffering makes 

it tempting to speculate that transcriptional elongation is involved in this 

mechanism. Transcriptional elongation has been proposed as mechanism for 

the MSL complex [168,226], and considering the hypothesis that total 

compensation of the male X-chromosome is a combined effect of the MSL 

complex and a more elusive general mechanism, such as the autosomal 

buffering, makes this even more tempting. However, it remains to be 

clarified whether transcription elongation is really a part of the buffering 

mechanism. Buffering could also be mediated, or partially mediated, by 

looping out effects, since the monosomic regions are unpaired, they might 

loop-out from the normal nuclear position into more permissive 

environments, or by increasing access of transcriptional machinery.  

POF compensates chromosome 4 

Buffering could potentially also be mediated by a specific factor, similar to 

the chromosome 4 specific protein POF. Chromosome 4 is the only autosome 

which is haplo-viable, meaning that flies can survive with only one copy of 

chromosome 4 [178]. In paper I, we found that a haplo-4th chromosome is 

buffered to 70% of wildtype expression, which is a more pronounced effect 

than on the other autosomes. Since we know that haplo-4th flies dies in the 

absence of POF [48], we speculate that POF is involved in the buffering of 

chromosome 4 genes. In paper I, we further support this hypothesis by 

showing that there is a negative correlation between gene expression in a 

haplo-4th condition and a Pof mutant. Genes that are most tolerant to loss of 

one copy of the 4th chromosome are also most down-regulated in a Pof 

mutant, and reciprocally, the genes that are not compensated by POF are 

also the genes which are most sensitive to loss of one copy of chromosome 4. 

In general, it appeared as if the genes compensated by POF were 

overrepresented by NUEGs. We conclude that POF is the mechanism that 

compensates chromosome 4 genes and that it preferentially stimulates 

expression of NUEGs.  
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Buffering induces proteolysis 

We were interested to find out if any general effects were induced elsewhere 

in the genome (i.e. in diploid genes not uncovered by any copy number loss), 

as a general response to deletions, and we discovered that genes involved in 

peptidase and proteolytic activity where highly over-represented among the 

100 most up-regulated genes in the genome. Furthermore, we found a 

negative correlation between buffering level and expression of proteolytic 

genes: the poorer buffering a monosomic region displayed, the more 

expressed the proteolytic genes were. The correlation was stronger for short 

genes, in line with the previous finding that buffering is lower for short 

genes. Proteolytic proteins are involved in the degradation and digestion of a 

vast number of proteins, and are responsible for degrading misfolded 

proteins, thus giving them an important regulatory function. Other studies 

performed on duplications, i.e. genome containing extra copy number, have 

also shown induced proteotoxic stress [217,227,228]. It is possible that 

proteolysis is a general response to unbalanced genomes and is induced to 

compensate unbalanced genomes on a protein level, when the buffering on 

transcription level has not been sufficient.   

Future perspectives 

The studies of buffering included in this thesis are all conducted on fly 

strains in which the deletion of a genomic region was induced long ago, 

meaning that many generations have passed since the induction, and this 

inevitably includes the possibility that the effects we observed have occurred 

over long time as an adaptation to these impairments. Therefore, one 

relevant question to be addressed is: would the same effects be obtained if 

these deletion where re-induced, and the effects monitored directly upon 

induction? What would happen if the buffering effects where followed over 

several generations?    
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Conclusions 

 Buffering of monosomic regions is a weak but significant effect, 

ranging between about 54-64% of wildtype expression level.   

 Buffering of entire regions partially depends on the number of genes 

included in the monosomic region, where regions with many genes 

are less buffered. 

 Buffering of one monosomic region does not affect the buffering of 

another monosomic region, if they are combined in one genome. 

 Gene length is the primary determinant for buffering. Short genes 

depend on expression patterns and expression level for proper 

buffering, and short UEGs and short genes with a high expression 

level are not buffered at all (see figure 6). 

 Buffering effect is normally distributed, indicating a general 

mechanism rather than feedback regulation of individual genes, and 

buffering does not display any spreading to nearby genes. 

 POF is responsible for the compensation of haplo-sensitive genes on 

chromosome 4, and is also crucial for the survival of haplo-4th flies. 

 Aneuploidy in general induces expression of proteolytic genes, and 

this effect is more pronounced in genomes with poor buffering. 
  

Figure 6. Schematic illustration of genes in a monosomic region. Buffering is 

strongest for long genes, irrespective of gene type, whereas buffering of short genes 

depends on gene type. Short UEGs are weakly or not at all buffered. 
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PAPER III  

HP1a has opposing functions on chromosome 4 and in 

pericentromeric regions 

It has been debated whether HP1a has a repressive or a stimulating function 

on gene expression, and to better understand the function of HP1a, as well as 

that of the co-dependent proteins POF, SETDB1 and Su(var)3-9, we analyzed 

mutants of each of these genes using microarray expression analysis. The 

most striking finding was that HP1a inhibits gene expression on the 4th 

chromosome and stimulates gene expression in the pericentromeric regions 

(the heterochromatic regions adjacent to the highly heterochromatinized 

centromeres). To add even extra complexity to this matter, we discovered 

that these effects where different depending on gene type: An HP1a mutant 

was primarily affecting NUEGs in chromosome 4, whereas in the 

pericentromeric regions, only UEGs were significantly affected. These two 

regions are very different in features and genomic environment which 

indicates that HP1a have evolved to adapt to different chromatin 

environments. This could also explain the contradictory reports about the 

function of HP1a.   

HP1a has different functions at the promoter and at the gene body 

We know that HP1a binds to active genes on chromosome 4, and that it has a 

stronger binding peak to the promoters than to the gene body of many of the 

genes. When re-analyzing this HP1a binding data [45], we found that the 

binding is elevated to both NUEGs and UEGs of chromosome 4 and the 

pericentromeric regions, compared to a control region. Interestingly, we 

found that there is a difference between the gene types; HP1a binds much 

stronger to the promoters of UEGs than the promoters of NUEGs, and 

furthermore, there was also a region specific difference; HP1a targets the 

gene bodies of chromosome 4 UEGs stronger than the gene bodies of 

pericentromeric UEGs. This is very intriguing considering that HP1a binding 

to gene bodies of chromosome 4 is dependent on H3K9me2 and me3, (and 

thus indirectly dependent on SETDB1) whereas the binding to promoters is 

independent on H3K9me2 and me3. It has been suggested that HP1a 

binding to the promoters results in an open chromatin conformation which 

stimulates gene expression, whereas HP1a binding to gene bodies has a 

repressive function. The H3K9me-independent binding to the promoter is 

likely also more stable and less transient than the binding to H3K9 

methylation at the gene body [45,229]. 
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We therefore propose a model in which HP1a has adopted its function to 

different genomic environments and that this is mediated through different 

binding mechanism (see figure 7): in UEGs, HP1a preferentially binds to the 

promoters and stimulates expression, maybe by loosening up the chromatin 

structure. In the pericentromeric regions, the strongest HP1a binding is 

found at the promoters of UEGs and this would also explain both the average 

stimulating effects of HP1a in these regions, and the fact that only UEGs are 

significantly affected in an HP1a mutant. On chromosome 4, HP1a binding is 

also enriched at the gene bodies, and this repressive binding balances the 

stimulating promoter binding of UEGs, causing these genes to be less 

affected in an HP1a mutant. The NUEGs on the other hand, which lack the 

promoter peak, are dominated by the repressive effect of HP1a at the gene 

bodies, and are thus up-regulated in an HP1a mutant. Interestingly, we show 

in paper I that POF preferentially stimulate gene expression of NUEGs, 

indicating that POF might have the role of balancing the repressive influence 

of HP1a in those genes that lacks HP1a at the promoters. The hypothesis that 

the repressive effect of HP1a correlates with H3K9me is also supported by 

our finding that HP1a and Su(var)3-9 to a high extent appear to repress 

expression of transposons in an overlapping manner.  

SETDB1 and Su(var)3-9 are complementary to each other 

SETDB1 mediates the H3K9me2 and me3 on chromosome 4, which repress 

chromosome 4 gene expression, and in paper III we found that SETDB1 co-

localizes with the POF and HP1a binding regions on chromosome 4, and that 

Setdb1 and HP1a mutants cause approximately the same up-regulation of 

chromosome 4 gene expression, with a preference for NUEGs. This supports 

the fact that SETDB1 is essential for the HP1a binding to gene bodies on 

chromosome 4. The Su(var)3-9 mutant background resulted in down-

regulation of genes in the pericentromeric regions, in a similar manner as 

the HP1a mutant. This is surprising since the function of Su(var)3-9 is 

supposedly repressive in these region. However, the fact that HP1a 

preferentially binds to the H3K9me-independent gene promoters in these 

regions [45] indicates that Su(var)3-9 could have another role in the 

pericentromeric regions than only preceding HP1a binding to gene bodies. 

Su(var)3-9 is known to interact with the chromo-shadow domain of HP1a, 

and maybe this is the primary binding mechanism of Su(var)3-9 in these 

particular regions. 

Furthermore, SETDB1 and Su(var)3-9 are known to be complementary, 

mediating methylation in essentially different regions. However we found, a 
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bit surprising, that a majority of the genes that are differentially up-or down-

regulated in Su(var)3-9 mutants are correspondingly up- or down-regulated 

in a Setdb1 mutant, with an overrepresentation of down-regulated genes.  

This indicates that SETDB1 and Su(var)3-9 have more redundant functions, 

and they also appear to be more involved in active gene expression than 

previously thought. Although, we cannot exclude the possibility that these 

observations could be caused by indirect effects, for example by re-direction 

of HP1a to normally unbound regions, it could also be that even if different 

regions are primary targeted, the same genetic networks will in the end be 

affected by the mutants. 

In addition, we observed that Su(var)3-9 to our surprise was highly enriched 

on chromosome 4, where it has no known function, and when looking at 

expression level, we saw that Su(var)3-9 mutants have reduced repression of 

chromosome 4 genes. We also noted that mutations in HP1a, Setdb1 or 

Su(var)3-9 all individually lead to up-regulation of essentially the same 

genes on chromosome 4, meaning that both SETDB1 and Su(var)3-9 appear 

to inhibit expression of chromosome 4 genes in an overlapping manner. This 

indicates that Su(var)3-9 either has a yet unknown repressive function on 

chromosome 4 genes, or this up-regulation is indirectly caused by 

redistribution of SETDB1 from the 4th chromosome to compensate for the 

absence of HKMTs function in the pericentromeric regions.  

HP1a displays a stronger repression of long genes 

The repressive effects mediated by HP1a correlate with gene length in a 

whole genome comparison. The longer the gene, the more up-regulated it is 

in an HP1a mutant, whereas the average HP1a binding per length unit is 

unaffected by gene length. This implies that HP1a binds along the gene body 

with the same density irrespective of gene length, potentially acting as 

“speed-bumps” that slows down the rate of the RNA polymerase II during 

the elongation phase of gene transcription. This probably means that the de-

repression caused in an HP1a mutant is stronger for long genes simply 

because these genes in total lose more HP1a molecules from the gene body.  

HP1a effect in the pericentromeric regions depends on location  

We found that the position of the genes can affect level of regulation by 

HP1a: in the pericentromeric regions of chromosome arm 2L and 3L, HP1a 

binds stronger to genes situated closer to the centromere than to genes 

located more distally within the pericentromeric regions. The de-repressing 
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effect in an HP1a mutant in these regions is also stronger the more 

proximally located a gene is. 

Concluding remarks 

It appears that a balance between the amount of euchromatin and 

heterochromatin exists in the genome, in which larger heterochromatic 

regions have the role of titrating the amount of heterochromatin associated 

proteins. If our hypothesis that HP1a has different functions depending on 

binding mechanism is correct, it would mean an even more refined mean of 

balancing the amount of heterochromatin in a genome, and perhaps also 

provide a potentially fast switching mechanism between the two states.  

 

 
  

Figure 7. Schematic illustration of the two different types of HP1a binding within 

a gene. HP1a binding in the promoter is more stable and leads to activation of gene 

expression, potentially by binding in nucleosome core and de-condensing the chromatin 

structure. HP1a binding to exons of the gene body depends on H3K9me marks on the histone 

tails and represses gene expression. 
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Conclusions 

 HP1a represses expression of chromosome 4 active genes, with a 

preference for NUEGs; and stimulate expression of pericentromeric 

genes, with a slight preference for UEGs. 

 HP1a binds more predominantly to the promoters of UEGs than the 

promoters of NUEGs in general, and on chromosome 4, HP1a 

binding is also enhanced at the gene bodies.   

 HP1a and Su(var)3-9 repress transposon-derived transcripts. 

 Long genes are more repressed by HP1a, probably because HP1a 

binds to gene bodies with the same density, irrespective of gene 

length.  

 Within the pericentromeric regions of chromosome arms 2L and 3L, 

HP1a binds to and stimulates expression stronger for genes situated 

closer to the heterochromatic centromere.  

 We propose that HP1a, to better adapt to local chromatin 

environment, has evolved opposite functions on gene expression, 

and that this is mediated by different binding mechanisms. Either 

via a more stable H3K9me-independent binding in the nucleosome 

core of promoters which stimulates expression, or a more transient 

binding to H3K9 methylation marks at the gene body, which inhibits 

gene expression. This gene body binding depends on the presence of 

HKMTs (SETDB1 or Su(var)3-9) and on chromosome 4 and it also 

depends on the stimulating protein POF.  
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PAPER IV 

POF targets roX proximal sites 

We made the exciting observation that POF, which displays chromosome 4 

specific gene regulatory properties in both sexes, sometimes targets two 

specific sites on chromosome X in females, but not in males. These loci were 

named PoX1 and PoX2 (POF-on-X) and they contain in total at least seven 

genes. The PoX1 site is primarily located in the 3’ end of the Mnt gene and in 

a novel non-coding gene located just downstream of Mnt. The PoX2 site 

involves the five genes Ck2β, Hsc70-3, CG1578, SelG and CG1840. These 

non-4th specific binding sites provide a unique opportunity to study targeting 

of POF specifically, but also targeting in general, since the specific locations 

of these sites on the X-chromosome provides another very interesting aspect: 

both PoX1 and PoX2 are located approximately 200 kb downstream of roX1 

and of roX2, respectively. roX1 and roX2 are the two ncRNAs that are part of 

the male MSL complex, and also function as high affinity sites for MSL 

targeting. The relatively closeness between the roX and the PoX sites thus 

provides an additional unique link between these two evolutionary 

connected chromosome specific regulatory proteins.  

Connection with the MSL complex 

We find that POF binding to the PoX sites depends on, but does not require 

roX transcription, since a deletion in one or both roX genes results in 

decreased, but not entirely absent, PoX-binding. An overexpression of roX2 

results in higher PoX targeting frequency. To find out if there are any other 

connections between POF binding and the MSL complex binding to these 

sites, we compared the POF binding profile in female to a MOF binding 

profile in male and find that the MOF binding to the PoX sites is random, 

and that no clear connection between POF and MSL complex binding exist 

that differs these sites from other genes on the X-chromosome. We could 

also not see that these sites differ in expression levels between males and 

females, thus the female specific binding to these sites remains a mystery. 

Another puzzling aspect is that, although roX transcription appears to 

stabilize POF binding to the PoX sites, roX expression in wildtype females is 

actually very low or absent, roX1 transcription is only detected in early 

embryogenesis and then disappears [230].  
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Parts of PoX2 functions as POF high affinity target 

We used different transgenes or duplications of the PoX genes to investigate 

the dependence of local chromatin environment for POF binding, and found 

that ectopic autosomal localization of duplications containing either PoX1 or 

two of the genes in the PoX2 site, SelG and CG1840, was sufficient to recruit 

POF to the site of insertion. In addition, a 6 kb transgene covering SelG and 

CG1840 was sufficient to recruit POF targeting. 

The binding to the duplicated regions depended on roX transcription in a 

similar way as the endogenous sites, whereas the binding to the 6 kb SelG 

CG1840 transgene appeared less dependent on roX transcription levels, and 

in contrast to the endogenous sites, POF targeted this transgene in both 

males and females. We conclude that this 6 kb transgenic region of PoX2 

works as a unique POF high-affinity recruitment site, which is independent 

on genomic environment. This is a very important discovery, because up to 

date, POF binding has been known to be chromosome 4 specific and to 

depend on the chromatin environment surrounding the 4th chromosome; 

POF cannot bind translocated chromosome 4 regions, nor can POF spread 

into segments of other chromosomes translocated onto the tip of 

chromosome 4. This is the first described high-affinity site for POF targeting, 

and therefore provide a unique opportunity to study the mechanisms behind 

POF targeting. 

HP1a correlates with POF in the PoX sites 

Similar to the situation on the 4th chromosome, HP1a binding co-localizes 

with POF also at the PoX sites. In nuclei were no POF was detected at the 

PoX sites, no HP1a binding was seen either, indicating that the binding of 

HP1a to these sites depends on the presence of POF. Taken together, these 

connections between the heterochromatin dependent protein POF, the MSL 

complex, and also HP1a, support a model that links dosage compensation 

with heterochromatin. The fact that HP1a has been proposed to bind to male 

X-chromosome [231], and that in absence of the activating H3S10 kinase 

JIL-1 (highly enriched on the male X-chromosome and potentially loosely 

attached to the MSL-complex [232,233]), heterochromatic marks such as 

H3K9me2 and HP1a are spreading on chromosome arms and most strongly 

on chromosome X [234], supports the connection between dosage 

compensation and heterochromatin.   
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Conclusions 

 POF targets the two roX proximal sites, PoX1 and PoX2 on 

chromosome X in females, which includes the genes Mnt, Ck2β, 

Hsc70-3, CG1578, SelG, CG1840 and the novel, non-coding RNA 

RE6469. 

 Gene expression is not a determinant for the female specific 

targeting of POF to PoX1 and PoX2. 

 POF and HP1a co-localize on the PoX sites. 

 POF targeting to PoX sites is stabilized by roX activity. 

 POF targets ectopic PoX1 and partial PoX2 sites inserted on 

chromosome 3L in both males and females. 
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FINAL CONCLUDING REMARKS 

Clearly, gene type and chromatin environment have great influence when it 

comes to epigenetic regulation, since it appears as the number one 

heterochromatin protein, HP1a, depending on context even can adopt 

completely opposite functions. HP1a’s functions range from repressing 

repetitive regions and potentially deleterious transposable elements, to 

upholding expression (maybe by loosening up the chromatin structure at the 

promoters) of the ubiquitously expressed UEGs. These are genes important 

to maintain housekeeping functions in all cell types, and thus it should be 

beneficial with a low energy consuming mechanism which upholds a 

constitutive expression of these genes, maybe by a constantly open 

chromatin structure. This could be especially important if the genes are 

located within a repressive heterochromatic environment, such as the 

pericentromeric regions and chromosome 4. HP1a even appears to be able to 

alternate between the two opposing functions within the same gene, by 

balancing the expression of NUEGs. These are differentially expressed genes 

which might require a more fine-tuned expression to maintain correct 

expression level in correct tissue.  

This can probably also give some clues to the varying buffering capacity we 

detected for NUEGs and UEGs, in cases of copy number variation. If, as 

indicated by the action of HP1a, NUEGs highly depend on repressive 

proteins at the gene body to correctly balance the expression, they should 

also be flexible in case an up-regulation is required. UEGs in contrast, whose 

actions are more or less constantly required for the maintenance of all cells, 

cannot respond as efficiently as NUEGs to copy number reduction. So in 

addition to regulating the expression of individual genes, it is also important 

for a cell with more general regulatory systems which allows for fast and 

simple means of regulating genes with similar functions, i.e. mechanisms 

that can enhance or reduce gene expression as a response to different 

cellular processes. These types of mechanisms are probably important for 

some genes, whereas for other genes (UEGs) it is more essential to maintain 

a stable and often high expression level. 
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