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Abstract 

Development of multicellular organisms is achieved by organized temporal 

and spatial patterns of gene expression leading to cell differentiation. The 

DNA is compacted by histone proteins into chromatin in eukaryotic cells. 

Gene regulation occurs at several steps, for example at the chromatin and 

transcriptional level. Chromatin regulators control how the DNA is utilized 

by altering access and recruitment possibilities of proteins to DNA and 

thereby function as co-factors in transcription. Gene regulation also involves 

co-factors interacting with transcription factors at regulatory sequences of 

DNA. In this thesis, we have studied the in vivo role of three co-factors, 

CBP, dKDM4A and Brakeless, in regulating chromatin and transcription 

using Drosophila melanogaster as a model. 

The CREB binding protein (CBP) belongs to histone acetyl transferases 

(HATs) and facilitates gene activation by many transcription factors. Our 

work has demonstrated that CBP occupies the the genome preferentially 

together with Rel and Smad proteins controlling dorsal-ventral patterning in 

the Drosophila embryo. CBP occupancy generally correlates with gene ex-

pression but also occurs at silent genes without resulting in histone acetyla-

tion. Together the data indicate a more complex role for CBP in gene regula-

tion influenced by genomic context, signaling and chromatin state than pre-

viously thought.  

KDM4A belongs to a family of JmjC domain proteins and demethylates 

H3K36me3, a histone modification enriched in the 3’end of active genes. 

We generated dKDM4A mutants that have global elevation of H3K36me3 

levels and identify mis-regulated genes in first instar larvae. The expression 

levels of some genes depend on the demethylase activity of dKDM4A 

whereas others do not, and many dKDM4A-regulated genes are devoid of 

H3K36me3. The data indicate that dKDM4A regulates some genes by 

mechanisms that do not involve H3K36 methylation. Further, over-

expression of dKDM4A result in male lethality and globally reduced 

H3K36me3 levels, indicating impaired dosage compensation of the X-

chromosome.  

Brakeless is a conserved co-factor participating in several important pro-

cesses during development. We generated mutant brakeless embryos and 

identify direct genomic targets of Brakeless. To our surprise, Brakeless be-

haves as a direct activator for some genes but repressor in other cases. We 

also identify an interaction of Brakeless with the Mediator subunit Med19. 

The data provide support for a Brakeless activator function that regulates 

transcription by interacting with Med19.   

In summary, these studies reveal unexpected roles for co-regulators in 

Drosophila development. The HAT CBP can bind silent genes without lead-

ing to histone acetylation. Brakeless has the ability to function both as a di-

rect activator and repressor of transcription.            
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Introduction 

There is a tremendous variation of life forms on earth. What is a unifying 

feature is that most forms consist of one or several cells. During develop-

ment of a multicellular organism, cells become different from each other and 

perform different functions, leading to an organization of cells into tissues 

and organs. In humans, a single cell, the fertilized egg, gives rise to a mature 

organism of at least 250 different cell types. Genetic information in the cell, 

directs this process. Genes are units in the DNA molecule with information 

that is carried over into functional proteins that perform most functions in 

the cell. This transfer of sequence information or “central dogma” of molec-

ular biology encompasses transcription of DNA molecules into RNA mole-

cules, which are used as templates to synthesize proteins (translation). Gene 

expression need to be highly organized and regulated for cell differentiation 

to occur, which determines where and when proteins should be present in the 

cell. The different types of cells in an organism are the result of different 

genes being expressed in cells with identical DNA during development. 

Chromatin structure 

The DNA in eukaryotic cells is packaged in the nucleus. The genome of an 

organism contains not only protein-coding DNA but also non-coding DNA. 

Some non-coding DNA regulates transcription by providing binding surfaces 

to sequence-specific factors, or gives rise to non-coding functional RNA 

molecules. Since the genome of a eukaryotic cell is huge it needs to be orga-

nized into a smaller volume to fit within the nucleus, i.e. chromatin. At the 

same time the DNA has to be accessible for the general transcription ma-

chinery within active genes. The chromatin is a complex consisting of DNA 

together with all directly or indirectly associated proteins and RNA mole-

cules. The basic block of chromatin is the nucleosome, consisting of 147 bp 

of DNA wrapped around histone proteins. An octamer of the basic core his-

tones, i.e., histone proteins composed of a tetramer of histone H3/H4  and 

two dimers of H2A and H2B together with the negatively charged DNA 

(Luger et al. 1997) is stabilized by the linker H1 (figure 1). The N-terminal 

tails of core histones are positioned on the nucleosome surface and can un-

dergo covalent modifications which change their charge or conformation.  

Nucleosomes form repeating units that build up the chromatin which is  
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further organized into chromosomes. The properties of chromatin are regu-

lated through different mechanisms such as histone modifications, chromatin 

remodeling, histone variant incorporation and histone eviction (reviewed in 

(Li et al. 2007) all of which provide means to influence gene expression.   

General transcription in eukaryotes 

Three different large molecular machines transcribe DNA into RNA called 

RNA polymerases. RNA polymerase I, II and III transcribe most ribosomal 

RNA, messenger RNAs (mRNAs), and transfer RNAs and 5S ribosomal 

RNA, respectively. All protein-coding genes are transcribed by RNA poly-

ermase II (Pol II). A typical transcriptional cycle begins with sequence-

specific binding of transcription factors at a position close to the core pro-

moter or at a distant location, called a cis-regulatory module (CRM). This 

event can lead to recruitment of the mediator complex which bridges the 

transcription factors with the general transcription factors (GTFs) which are 

recognizing and binding to promoter elements. In turn, the GTFs which con-

sists of TFIIA,B, D, E, F and H subunits, recruits RNA polymerase II and a 

pre-initiation complex (PIC) is formed (reviewed in Fuda et al., 2009) . 

Melting of the DNA occurs to initiate RNA synthesis, the carboxy-terminal 

domain (CTD) of Pol II is phosphorylated by TFIIH which breaks contacts 

with promoter bound factors and Pol II proceeds into elongation which re-

cruits other factors (Buratowski 2003).   

 

 

Figure 1. The nucleosome forms the basic unit for DNA packaging in eukary-
otes. Each core histone protein has a N-terminal tail that can be modified which 
regulate the properties of chromatin. The compaction is stabilized by linker 
histone H1.  
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Transcription regulatory interactions 

In addition to the general transcription machinery being crucial in control-

ling gene expression, more components are needed to achieve complex gene 

regulation resulting in differential gene expression. Transcription factors, 

which can be activators or repressors of transcription, bind to CRMs and 

interact with the components associated with the core promoter predomi-

nantly through co-regulators (co-activators or co-repressors), often multipro-

tein complexes. The mode of action for co-regulators varies, some can inter-

act directly with Pol II and GTF:s, others can interact with chromatin modi-

fying factors such as histone modifiers or nucleosome remodelers, but also 

directly bind to nucleosomes with histone modifications (figure 2)(reviewed 

in Fuda et al. 2009).      

      

 

 

 

                 

 

 

Figure 2. The transcription machinery in eukaryotes. GTFs bind elements 
of the core promotor which recruits RNA pol II leading to an assembly of a 
preinitiation complex (PIC). CRMs recruit specific transcription factors 
(activators or repressors) close or distant from the core promotor. The tran-
scription factors often interact with co-regulators which either interact with 
the general transcription machinery or modulate the chromatin directly or 
indirectly, promoting or inhibiting transcription.    
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Drosophila as a model organism 

We used a small dipterian insect, the fruit fly Drosophila melanogaster, as a 

model organism to investigate the in vivo function of regulators of chromatin 

and transcription. It has been used as model organism in biological research 

for over a century, for many reasons. The main advantages of using flys are 

that they can be inexpensively cultured, use little space, produce a lot of 

progeny, have a short generation time, and are easy to manipulate genetical-

ly. It takes only 10 days for an egg to develop into an adult female fly that 

that will lay hundreds of eggs. The embryonic development is also visible, 

which is not the case with human and mouse embryos, where the early stag-

es develop in utero. In addition, the complete sequencing of the entire ge-

nome of Drosophila (Adams et al. 2000) has revealed a compact genome 

spread over four pairs of chromosomes, one sex chromosome and three auto-

somes. There are in fact great resemblances between the human and the fly 

genome. Surprisingly 75 % of known disease causing genes in humans have 

a fly counterpart (Reiter et al. 2001; Chien et al. 2002; Bier 2005) which 

makes it relevant for human biology and medicine. The sequence data gen-

erated in combination with the arrival of tools like whole-genome expression 

arrays and Chromatin Immunoprecipitation coupled to NGS technologies 

(reviewed in Metzker 2010) also makes Drosophila a powerful system for 

genome-wide studies. Also, a vast number of mutants are available and 

many tools facilitating genetic manipulation have been developed. Further, 

genes under study can be tissue-specifically inactivated and misexpressed. 

Genetic screens using chemical-induced mutagenesis and transposon-based 

methods for manipulating genes together with the ability to generate mosaic 

clones all enable ways of analyzing and identifying gene function and genet-

ic interactions in a developmentally and behaviorally complex animal. In 

summary, Drosophila is an excellent model for studying the role of regula-

tors of chromatin and transcription in vivo.     
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Drosophila development 

Drosophila undergoes embryonic development inside an egg and hatches 

from the egg as a larva. The larvae go through two more larval stages, in-

crease in size, and become pupae, where metamorphosis occurs, leading to 

the adult fly. The embryonic stage is rapid, (0-24 hours after fertilization) 

followed by the first instar larval stage L1, (24-48 hours after fertilization), 

the second instar L2 stage (48-72 hours after fertilization), the third instar L3 

stage (72-120 hours after fertilization), and the puparation (6-9 days after 

fertilization). The early embryonic development of Drosophila is particularly 

well-characterized and better understood than that of any other animal of 

similar complexity. During larval development, specialized tissues called 

imaginal discs grow inside the larvae. The imaginal discs grow and form 

structures of the adult body during metamorphosis, each of the six legs, the 

wings and the balancer organs (halteres), eyes, genitalia, antennae and 

mouthparts.  The discs are specified as < 40 cells in the embryo and grow 

about 1000-fold as the larvae grows. A remarkable feature of late larval de-

velopment is the occurance of polytene chromosomes in the salivary glands 

of third instar larvae. Polytene chromosomes are formed when DNA goes 

through several rounds of replication without any cell division resulting in 

giant chromosome bundles visible in an ordinary microscope. By examining 

these structures information regarding localization of chromatin binding 

proteins and histone modifications can be obtained. 

 

Early embryonic development 

The Drosophila fertilized egg develops into a hatched larva in 24 hours. In 

order to initiate the early embryonic development, crucial maternal gene 

products are deposited into the egg as mRNAs or translated into proteins by 

the mother before fertilization. After the sperm has fused with the egg, the 

zygotic nucleus undergoes a series of rapid divisions but no cell walls form, 

which results in many nuclei in a common cytoplasm called the syncytium. 

Then, nuclei begin to migrate to the periphery of the cytoplasm which gener-

ates the syncytial blastoderm, a layer of 6000 nuclei surrounding the yolk. 

Next, cellularization occurs from 2-3 hours after fertilization and cell walls 

are forming to enclose individual nuclei. By this time, unique cell fates have 
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been determined by zygotic patterning genes to establish the body axes of 

the embryo, called the anterior-posterior axis (AP) and the dorsal-ventral 

axis (DV) (reviewed in St Johnston and Nusslein-Volhard 1992). The DV 

axis gets divided into four regions; the mesoderm, ventral ectoderm (neu-

roectoderm), the dorsal ectoderm and the amnioserosa (figure 3A), whereas 

the AP axis becomes divided into regions that later becomes the head, thorax 

and abdomen. Common for determination of both these body axes are initia-

tion by maternal factors followed by a segmentation hierarchy of zygotic 

transcription factors (Niessing et al. 1997). The maternally deposited Bicoid 

and Dorsal proteins specify the AP and DV axes, respectively.   

 

 

 

Dorsal-ventral patterning 

A gradient of Dorsal activity along the dorsoventral axis controls the ex-

pression of genes representing presumptive mesoderm, neuroectoderm, and 

dorsal ectoderm in the Drosophila embryo. Dorsal is a transcription factor 

with homology to the Rel/ NF-κB family of vertebrate transcription factors 

(Gilmore 2006). Supplied by the mother, the Dorsal protein is uniformly 

distributed throughout the embryo, but is only translocated into the nucleus 

in the ventral and ventrolateral parts of the embryo (reviewed in Reeves and 

Figure 3. The dorsal-ventral and anterior-posterior axis of Drosophila. A. Sche-
matic cross section view of an embryo in a syncytial blastoderm stage. The gra-
dient of nuclear Dorsal protein subdivides the dorsal ventral axis ventrally into 
mesoderm, neuroectoderm, dorsal ectoderm and amnioserosa. Representative 
target genes are shown for each region. B. The hierarchy of factors controlling 
the AP axis formation. The maternal factors Bicoid and Caudal form a gradient 
anterior to posterior which activates zygotic genes called gap genes expressed in 
broad domains. Interactions among the gap genes set up the seven stripe pattern 
of pair-rule genes which subsequently activates the segment polarity genes. Rep-
resentative genes are shown for each class of factors.        
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Stathopoulos 2009). This ventral-to dorsal nuclear gradient of Dorsal is 

caused by a localized activation of the Toll receptor in ventral and ven-

trolateral regions and gives positional information for determining cell fates. 

The ventral signaling pathway leading to activation of Toll is initiated by 

follicle cells surrounding the oocyte (Wu and Anderson 1998). Gurken, an 

Epidermal Growth Factor Receptor ligand, is released from the oocyte which 

limits expression of pipe to the ventral follicle cells (Schupbach 1987; Sen et 

al. 1998). The pipe-expressing follicle cells regulate an extracellular protease 

cascade involving four proteases: Nudel (Ndl), Gastrulation-defective (Gd), 

Snake (Snk) and Easter (Ea) (Smith and DeLotto 1994; LeMosy et al. 1998; 

Sen et al. 1998) in the perivitelline space leading to a ventral to dorsal acti-

vation gradient of Spätzle (Spz), the protein ligand for Toll (Roth et al. 1993; 

Morisato 2001; Zhu et al. 2005) Activated Spz transduce the signal into the 

embryo through the Toll receptor which, facilitated by several maternal fac-

tors including Weckle, Myd88, Tube and Pelle, degrades the cytoplasmic 

tethering protein Cactus, which frees, and leads to nuclear translocation of 

the Dorsal protein (Hecht and Anderson 1993; Belvin et al. 1995; Grosshans 

et al. 1999; Sun et al. 2004; Chen et al. 2006). Recently a self-organized 

shuttling model was suggested to explain how a sharp activation gradient of 

Toll is achieved to generate dorsoventral polarity in the Drosophila embryo 

(Haskel-Ittah et al. 2012). Instead of diffusion of the ligand, an inhibitor that 

is produced together with the active Spz ligand promotes shuttling and ven-

tral accumulation of the active Spz ligand to a narrow ventral domain.     

Role of Dorsal in dorsal-ventral patterning 

Once the nuclear gradient of Dorsal is established, it functions as a transcrip-

tional regulator, both as an activator to induce gene expression and a re-

pressor to silence genes (Jiang et al. 1992; Dubnicoff et al. 1997) for 50 

genes along the dorsal-ventral axes (reviewed in Levine and Davidson, 

2005).  Different levels of Dorsal control the expression of distinct set of 

genes in order to generate specialized tissues (Moussian and Roth 2005). 

High nuclear Dorsal levels activate transcription of transcription factors twist 

(twi) and snail (sna) in the ventral most regions. The expression of these 

genes is required for these cells to invaginate into the embryo to form the 

mesoderm which later becomes muscles and connective tissues. In lateral 

regions of the embryo, lower nuclear Dorsal levels activate the expression of 

for example rhomboid (rho) and short gastrulation (sog) in the presumptive 

neuroectoderm which later gives rise to the ventral nerve chord and the ven-

tral epidermis. In the dorsal ectoderm however, Dorsal functions as a re-

pressor which restricts for example the expression of zerknüllt (zen), tolloid 

(tll) and decapentaplegic (dpp) to the most dorsal cells (figure 3A). In addi-

tion, Snail represses rho and sog expression which excludes them from being 



 18 

expressed in the ventral most cells. Different levels of activated Toll direct 

the output of the target genes of Dorsal, which is supported by characteriza-

tion of different Toll alleles (Anderson et al. 1985). Dominant mutations in 

the Toll gene (Toll
10B

) leading to a constitutively active receptor (Schneider 

et al. 1991), result in ubiquitous expression of twi and sna, normally con-

fined to the presumptive mesoderm, wheras rho, sog or dpp are repressed. 

Toll
rm9/10

 alleles which presumably result in a partially active receptor 

(Schneider et al. 1991) instead direct ubiquitous expression of rho and sog, 

whereas sna and dpp are absent. Without Toll-mediated signaling, as the 

case for a gd
7
 mutant (reviewed in Moussian and Roth 2005), no Dorsal en-

ters the nuclei, and genes such as dpp and zen are ubiquitously expressed. 

How can Dorsal control so many different transcriptional outputs? A model 

has explained this by different affinity composition in, and the numbers of, 

Dorsal binding sites for regulatory regions of target genes and combinatorial 

regulation between Dorsal and other transcription factors (Jiang and Levine 

1993). For example, the sna regulatory contain a low affinity site for Dorsal 

whereas sog contain a high affinity site which could explain their different 

requirement for nuclear Dorsal levels. However, a detailed analysis of the 

cis-regulatory DNA of 25 Dorsal targets divides the sites in just either high-, 

or low affinity sites that alone cannot account for the distinct expression 

patterns for Dorsal targets genes (reviewed in Chopra and Levine 2009). 

Instead, Dorsal binding in a combinatorial manner together with other TFs, 

e.g., Twist, Zelda, Su(H) has been suggested to produce specific DV expres-

sion patterns. Synergistic DNA binding between Dorsal and Twist allows 

gene expression in more lateral regions of the embryo where neither factor 

alone is capable of inducing gene expression (Gonzalez-Crespo and Levine 

1993). Further dissection of the regulatory DNA of Dorsal targets genes has 

defined six regulatory codes that drive different DV expression profiles 

(Hong et al. 2008). Some Dorsal target such as dpp and zen, also contain 

AT-rich sequence in their regulatory DNA. Proteins like, Cut and Dead 

Ringer potentially interacts with these AT-rich regions (Iwahara and Clubb 

1999) (Harada et al. 1994) but their importance in regulating dpp and zen 

expression is not clear. Proteins bound to AT-rich sites interact with Dorsal 

at neighboring regions, which leads to a conformational change of Dorsal so 

that it interacts with the corepressor Groucho (Dubnicoff et al. 1997) 

(Valentine et al. 1998) through a cryptic peptide motif (Ratnaparkhi et al. 

2006).   

Anterior-posterior patterning 

The Drosophila larvae have a segmented appearance along the anterio-

posterior axis with segments bearing cuticular structures defining it as the 

head, thorax or abdomen. This appearance is the result of a patterning cas-
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cade that originates from maternal factors in the unfertilized egg followed by 

hierarchic activities of zygotic patterning genes, similar to the process in 

which the dorsal-ventral axis is set up. Sequentially, this process produces 

broad domains of gap gene expression, striped patterns of pair-rule genes 

followed by expression of segment polarity genes along the anterior-

posterior axis (figure 3B). Especially the distribution of three maternal facors 

Bicoid, Caudal and Hunchback is crucial for establishing the AP axis. The 

bicoid (bcd) mRNA is located in the anterior part of the oocyte and is not 

until after fertilization translated into protein that forms a gradient with high-

est concentration in the anterior end and lowest in the posterior end of the 

embryo. Recent data from analyzing enhancers that mediate Bicoid-

dependent expression suggest that the repressors Runt and Capicua are in-

volved in defining the boundaries along the AP axis for these genes (Chen et 

al. 2012). Bicoid also functions as an inhibitor of translation of caudal 

mRNA in the anterior regions which results in a Caudal gradient opposed to 

the Bicoid gradient. Maternal hunchback mRNA is uniformly present in the 

unfertilized egg but when translated create a gradient from anterior to poste-

rior due to inhibition by Nanos in the posterior end of the embryo. The gra-

dients formed by these transcription factors control expression of a specific 

group of zygotic genes, the gap genes (figure 3B). The gap genes include 

zygotic hunchback (hb), orthodenticle (otd), kruppel (kr), knirps (kni), giant 

(gt) and tailless (tll) (Ip et al. 1992; Rivera-Pomar et al. 1995; Lebrecht et al. 

2005; Ochoa-Espinosa et al. 2005) which are expressed in broad domains of 

the embryo (figure 3B). The gap-gene products and gap genes interact to 

establish expression borders,e.g., the anterior borders of both kni and kr ex-

pression are both defined by Hb, whereas the posterior border of kni is re-

pressed by Gt and Tll (Rivera-Pomar et al. 1995) and the posterior border of 

kr is repressed by Kni, Gt and Tll (Hoch et al. 1992). The repression of kni 

involves the co-repressor Atrophin which was shown to localize to the same 

kni promoter region together with Tll (Wang et al. 2006). The repression of 

kni and kr by Tll is also mediated through interactions with the co-repressor 

Brakeless which also binds the kni and kr CRMs (Haecker et al. 2007). The 

gap gene Tll is expressed in the posterior end of the embryo as a result of 

localized Torso signaling activation in the terminal regions (reviewed in 

Niessing et al. 1997) and is not repressed by other gap genes. The unique 

zygotic pattern into discrete regions by the gap genes along the AP axis pro-

vides a starting point for activation of the pair-rule genes. By the combina-

tion and concentration of gap gene products, the expression of the pair-rule 

genes including even-skipped (eve), fushi-tarazu (ftz) and hairy (h) are re-

stricted to seven transverse stripes which alternate 14 parasegments that are 

fundamental in the segmentation of the Drosophila embryo. The gene eve is 

expressed in every odd-numbered parasegment, whereas ftz is expressed in 

every even-numbered parasegment. Different stripes for eve and h are specif-

ically regulated through the action of separate independent CRMs with bind-
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ing sites for both activators and repressors. An example is the eve stripe 2 

which activation of expression depend on Hunchback and Bicoid, whereas 

the anterior and posteror borders are formed by repression by Giant and 

Krüppel (Small et al. 1992). The pair-rule genes also regulate each other 

which further refines the seven stripe pattern  (reviewed in  Niessing et al. 

1997). The next group of genes in the segmental hierarchy is the segment 

polarity genes. The majority of these genes do not encode transcription fac-

tors. The segment-polarity genes are expressed in all 14 parasegments and 

include engrailed (en), wingless (wg), and hedgehog (hh). These segment-

polarity genes function in stabilizing the parasegment boundaries and set up 

a signaling pathway eventually leading to the cuticle pattern that is evident 

on larvae (Nasiadka et al. 2000) In order to assign each segment a unique 

identity, the homeotic genes are required. The homeotic genes are clustered 

in two complexes: the bithorax (BX-C) and Antennapedia complex (ANT-C) 

(Regulski et al. 1985). Mutations in these loci result in homeotic transfor-

mations, where a structure is changed into a related one, e.g., parasegment 4 

and 5 to parasegment 6 identity (Lewis 1978). The homeotic genes are acti-

vated by gap and pair-rule genes but their expression pattern is maintained 

by Polycomb Group genes (PcG) and Trithorax Group genes (trxG) 

(reviewed in Nasiadka et al. 2000).            
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Histone modifications 

Chromatin consists of repeating units of nucleosomes. The nuclesosomes 

contain core histone proteins which frequently are posttranslationally modi-

fied and regulate the properties of chromatin. Two models have been pro-

posed to to account for the effects histone modifications act by. The first 

model suggest that modifications mainly result in a change in chromatin 

structure by a change in net charge of histones (reviewed in Zheng and 

Hayes 2003). Acetylation is a modification that is associated with a reduced 

positive charge of lysines on histones, leading to less interaction with the 

negatively charged DNA (Shahbazian and Grunstein 2007). The second 

model suggests a “histone code ” where different histone modifications act 

sequentially or in combination to achieve contexts that regulates biological 

outcomes (Jenuwein and Allis 2001).  Depending on which modifications 

that are taking place, the chromatin will be arranged into a more open, tran-

scriptionally active state, or into a more condensed state, which represses 

transcription (Strahl and Allis 2000). Traditionally, chromatin was consid-

ered to be euchromatic (active) or heterochromatic (silent) based on tran-

scriptional activity. Recent studies have tried to define chromatin regions 

further (Filion et al. 2010; Kharchenko et al. 2011). For example, mapping 

of chromosomal proteins and histone modifications have suggested a distinc-

tion into five chromatin states (Filion et al. 2010). Heterochromatin can be 

subdivided into three chromatin types: GREEN, HP1 and H3K9me enriched, 

BLUE, PcG protein and H3K27me3 enriched, and BLACK regions with 

very low transcriptional activity enriched in non-coding elements. Euchro-

matic regions contain RED   and  YELLOW  chromatin with only RED be-

ing enriched in H3K36me3 and the chromodomain-containing protein 

MRG15.  

Different types of modifications 

Histone modifications have important roles in various biological processes 

such as transcriptional regulation, DNA repair, DNA replication, and hetero-

chromatin formation (reviewed in Kouzarides 2007). The functional output 

depends on the type of modification, where the specific residue is located 

and the combined effects exerted by several modifications. Classes of modi-

fications identified on histones include acetylation, methylation, phosphory-
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lation, ubiquitylation, sumoylation, ADP ribosylation, deamination, proline 

isomerization and crotonylation  (reviewed in Kouzarides 2007). Forms are 

also variable, since methylations at lysines can be mono-, di-, or trimethylat-

ed, and arginines can mono-, or di- methylated. Most modifications occur on 

the unstructured N-terminal tails, e.g. Histone H3 Lysine 4 (H3K4), H3K9, 

H3K14, H4K5, but there are also examples of modifications within the core 

domain of histones (e.g. H3K56, H3K79) (figure 4). The histone tails have 

been shown to be required for nucleosome-nucleosome interaction and for 

establishing heterochromatin (Luger et al, 1997).  

              

                                                

 

 

 

 

Effects and functions of histone modifications 

The link between histone modifications and transcription is an area under 

intense investigation. Acetylation and phosphorylation are generally associ-

ated with active transcription. Sumoylation, deamination and proline isomer-

ization usually is found in transcriptionally silent regions whereas methyla-

tion and ubiquitylation are implicated with both activation and repression. 

Moreover, genome-wide studies in yeast have revealed that most histone 

modifications are distributed into distinct patterns in the upstream region, the 

core promoter and the 5’and 3’end of open reading frames (ORFs) (reviewed 

in Li et al. 2007).  For example, acetylation of H3K9 and methylation at 

H3K4 (H3K4me3) is associated with the core promoter and upstream se-

quences, whereas H3K4me1 accumulates in the 3’end of the ORFs, of ac-

tively transcribed genes. Distribution patterns of histone modifications have 

also been mapped in mammalian genomes and show conservation of the 

main chromatin features of a typical gene (reviewed in Rando and Chang 

Figure 4. Histone modifications in the human genome including Phosphorylation, 
(Ph) Methylation (Me), Acetylation (Ac), and Ubiquitylation (Ub) on either ser-
ine, lysine, arginine or threonine residues. 
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2009). For example, both yeast and mammalian genes have H3K4me3,me2 

and me1 distributed similarly, have several acetylation marks around the 

TSS of a typical active gene with H3K36me3 over the coding regions. Meta-

zoan genomes carry more histone marks and in addition display distinct 

chromatin signatures of cis-regulatory elements or enhancers. A typical en-

hancer is for example enriched in H3K4me1 and has further been classified 

as active or poised based on H3K27 acetylation (Creyghton et al. 2010). 

There is a contextual dependence for the effects a modification have on tran-

scription. Indeed, when the Set2 protein responsible for methylating H3K36 

on actively transcribed genes is mistargeted to the promoter instead of the 

ORF, it represses transcription (Strahl et al. 2002; Landry et al. 2003). Also, 

combinations of repressive and activating modifications co-exist in certain 

chromatin environments. Bivalent domains carrying H3K27me and H3K4me 

are used to poise genes in a low-expression state in ES cells which enables 

regulation of differentiation and a preservation of pluripotency (reviewed in 

Bernstein and Allis 2005; Azuara et al. 2006). One way histone modifica-

tions contribute to chromatin dynamics and function is by generating binding 

possibilities for non-histone proteins to mediate downstream effects. A mod-

ification is “read” via specific domains. The domains needed to recognize 

methylation include chromo-like domains (chrome, tudor, MBT) and PHD 

domains. Acetylations can be bound by bromodomains, whereas phosphory-

lated lysines are recognized by a domain within 14-3-3 proteins.  The pro-

teins binding to modified residues sometimes have enzymatic capabilities 

leading to a further modification of chromatin. The JMJD2A protein binds 

methylated H3K4 via its Tudor domain and is able to demethylate (Huang et 

al. 2006). Other proteins deliver enzymes to chromatin like the Polycomb 

protein which binds methylated  H3K27 through its chromodomain and is 

associated with the Ring1A ubiquitin ligase targeting H2A specifically (de 

Napoles et al. 2004). The abundance of such a variety of histone modifica-

tions opens possibilities for crosstalk between modifications. Some adjacent 

modifications probably antagonize or have a positive effect on each other 

and also affect binding of proteins. One example is phosphorylation at 

H3S10 which influencing the binding of HP1 to methylated H3K9 (Fischle 

et al. 2005). In addition the same phosphorylated site enables the GCN5 

acetyl transferase to bind H3 more efficiently (Clements et al. 2003). 

Polycomb group and Trithorax group proteins 

Polycomb Group (PcG) proteins and Trithorax Group (TrxG) proteins were 

originally identified in Drosophila modifying chromatin to maintain gene-

expression patterns for homeotic genes which regulates body axis patterning 

during development (reviewed by (Ringrose and Paro 2004). Recent studies 

provide a much broader role for these proteins as regulators of many cellular 



 24 

functions and developmental pathways (reviewed in Schwartz and Pirrotta 

2008). This involves cell proliferation, stem cell identity, genomic imprint-

ing, and X-inactivation (reviewed in Schuettengruber et al. 2007). The two 

groups antagonize each other, i.e., PcG maintain silencing of Hox genes 

whereas TrxG proteins counteract to positively regulate these genes.  PcG 

proteins have been identified in five complexes, PRC1, PRC2, Pho-

repressive complex (PhoRC), dRing-associated factors complex (dRAF) and 

Pc-repressive deubiquitinase (PR-DUB) complex in various organisms 

(Lanzuolo and Orlando 2012) . One of the subunits of the PRC2 complex is 

Enhancer of zeste E(z) which is a histone methyl transferase (HMT) that can 

specifically methylate H3K27me3 (Czermin et al. 2002). This mark is spe-

cifically recognized by Polycomb (Pc) containing a chromodomain in the 

PRC1 complex (Cao and Zhang 2004). The PhoRC complex contains the 

DNA binding protein Pleiohomeotic (PhO) (Klymenko et al. 2006) which 

binds the regulatory DNA elements called Polycomb respone elements 

(PREs). However, no definitive PRE signature has been identified, suggest-

ing a variable mode of recruitment involving different combinations of pro-

teins (reviewed in Schwartz and Pirrotta 2008).  The classic view on the 

mechanism by which PcG proteins act involves recruitment of the PhoRC 

complex to chromatin targets through PRE:s followed by PRC1 recruitment 

to the H3K27me3 modification deposited by PRC2 subsequently leading to 

spreading of H3K27me3 over large chromosomal domains associated with 

genes showing very low transcriptional activity. The broad domains of 

H3K27me3 have been suggested to involve looping of the PRE and the 

bound PcG complex making transient contacts with nucleosomes leading to 

further deposition of the H3K27me3. Although chromatin consisting of 

H3K27me3 restricts the accessibility of DNA (Bell et al. 2010) the co-

activator p300 possessing HAT-activity has been shown to bind enhancers 

with H3K27me3 which prevents H3K27ac, the mutually exclusive mark 

(Rada-Iglesias et al. 2011) (Zentner et al. 2011). This data supports a model 

of Polycomb silencing of gene expression where proteins and RNA pol II 

access DNA but elongation is restrained (Simon and Kingston 2009). The 

PcG mediated repression also involves ubiquitination of H2AK119, poten-

tially mono and di-methylation of H4K20 (Papp and Muller 2006), and the 

RNAi machinery (Kim et al. 2006). Studies also suggest the involvement of  

the H3K27me3 specific histone demethylase UTX in antagonizing  PcG 

repression since Hox gene promoters have shown enrichments of these regu-

lators correlated with Hox gene expression (Lan et al. 2007). The TrxG pro-

teins contain different classes of factors including Trithorax (Trx) a HMT 

leading to H3K4 methylation, components of the SWI/SNF chromatin re-

modeling complex, and also involve regulatory DNA elements called 

Trithorax regulatory elements (TREs). 
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Histone acetylation 

This modification is well-characterized and is correlated with activation of 

transcription. This is based on the neutralizing effect acetylated lysines have 

on the charge of the tails which decrease affinity for DNA (Hong et al. 

1993). Subsequently this leads to an altered nucleosomal conformation 

which can increase accessibility for the transcription machinery to chromatin 

(Lee et al. 1993). Also, actively transcribed regions in the genome are hyper-

acetylated wheras silent regions are hypoacetylated. Additionally, acetyla-

tion has been linked to other genome functions such as chromatin assembly, 

DNA repair, DNA replication and recombination (reviewed in Minucci and 

Pelicci 2006).  Acetylation which is reversible, is prevalent at all core his-

tones and is conducted by histone acetyl transferases (HATs) which catalyze 

the transfer of an acetyl group from acetyl-CoA to the e-amine of target ly-

sine residues on the histone N-terminal tails (except H3K56 which occurs on 

the globular domain of H3). Many transcriptional co-activators, for example 

GCN5 and CBP/P300 (CREB-binding protein and its homolog P300 in 

mammals), have been identified as histone acetyl transferases and are gener-

ally operating in multiprotein complexes  (reviewed in (Brown et al. 2000). 

GCN5 is a HAT which functions either in the SAGA (Spt-Ada-Gcn5-

acetyltransferase) or the SLIK (SAGA-like) complexes preferentially acety-

lates H3 and H2B sites (Kuo et al. 2000; Wu et al. 2001). One example of a 

HAT family is the MYST (monocyte leukemia zinc-finger protein (MOZ), 

Ybf2, Sas2, Tip60)-related family of HATs which also form multisubunit 

complexes. For example, Tip60 is the catalytic subunit in the nucleosome 

acetyltransferase of histone H4 complex (NuA4) which is conserved from 

yeast to humans, acetylates H4 and H2A  , and have  a role in control of 

mammalian cell proliferation (Doyon et al. 2004). Histone deacetyl transfer-

ases (HDACs) carry out the deacetylase function which reverses acetylation 

and remove acetyl groups from lysine residues. HDACs are conserved from 

bacteria to animals suggesting a non-redundant role in cell biological pro-

cesses. This class of histone modifying enzymes share a zinc-dependent 

catalytic domain enabling the zinc-catalyzed hydrolysis of the acetyl-lysine 

bond (reviewed in Minucci and Pelicci 2006). Histone deacetylation restores 

the positive charge on lysines and is correlated with a more compact chro-

matin state at inactive gene regions. HDACs are often part of corepressor 

complexes, e.g. the reduced potassium dependency 3 (Rpd3) protein in the 

Sin3-Rpd3 complex, and HDAC3 in the NCoR/SMRT complex (reviewed in 

Pazin and Kadonaga 1997). To regulate cellular histone acetylation levels 

there is an interplay between HAT and HDAC activities. One example of 

this is recruitment of both HATs and HDACs to active genes to mediate 

acetylation turnover. The chromodomain-containing protein Esa1-associated 

factor (Eaf3) binds active genes via Set2-dependent methylation of H3K36. 

Eaf3 is a member of both a HAT complex, NuA4, and a HDAC complex, 
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Rpd3s. The Set2 H3K36 methylation and Eaf3 binding was shown to be 

important for NuA4-dependent H4K8 acetylation but Set2 also have an im-

portant role for deacetylation by Rpd3 (Joshi and Struhl 2005; Morillon et al. 

2005). Acetylation and deacetylation are also involved in gene silencing in 

yeast where the H4K16ac mark prevents spreading of Silent Information 

Regulatory proteins (Sir) from non-acetylated silent domains (Kimura et al. 

2002). H4K16ac is a mark distributed throughout actively transcribed re-

gions and has been shown to prevent higher order chromatin formation 

(Shogren-Knaak et al. 2006) making the chromatin more accessible. The 

protein MOF is the HAT responsible for acetylation of H4K16ac (Akhtar 

and Becker 2000; Smith et al. 2000) and is a component of the dosage com-

pensation complex in Drosophila. 

Dosage compensation  

In many diploid species, males are the heterogametic sex XY, and females 

the homogametic sex XX. This creates an imbalance in the amounts of tran-

scripts of X-linked genes between the sexes. To compensate for this imbal-

ance due to different numbers of sex chromosomes, a mechanism called 

dosage compensation adjust gene expression levels (Disteche 2012). Differ-

ent strategies have evolved in Drosophila, C. elegans and mammals but all 

modulate chromatin structure to regulate expression levels (reviewed in 

Straub and Becker 2007). In mammals, one of the female X-chromosomes is 

randomly inactivated and forms a Barr body. This inactivation involves coat-

ing of the X-chromosome with a non-coding RNA, Xist, which is believed to 

recruit silencing complexes leading to H3K27me3 accumulation on the inac-

tivated X chromosome and formation of heterochromatin (Plath et al. 2003). 

In the hermaphrodite worm C. elegans, dosage compensation involves 

chromatin condensation to reduce gene expression of both X-chromosomes 

to compensate for the single X-chromosomes in males (Lieb et al. 2000). 

The resulting lowered transcriptional output from X-linked genes in females 

matches the one from males but creates an imbalance between sex chromo-

somes and autosomes. In both systems a general upregulation of X-

chromosomes in both sexes occur to compensate for the higher expression of 

autosomal genes (reviewed in Gupta et al. 2006; Nguyen and Disteche 

2006). In Drosophila both these imbalances are solved by one mechanism, 

where dosage compensation occurs in the heterogametic sex by upregula-

tion. By upregulating X-linked genes to a diploid level, approximately two-

fold, the fly genome is balanced between sexes. To trigger the hypertran-

scription, the male specific lethal (MSL) complex containing MSL1, MSL2, 

MSL3,  MLE and MOF proteins associates exclusively to the male X-

chromosome (Park and Kuroda 2001; Buscaino et al. 2003). MSL3 contains 

a chromodomain which enables the MSL complex to bind to H3K36me3, 
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suggested to enable spreading of the complex along the chromosome 

(Larschan et al. 2007; Sural et al. 2008). MOF, the HAT acting at H4K16 

has possibly a role in opening up the chromatin and maintain accessibility 

for transcription factors (Kind et al. 2008). The MSL complex also contains 

MLE which possess ATPase activity also important for the spreading 

(Kuroda et al. 1991; Luchesi and Santos 2005). In addition, dosage compen-

sation in Drosophila involves two non-coding RNAs roX1 and roX2 (Franke 

and Baker 1999). To summarize the process, MSL1 and MSL2 initially tar-

gets 150-300 high affinity sites on the X-chromosome (MREs) (Alekseyenko 

et al. 2008). The remaining components MSL3, MLE, MOF, roX1 and roX2  

join to form a mature MSL complex that can spread in cis to cover the whole 

chromosome which lead to an upregulation in transcription. 

 

Histone methylation 

Histone methylation occurs on all basic residues, arginines, lysines and his-

tidines. Lysines can be mono, di-, or tri-methylated while arginines can be 

mono or di-methylated. Monomethylated histidines are considered rare and 

have not been charcacterized further (reviewed in Greer and Shi 2012). The 

most studied sites include methylations at H3K4, H3K9, H3K27, H3K36, 

H3K79 and H4K20. Arginine methylations include H3R2, H3R8, H3R17, 

H3R26 and H4R3. Three enzyme families catalyze the addition of methyl 

groups donated from S-adenosylmethionine to histones. The SET-domain 

family (Rea et al. 2000), and DOT1-like proteins (Feng et al. 2002) methyl-

ate lysines while  the arginine N-methyltransferases (PRMT) family (PRMT) 

methylates arginines (reviewed in Bannister and Kouzarides 2011). Possible 

mechanisms recruiting these enzymes to their genomic locations include 

transcription factor binding to regulatory DNA such as PREs for the PcG 

group (Chan et al. 1994), long noncoding RNAs (InRNAs) for the HMT G9a 

(Nagano et al. 2008), RNAi for establishing heterochromatin through H3K9 

(Verdel et al. 2004) and also DNA methylation (Johnson et al. 2007). Proba-

bly due to differences in effector proteins recognizing these marks, the ef-

fects different methylations have on transcription, either activating or repres-

sive, is context-dependent. H3K9 methylation is a mark associated with het-

erochromatin, since the HMT suppressor of variegation 3-9 (SuVar3-9) 

methylates H3K9 which recruits the heterochromatin HP1 which arranges 

the chromatin into a more compact state (Schotta et al. 2002). HP1 is a well-

characterized chromatin associated protein which mainly associates with 

transcriptional silenced regions but recently implicated to involve eu-

chomatic gene regulation (reviewed in Kwon and Workman 2011). HP1 

proteins are highly conserved and contain a N-terminal chromo domain 

(Paro and Hogness 1991), a chromo-shadow domain involved in protein-
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protein interactions (Aasland and Stewart 1995). The interaction with 

Su(Var)3-9 through the chromo-shadow domain allows spreading of hetero-

chromatin mediated by Su(Var)3-9 dependent methylation at H3K9 and 

binding of HP1 to adjacent chromatin regions (reviewed in Vermaak and 

Malik 2009).  

H3K36 trimethylation  

H3K36 trimethylation is in contrast to H3K9 methylation a mark associated 

with euchromatin, located within the ORFs of active genes. In addition to its 

role in stabilizing the MSL complex on the X-chromosome, a decreased 

level of H3K36me3 reduce the H4K16 acetylation on dosage compensated 

genes (Bell et al. 2008) in Drosophila. Another function for H3K36me3 is a 

role in preventing transcriptional activation within genes, i.e. cryptic tran-

scription. In yeast, Set2p associates with the phosphorylated CTD of elon-

gating Pol II and deposits this mark at transcribed genes (Krogan et al. 2003; 

Li et al. 2003; Xiao et al. 2003). The Eaf3 subunit of the Rpd3S deacetylase 

complex binds H3K36me3 mediated by the HAT Set2 in the 3’end of ORFs 

in yeast which suppresses cryptic transcription through deacetylation 

(Carrozza et al. 2005). Probably H3K36me3 function in this way to compen-

sate for hyperacetylation of chromatin which otherwise would enable cryptic 

promoter activity (Bell et al. 2007). Recently, in addition to recruiting the 

Rpd3S complex, H3K36me3 was shown to suppress histone exchange over 

coding regions, and also incorporation of new acetylated histones 

(Venkatesh et al. 2012). Further, the mechanism by which Set2 and methyl-

ated H3K36 inhibits incorporation of new actetylated histones involves the 

function of two chromatin remodelers, Isw1 and Chd1 (Venkatesh et al. 

2012). It has been proposed that H3K36 methylation by both these mecha-

nisms in yeast serve to maintain low levels of acetylation over ORF:s and 

reset chromatin during transcription elongation (Butler and Dent 2012). In 

Drosophila RNAi mediated suppression of set2 in larvae result in lack of 

global levels of H3K36me3, pupae formation is blocked and wing disc spe-

cific knockdown result in a blister phenotype of wing epithelia (Stabell et al. 

2007). Also, evidence supports a role for H3K36me3 in alternative splicing 

(reviewed in Luco 2011). This modification is less enriched in alternatively 

spliced exons than in constitutively expressed exons (Kolasinska-Zwierz et 

al. 2009). The polypyrimidine tract binding protein (PTB) has been shown to 

be involved in splicing regulation (Black 2003) . By only modulating 

H3K4me3 and H3K36me3 levels, exon choice in alternatively spliced genes 

depending on the PTB splicing factor can be switched (Luco et al. 2010).                             
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Histone demethylases    

 

Histone methylation was originally believed to be a permanent mark that 

could only be removed by histone exchange or by dilution during replica-

tion. The identification of two classes of enzymes capable of demethylating 

histones using different mechanisms has changed this view. Histone methyl 

transferases (HMTs) and histone demethylases (HDMs) enable dynamics 

and this modification can vary in the cell cycle and also during development. 

The first demethylase identified was the Lysine specific demethylase (LSD) 

that belongs to the amine oxidase class and can demethylate H3K4me1, me2, 

H3K9me1, and H3K9me2 (Shi et al. 2004). This enzyme demethylates the 

histone substrate through a flavin adenine dinucleotide (FAD) dependent 

amine oxidase reaction.  However, due to the requirement for a free electron 

pair at the methylated lysine, the amine oxidases are unable to catalyze de-

methylation of trimethylated (reviewed in Cloos et al. 2008) residues. The 

second class of enzymes  indeed capable of demethylating trimethylated 

lysine resides comprise JmjC domain containing iron-dependent dioxygen-

ases (Figure 5), identified in several independent laboratories (Cloos et al. 

2006; Fodor et al. 2006; Klose et al. 2006; Tsukada et al. 2006; Whetstine et 

al. 2006). This large family of proteins are conserved from yeast to humans 

and demethylate different lysine residues at both histone and non-histone 

substrates (reviewed in Greer and Shi 2012). Both classes of histone deme-

thylases contain enzymes essential for development and deregulated expres-

sion has been linked to cancer (reviewed in Pedersen and Helin 2010).      

 

 

 

 

 

 

 

Figure 5. Th JmjC class of histone demethylases (JMJD) uses a dioxygenase reac-
tion that is dependent on Fe (II) and α-ketoglutarate for demethylating mono-, di- 
and trimethylated residues. Wavy lines indicate peptide backbone.  



 30 

JmjC domain proteins 

The second class of histone demethylases contains 30 human members of 

which 19 have been shown to possess histone demethylase activity (figure 

6). All share the catalytic JmjC domain and within this family activity 

against H3K4, H3K9, H3K27, H3K36, H3R2, and H4R3 have been identi-

fied (reviewed in Kooistra and Helin 2012). They can be grouped into sub- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

classes according to homology that often share substrate specificity. To in-

vestigate their biological role several mice have been generated in which one 

JmjC gene has been deleted, e.g., kdm2b, kdm6a, kdm4d, and kdm5a, with 

variable severity in phenotypes. The kdm2b knock-out mice displayed neural 

Figure 6. Human JmjC domain class of demethylases grouped according to 
homology. Subsbstrate specificity are indicated for proteins with demonstrated 
activity against histone residues in grey and non-histone targets wihin parenthe-
ses. Adapted from Pedersen and Helin. 2010. 
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tube closure defects, exencephaly, kdm6a mice female embryonic lethality, 

defects in cardiac development while kdm4d mice showed no detectable 

phenotype and kdm5a a limited aberrant behavioral phenotype (Klose et al. 

2007; Cox et al. 2010; Fukuda et al. 2011; Iwamori et al. 2011). For both 

kdm4d and kdm5a functional redundancy has been proposed to perhaps ex-

plain the lack of more severe phenotypes. For many of the available knock-

out animals the molecular basis for the phenotype remains to be investigated. 

Structural studies on the KDM4A/JMJDA protein have revealed clues to 

what confers the substrate specificity to the JmjC domain proteins. The bind-

ing pocket of KDM4A/JMJD2A specifically recognizes and fits trimethylat-

ed Lys residues, and two nearby Gly resides and a Pro residue provide speci-

ficity for H3K36me3 (Couture et al. 2007; Ng et al. 2007). Also different 

distances between the JmjC domain and plant homeodomain (PHD) domain 

has been shown in vitro to explain different conformational changes that 

could lead to the different substrate specificities within a subclass, i.e. the 

KDM7A/JHDM1D class of proteins (Horton et al. 2010). Concerning the 

role JmjC domain proteins play in gene regulation, several studies imply that 

they regulate transcriptional initiation. Indeed, KDM6B/JMJD3 association 

with the androgen receptor (AR) promotes AR-mediated gene activation, 

and also contributes to activation of the INK4A locus (Yamane et al. 2006; 

Agger et al. 2009). Recently, it was reported that KDM5/Lid in Drosophila 

localizes with ASH2 at TSS of developmental genes, indicating that they 

cooperate to regulate H3K4me3 for efficient transcription (Lloret-Llinares et 

al. 2012). A possible function for JmjC domain proteins might be to facili-

tate or finetune expression, rather than to work as an on/off switch. In line 

with this idea, genome-wide ChIP and expression data suggest an extensive 

occupancy for demethylases, but expression changes upon depletion are 

subtle and affect few genes  (reviewed in Pedersen and Helin 2010). For 

example, knockdown of the H3K4me2/me3 specific KDM5B/JARID1B 

demethylase results in modest 2.2 fold increase of H3K4me3 at 

KDM5B/JARID1B targets but only 3.4 % of its targets are differentially 

expressed  (Schmitz et al. 2011). Surprisingly, depletion of 

KDM5B/JARID1B results in failure to initiate ectodermal differentiation in 

vitro. The H3K27me2/me3 specific demethylase KDM6B/JMJD3 is recruit-

ed to promoters with increased H3K4me3 levels after lipopolysaccharide 

treatment of macrophages (De Santa et al. 2007).  Since only a minor frac-

tion of promoters display lower levels of H3K37me3 after LPS treatment, 

and depletion affects few genes without an increase in H3K27me3, 

KDM6B/JMJD3 might function to protect against H3K27me3 methylation 

and enable target genes to be LPS-induced  (De Santa et al. 2007).  Further-

more, within this family of enzymes several demethylases share substrates, 

indicating that they might have overlapping functions in regulating gene 

expression. 
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KDM4 proteins 

The KDM4 proteins were the first demethylases identified with activity to-

wards trimethylated lysines. There are four members of the KDM4 subclass 

in mammalian cells with demethylase activity:   KDM4A/ JHDM3A/ 

JMJD2A, KDM4B/ JHDM3B/ JMJD2B, KDM4C/ JHDM3C/ JMJD2C/ 

GASC1 and KDM4D/ JHDM3D/ JMJD2D (figure 6). KDM4E and F are 

likely to be pseudogenes (Katoh 2004).The KDM4 proteins catalyze the 

demethylation of H3K9me3/me2 and H3K36me3/me2, with substrate 

specifiy showing some variation within subclass members (Cloos et al. 2006; 

Fodor et al. 2006; Whetstine et al. 2006; Klose et al. 2007; Lin et al. 2008). 

Several lines of evidence support critical functions during development and 

cancer for this subclass of JmjC domain proteins. KDM4A, KDM4B and 

KDM4C are over-expressed in prostate cancer (Cloos et al. 2008).  Further, 

amplification of the KDM4C locus has been detected for squamous carcino-

mas, amplification of the KDM4B locus reported for medulloblastomas and 

breast cancers (Yang et al. 2000b; Ehrbrecht et al. 2006; Liu et al. 2009; 

Northcott et al. 2009). KDM4C can function as a co-activator for AR genes , 

is correlated with gene activation through H3K9me3 demethylation at pro-

moter regions, and also play a role in ES cell self-renewal (Loh et al. 2007; 

Wissmann et al. 2007). Genomic targets and cellular functions are largely 

uncharacterized for the mammalian KDM4 subclass members. Since 

H3K9me3 is crucial for heterochromatin formation, deregulation of KDM4 

has been speculated to result in genome instability. Indeed, deregulation of 

the only KDM4 homolog in C. elegans, JMJD-2, cause apoptosis and affect 

DNA repair leading to genomic instability (Whetstine et al. 2006).  

Drosophila KDM4 proteins 

In Drosophila, there are two KDM4 homologs, dKDM4A and dKDM4B, 

which both contain JmjC and JmjN domains.  Drosophila KDM4B has been 

shown to have demethylase activity against H3K9me2/3 and H3K36me2/3 

in vitro (Lin et al. 2008). Further, a global decrease in H3K9me3 due to UV 

irradiation in heterochromatic regions was shown to correlate with an upreg-

ulation of dKDM4B by the Drosophila p53 homolog (Palomera-Sanchez et 

al., 2010).  In vitro, the KDM4A protein in Drosophila is a H3K36me3/me2 

specific demethylase  (Palomera-Sanchez et al. 2010).  Also in vivo experi-

ments in flies and in S2 cells show that overexpression of KDM4B result in 

both H3K9 and H3K36 reductions, while KDM4A specifically only reduces 

H3K36me3. These data demonstrate a demethylase function against both 

H3K9 and H3K36 for dKDM4B and that dKDM4A is H3K36 specific de-

methylase. Moreover, over-expression of dKDM4A result in a spreading of 

HP1a from heterochromatin into euchromatin (Lloret-Llinares et al. 2008) 
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without any effect on the H3K9me2 or me3 detected at the chromocentre. 

Purification of dKDM4A from Drosophila S2 cells demonstrated an interac-

tion of HP1a stimulating the H3K36me3 demethylase activity of dKDM4A 

(Lin et al. 2008). Recently, a report described that targeting of dKDM4A to 

heterochromatin is achieved by HP1a but the demethylase activity of 

dKDM4A at euchromatin is not depending on this targeting  (Lin et al. 

2012).  In C. elegans there is also demonstrated an interaction of KDM4 and 

Hp1 (Hp1gamma) which antagonize dependent cell cycle and DNA replica-

tion phenotypes (Black et al. 2010).  A P-element mutant allele of Drosophi-

la KDM4A is homozygous viable, but was reported to have a male-specific 

reduction in life span and display down-regulation of the Hsp22 and fruitless 

genes (Lorbeck et al. 2010).                                               
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Co-regulators 

Transcriptional control of development of an organism confers cell-specific 

and distinctly localized patterns of gene expression. Co-regulators play an 

important role in this process. Co-regulators of transcription do not bind to 

DNA themselves, but instead facilitate cooperation between transcription 

factors bound to cis-regulatory DNA, the chromatin, and the basal transcrip-

tion machinery. This regulatory information subsequently prevents or pro-

motes transcription. Transcriptional co-regulators, often multiprotein com-

plexes, function in different ways. They can (I) interact directly with Pol II 

or the general transcription factors (GTFs), (II) modulate  the  chromatin 

accessibility either by reorganizing nucleosomes or by histone modifications,  

(III)  modify transcription factors or GTFs and (IV) recognize and bind nu-

cleosomes with histone modifications.   

 

The Mediator complex 

The Mediator complex is a huge multisubunit protein complex that is essen-

tial for transcriptional regulation from yeast to man (reviewed in Kim and 

Lis 2005).  Mediator was identified in Saccharomyces cerevisiae when it 

was found that the RNA pol II together with GTFs can form the pre-

initiation complex (PIC)  and find the transcriptional start site in vitro but  

not  respond to transcriptional activators (reviewed in Kornberg 2005; 

Karijolich and Hampsey 2012). This led to a discovery of a yeast cell extract 

stimulating transcription which contained Mediator components. Further 

characterization of the Mediator complexes in fly, worm, rat, and human 

cells have revealed that they are metazoan counterparts of Mediator which 

involves a common modular structure. There is variability in subunit compo-

sition across species probably reflecting their difference in complexity in 

transcriptional regulation. Together with biochemical studies, genetic anal-

yses aiming to identify co-regulators of gene-specific transcriptional activa-

tors and repressors has revealed many of the corresponding genes, i.e. SSN3 

and SSN8, Rox3, SIN4, SRB proteins, RGR1, and GAL11 (Suzuki et al. 

1988; Sakai et al. 1990; Jiang and Stillman 1992; Kuchin et al. 1995; Song et 

al. 1996; Gustafsson et al. 1997) (Chao et al. 1996). Also structural studies 

have shown that the Mediator is in fact wrapped around RNA pol II. II (re-
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viewed in (Asturias 2004); (Asturias et al. 1999).  Altogether these different 

approaches indicates that the Mediator interacts with pol II and is crucial for 

the ability of regulatory proteins to influence transcription (reviewed in (Kim 

and Lis 2005). Indeed, it is clear from numerous studies showing its effect 

on recruitment and stabilization of transcription complexes at the promotor, 

equal importance of Mediator as pol II itself for mRNA expression and ge-

nome-wide localization of subunits to promoters that it could be considered a 

general transcription factor (Taatjes 2010). Therefore a widespread role in 

gene regulation for Mediator is likely , e.g. the human Mediator has been 

shown to have  physical or functional interactions with STAGA (a HAT 

complex) or the co-activator p300 which regulates a large fraction of genes 

(Black et al. 2006; Liu et al. 2008). In addition the Mediator has recently 

been demonstrated with gene-selective regulatory roles. Electron microscopy 

has defined a modular structure of the Mediator containing 25 subunits in 

yeast in four domains: head, middle/arm, tail and kinase. MED1 which is a 

component of the middle domain was shown to interact with the nuclear 

receptor co-activator PGC-1a to induce expression of the Brown-Fat-specific 

UCP-1 gene (Chen et al. 2009) . Also the cell-cycle and apoptosis regulator 

1 (CCAR1) co-activator function together with MED1to express estrogen 

receptor (ER) and glucocorticoid receptor (GR) target genes (Kim et al. 

2008). MED19 which is another component of the middle domain, is encod-

ed by ROX3 in yeast involved in expression of the heme-regulated CYC7 

gene (Rosenblum-Vos et al. 1991), and later implicated with a general role 

in transcriptional regulation (Song et al. 1996). In human cells, MED19, 

known as LCMR (Lung Cancer Metastasis Related Protein 1) is overex-

pressed in liung cancer patients (Cui et al. 2011).  MED19 together with 

MED26 is recruited by the RE1 silencing transcription factor (REST) in 

facilitating G9a dependent restriction of neuronal gene expression to the 

nervous system (Ding et al. 2009).      

CBP 

The cAMP-response element binding (CREB) binding protein (CBP) is a 

highly conserved and widely used co-activator in metazoan cells. It was 

originally found to interact with the phosphorylated transcription factor 

CREB participating in cAMP-regulated gene expression (Chrivia et al. 

1993). The 300-kDa protein (p300) is a paralog to CBP which initially was 

discovered interacting with adenoviral E1A transforming protein (Whyte et 

al. 1989; Eckner et al. 1994). More than 400 interaction partners have been 

described for these two proteins (Bedford et al. 2010). Both these factors can 

regulate gene expression by functioning as adaptors between transcription 

factors bound to cis-regulatory DNA and  the general transcription machin-

ery (reviewed in Holmqvist and Mannervik 2012). P300 and CBP have  
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HAT activity and have been reported to acetylate more than 70 proteins (re-

viewed in (Wang et al. 2008) and in vivo, the preferred histone substrate is 

H3K18 and H3K27 (Jin et al. 2011); (Tie et al. 2009). In addition to the 

HAT domain, CBP contain several domains important for its ability for in-

teractions with other proteins and to be able to bind acetylated lysines: three 

cysteine-histidine rich domains (CH1, CH2, CH3), a KIX domain, a steroid 

receptor co-activator domain (SID), and a bromodomain (Zeng et al. 2008). 

The mechanism by which CBP exerts its function has been suggested to 

involve (I) bridging of transcription factors with basal factors leading to 

recruitment of RNA pol II, (II) a scaffolding function to facilitate protein-

protein and DNA-protein interactions and (III) involve its HAT activity 

(reviewed in Holmqvist and Mannervik, 2012). Loss of CBP has severe ef-

fects on development which cause lethality in mice, flies and worms (re-

viewed in (Goodman and Smolik 2000), and dysregulation of CBP/300 lead 

to human disease, e.g. Rubenstein-Taybi Syndrome (Roelfsema and Peters 

2007).  

 

Drosophila CBP 

Drosophila has one ortholog of CBP/p300, also known as neijre (Akimaru et 

al. 1997b). Drosophila CBP has been implicated in several signaling path-

ways including Hedgehog, Wnt- and TGF-B signaling, but also dorsal-

ventral patterning (reviwed in (Goodman and Smolik 2000). For example, 

dCBP functions as a co-activator of Cubitus-interruptus (Ci) which requires 

the interaction to function in regulating the segment polarity gene wingless 

(wg) expression (Akimaru et al. 1997a). Also, dCBP acetylates the transcrip-

tion factor T-cell factor (TCF) which negatively regulates Wnt signalling 

(Waltzer and Bienz 1998). Signaling by transforming growth-factor-β (TGF-

β) family members rely on Smad proteins (Heldin et al. 1997). TGF-β phos-

phorylation of Smad3 proteins promote their interactions with Drosophila 

CBP in vitro and in vivo, and dCBP cooperates with Smad2-Smad4 in acti-

vating transcription (Janknecht et al. 1998). A hypomorphic mutant allele of 

dCBP, nej
1
, cause embryonic patterning defects, attributed to defects in 

TGF-β signaling (Lilja et al. 2003). Reduced expression of the protease Tol-

loid (Tld) leads to Short-gastrulation (Sog) inhibiting the TGF-β molecule 

Decapentaplegic (Dpp) from signaling and activating its target genes, e.g., 

Race, U-shaped and rhomboid (Ashe et al. 2000) (Waltzer and Bienz 1999). 

The dCBP protein can function as a co-activator for Dorsal which controls 

dorsal-ventral patterning, since they interact genetically and in vitro 

(Akimaru et al. 1997b). Due to its huge number of interaction partners, 

CBP/p300 has been predicted to be present at many regulatory regions and 

ChIP-seq of CBP/p300 has subsequently been used to successfully predict 
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novel cis-regulatory regions, i.e. enhancers in human, mice and fly genomes 

(Heintzman and Ren 2007; Visel et al. 2009; Negre et al. 2011). In the fly 

genome around 14000 CBP peaks were identified at regions with potential 

regulatory function, but until recently few studies have investigated whether 

there is a co-occupancy preference with other factors for CBP.   

Brakeless 

Brakeless (Bks) is also known as Scribbler and Master of thickveins in Dro-

sophila. Four different phenotypes have been described, i.e. larval turning 

behavior defect in the absence of food (Yang et al. 2000a), a deregulation of 

thickveins (tkv) in the wing imaginal discs (Funakoshi et al. 2001),   termina-

tion errors of photoreceptor projections in the optic lobe of the Drosophila 

brain, and more recently, gap gene expression phenotypes resulting in em-

bryo segmentation defects (Rao et al. 2000; Senti et al. 2000; Kaminker et al. 

2002; Haecker et al. 2007). It was discovered with a role as a co-repressor, 

i.e. Brakeless recruited to the gap genes kr and kni cis-regulatory sequence, 

mediates the repressive function of the transcription factor Tailless and in-

teracts with Atrophin. Drosophila Atrophin is the homolog of human Atro-

phin-1 which has been implicated in the neurodegenerative disease DRPLA 

(Kanazawa 1999). However, if Brakeless has the potential to function as a 

co-activator has not been investigated. Drosophila brakeless encodes two 

nuclear proteins Bks A and Bks B 929 aa:s and 2302 aa:s long respectively. 

BksA is identical to the N-terminus part of Bks B while BksB is 1373 aa:s 

longer. BksB contains a C2H2 zinc-finger domain and a glutamine rich do-

main in the unique part as well as two conserved domains close to the C-

terminus. Both proteins also share a conserved domain (D2) which is present 

in other metazoans. Bks A is able to rescue the larval behavior phenotype 

but only partially rescue the axon guidance defect, while Bks B fully rescues 

the axon termination defects (Senti et al. 2000; Yang et al. 2000a). This indi-

cates that the Bks isoforms have some overlapping functions but that each 

one also is required for specific processes. Two human homologs of Bks 

exist, ZFP608 and ZFP609. Both have been implicated in regulation of Re-

combination-activating gene 1 (Rag1) and 2 (Rag2) required for thymocyte 

development (Zhang et al. 2006; Reed et al. 2012). They have also been 

associated with body mass index in humans (Speliotes et al. 2010).         
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Aim of thesis 

The goal with this thesis has been to investigate the in vivo function of regu-

lators of chromatin and transcription in a Drosophila melanogaster model 

system. These regulators either associate with transcription factors as co-

regulators or modify chromatin structure, both of which provide means to 

regulate transcription during development. dCBP is a widely used transcrip-

tional co-activator in metazoans and Brakeless is a nuclear protein earlier 

identified as a co-repressor. The JmjC domain protein KDM4A belongs to 

histone lysine demethylases which modify chromatin to influence DNA uti-

lization. Our aim was to investigate the function of these factors in regulat-

ing chromatin and transcription in Drosophila.  
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Methods 

Transgenic flies 

Much of the research on gene function in Drosophila relies on efficient and 

reliable tools, one of them addressing transgenesis- the ability to introduce 

foreign DNA into an organism. For example, this enables rescue constructs 

or cis-regulatory DNA to be introduced into a Drosophila genome. A com-

mon way to create transgenic flies in Drosophila is to use transposable ele-

ments called P-elements. These were originally identified within the fly´s 

own genome (Castro and Carareto 2004). P-elements contain two terminal 

repeats flanking an open reading frame encoding the transposase. In P-

element mediated transposition, plasmid vectors are used containing the 

transposon backbone flanking a marker called the mini-white gene and the  

sequence of interest. The sequcence enconding the transposase can be pro-

vided on a helper-plasmid and both plasmids are co-injected into embryos 

from a mutant white
-
 strain. If the transgene gets integrated into the DNA of 

cells fated to become germ cells, the subsequent generation of flies will carry 

the transgene in all cells, recognized by the darker eye color. However, 

drawbacks to this procedure include limitations to the size of the DNA inte-

grated and random location of the insertion in the genome (reviewed in 

(Venken and Bellen 2007). The random insertion may lead to position ef-

fects on the inserted sequence caused by the surrounding genomic sequence. 

To circumvent this, site-directed integration of transgenic constructs at de-

fined genomic locations using the bacteriophage phiC31 integrase has been 

developed (Groth et al. 2004).     

Germline clone technique 

Before fertilization, in early Drosophila embryos a lot of mRNA and pro-

teins are deposited by the mother. This maternal contribution makes it possi-

ble for the fly to initiate early development. To be able to investigate how 

these proteins contribute to early development, it is crucial to generate em-

bryos depleted of the maternal contribution. However, many gene products 

are needed several times during development in different processes which 

makes it impossible to generate homozygous mutant mothers, i.e they die 

before the adult stage. To address this issue the germline clone technique has 
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been developed. The technique uses the yeast FLP-FRT recombinase system 

in combination with a dominant female sterility mutation (ovo
D
) (Chou and 

Perrimon 1996)  which results in flies mostly heterozygous for the mutation 

but with homozygous mutant germ cells. The germ cells then do not contrib-

ute with wildtype gene products to the embryo. When the germ cells develop 

the heat shock controlled FLP recombinase provided as a transgene can be 

induced. FLP then recognizes FRT sites that have been inserted close to the 

centromeres and will catalyze recombination between the FRT carrying 

chromosomes. The site-specific exchange between the chromosomes (one 

carrying the mutation) at the FRT sequences will after cell division result in 

cells either homozygous or wildtype for the mutation. The germ cells pro-

duced by the homozygous mutant cells will then only contribute with gene 

products from the mutated gene of choice. In order to safeguard that not the 

cells containing the wildtype form of the gene gives rise to germ cells and 

later embryos, the dominant sterile mutation has been crossed in. By this 

technique, it is possible to harvest all progeny produced from the cross, since 

the only embryos that will survive, lack the maternal contribution (and also 

the dominant female sterile mutation). One drawback of the germline clone 

technique is that depleting the maternal contribution of genes whose function 

is required during oogenesis will result in failure to produce any eggs. For 

this reason a short hairpin microRNA knockdown approach efficient in the 

female germline has been developed (Ni et al. 2011). By using a female 

germline-specific Gal4 driver that is not expressed in early oogenesis it is 

possible to knock-down maternal genes without blocking oogenesis (Staller 

et al. 2013).     

Figur 7. Germline clone technique. The yeast FLP recombinase induce mitotic 
site-specific chromosomal exchange at the FRT sequences. This results in 
germ cells homozygous for the mutated gene of choice and germ cells with 
the ovo

D
 mutation that do not form eggs.   
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Gene expression arrays 

Gene expression microarrays provide a powerful tool to get a snapshot of all 

transcription present in a biological sample. For example, this can be used to 

reveal the effects manipulating single genes have on expression for genes 

associated with specific biological processes genome-wide. Different micro-

array technologies exist, the main distinction is whether full-length tran-

scripts are printed on to slides (cDNA microarray) or use oligonucleotides 

synthesized in situ (oligonucleotide arrays, e.g. Affymetrix) (reviewed in 

(Slonim and Yanai 2009). Affymetrix GeneChips use 25 nt oligo probes to 

measure the abundance of mRNA. The probes are occurring in pairs; perfect 

complementary match (PM) or mismatch (MM), which have imperfect 

matching with the target sequence due to the 13
th
 nucleotide. A probeset 

typically contains 11-20 probe pairs to detect one transcript. The isolated 

RNA is initially reverse-transcribed using oligo-dT primers into double-

stranded cDNA which serves as a template for in vitro transcription generat-

ing biotin-labelled cRNA. The cRNA is heat fragmented and hybridized to 

the chip, followed by staining with streptavidin-phycoerythrin, including a 

signal amplification step, which binds biotin. When the chip is scanned with 

a confocal laser the distribution pattern of signal is detected. The image is 

then processed to binary signals which can be subjected to different normali-

zation strategies, e.g., MAS or RMA (Bolstad et al. 2003). The normaliza-

tion of the intensities is needed to compensate for the technical variation 

between chips. Finally, the genes displaying differential gene expression can 

be discovered after statistical analysis and correction for multiple tests. More 

recently RNA-seq technologies have emerged (Cloonan et al. 2008; 

Mortazavi et al. 2008) which have several advantages over microarrays in-

cluding no prerequisite knowledge of sequences required, the ability to ana-

lyze related sequences, and a broader quantification linearity range  

(reviewed in Shendure 2008). However, recent data raises an important con-

cern in analyzing changes from global gene expression analysis. A common 

assumption in interpreting gene expression changes using traditional ap-

proaches is that cells produce similar amounts of total RNA regardless of 

cell type or experimental perturbation. However, in some cases, for example 

in cancer cells, several times more mRNA is produced than in other cells, 

which is ignored in standard genome expression analysis. For example, tran-

scriptome analysis by either expression arrays or RNA-seq of cells over-

expressing the transcription factor c-myc which then produce two to three 

times more RNA, revealed a list of mostly unchanged genes with some 

genes increased or decreased (Loven et al., 2012). A possible solution could 

be to use spike-in standards which reflects cell number, which in this 

particular case lead to the detection of over 90% of genes showing increase 

in expression in cells over-expressing c-myc.  
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ChIP-seq 

Chromatin Immunoprecipitation coupled with ultra-high-throughput parallel 

sequencing (ChIP-seq) is a way to detect proteins associated with DNA on a 

genome-wide scale. The method can for example be used to determine glob-

al potential targets of a transcription factor or co-regulator, or investigate the 

presence of histone modifications at specific locations. In ChIP, DNA-

protein complexes are fixed by crosslinking with formaldehyde, the DNA is 

sheared by sonication, the protein-DNA complexes immmunoprecipitated 

using an antibody specific for the DNA-binding protein of interest. Further, 

the DNA is washed, cross-linking is reversed, proteins are removed and the 

DNA is purified for downstream analysis. Different NGS technologies exist, 

e.g. SOLID, Roche 454 or Illumina/Solexa, which all use various strategies 

in template preparation, sequencing, imaging, and genome alignment and 

assembly (reviewed in Metzker 2010). Common for these are initial DNA 

fragmentation, ligation of adaptor sequences followed by an amplification 

step before sequencing. Regardless of how reads are generated they are 

aligned to a known reference sequence or assembled de novo. SOLID and 

Illumina/Solexa platforms generate short sequencing reads of less than 100 

base pairs but they have the advantage of generating 100-400 million reads 

in a single run making them suitable for ChIP-seq. Roche 454 sequencing 

generates longer reads which makes it more suitable for de novo genome 

assembly.  ChIP-seq was preceded by ChIP-genomic tiling microarray 

(ChIP-chip) which also allows genome-wide discovery of protein-DNA in-

teractions. Advantages of using ChIP-seq over ChIP-chip include for exam-

ple higher resolution (not depending on probe density on an array) , less 

artefacts due to hybridization, and the ability to detect transcription factor 

binding sites in repetitive sequences (reviewed in Park 2009). It should be 

noted however that the value of any ChIP data depend on the quality of the 

antibody used. Both ChIP-seq and ChIP-chip have been employed in the 

model organism Encyclopedia of DNA Elements (modENCODE) intiative 

which aimed to identify all functional elements in genomes of the model 

organisms C. elegans and Drosophila melanogaster using high-throughput 

methods (Celniker et al. 2009).   
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Results and discussion of projects 

Paper I 

If the co-activator CBP occupies the genome equally with other factors or 

show a preference in binding together with some factors would reveal details 

about its function genome-wide, but is unknown. Therefore Drosophila CBP 

ChIP-seq peaks were compared with ChIP-seq peaks from 40 different tran-

scription factors in early embryos. This revealed a particularly strong corre-

lation between CBP genome occupancy and the key player in dorsal-ventral 

patterning, the Rel family and TF Dorsal, also a NF-κB homolog, since 82 % 

peaks overlap a Dorsal bound region. CBP and Dorsal can be also be co-

immunoprecipitated from wild-type embryos. A nuclear gradient of Dorsal 

control the expression of distinct set of genes in order to generate specialized 

tissues in the early embryo. In gd
7
 mutants where Dorsal cannot enter the 

nucleus, one-third of the CBP peaks change in intensity. CBP occupancy is 

reduced or lost where Dorsal but few other factors are bound, but is un-

changed at locations where many factors are bound. The differences in CBP 

occupancy correlate well with changes in gene-expression genome-wide. We 

conclude that Dorsal is required for CBP occupancy where few other factors 

bind. A comparison of the CBP ChIP-seq peaks in gd
7
 mutant embryos in-

stead revealed best correlation with the Smad4 homolog Medea, which is a 

mediator of TGF-β signaling. In the gd
7
 mutant the embryo is a homogenous 

tissue of dorsal ectoderm where Dpp-signaling and Smad binding occurs, 

which facilitates detection of CBP and Smad co-occupancy. By contrast, 

there is much less overlap between transcription factors involved in anterior-

posterior binding such as Bicoid and Caudal. Based on this, we conclude that 

CBP preferentially and most strongly associates genome-wide with the Dor-

sal and Smad gene regulatory networks controlling dorsal-ventral patterning 

of the embryo. High occupancy target regions (HOT) are regions bound by 

multiple factors and HOTness is a value combining number of factors bound 

and number of sites for each factor in that location (Negre et al. 2011). CBP 

peaks overlap HOT regions but the strongest CBP peaks do not bind the 

HOTest regions, again indicating that not all but specific factors present at a 

location determine recruitment of CBP. The preference in mammalian cells 

by p300 with NF-κB sequences indicate that the preference is evolutionary 

conserved (Rikitake and Moran 1992). We next wanted to compare CBP 

binding and histone acetylation levels together with gene expression pat-
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terns, for specific Dorsal target genes in mutants altering the Dorsal protein 

gradient with ChIP-qPCR and in situ hybridization. At promoters for genes 

activated by high levels of Dorsal such as twi and sna CBP is normally 

bound. In gd
7
 , or Toll

rm9/10 
mutants with no or intermediate levels of nuclear 

Dorsal present, both genes are repressed and show reduced acetylation, but 

only twi show reduced CBP binding. This indicates that CBP can bind silent 

genes without leading to histone acetylation. At all genes investigated in 

different mutant backgrounds, H3K18ac best correlates with CBP binding 

suggesting that this mark is the major in vivo target for the HAT activity of 

CBP. We also show that all histone acetylations measured are blocked by the 

presence of H3K27me3, but does not prevent CBP from binding there. Tak-

en together our results show a preference for CBP in associating with some 

gene regulatory networks. CBP mainly occupies active genes where histones 

become acetylated, but in addition CBP also binds silent genes without caus-

ing histone acetylation. 

Paper II 

To characterize the function of the JmjC domain protein dKDM4A, we gen-

erated mutant dKDM4A flies from a P-element transposon line by imprecise 

excision. The homozygous mutant flies are viable, produce fertile offspring 

and do not show any apparent delay in development. To investigate the in 

vivo abilities of dKDM4A as a histone lysine demethylase against 

H3K36me3, we performed Western Blots on acid-extracted histones from 

mutant dKDM4A first instar larvae. H3K36me3 levels are reduced, can be 

rescued only with a wildtype transgene and not with a mutated rescue 

transgene rendering the protein catalytically inactive. In addition, over-

expression dKDM4A resulted in decreased H3K36me3 levels using Western 

Blots and immunostainings of polytene chromosomes. To uncover molecular 

targets genome-wide we performed a gene expression array from mutant 

dKDM4A first instar larvae which revealed 99 differentially expressed genes 

with more than a 1.5 fold change. A subset of downregulated genes with 

high expression located on the X-chromosome, and strongly affected up-

regulated genes, were validated and could be verified as misregulated using 

quantitative RT-PCR. To further provide evidence that dKDM4A regulates 

these genes, their expression levels in larvae over-expressing dKDM4A were 

assayed with qRT-PCR and indeed showed opposite effects compared to the 

expression array results. Next we investigated whether the catalytic function 

of dKDM4A is required for gene regulation in larvae using transgenes carry-

ing the wildtype or catalytically inactive genomic dKDM4A DNA (H195A) 

in a mutant dKDM4A background. All downregulated genes seem to be 

independent of the demethylase activity of dKDM4A for proper expression, 

since their expression levels can be restored  with both wildtype dKDM4A 
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and mutant dKDM4A H195A. In contrast, expression levels of some of the 

upregulated genes could only be rescued with the wildtype dKDM4A sug-

gesting that the demethylase function is required for dKDM4A-regulation of 

these genes. Furthermore, to assay if dependence or in-dependence of 

dKDM4A-function is due to differences in histone methylation levels at 

these genes, we measured H3K36me3 and H3K9me3 levels with ChIP. All 

tested genes show none or very low levels of H3K36me3 or H3K9me3 by 

ChIP, and do not change in a dKDM4A mutant. Also a comparison with 

ModENCODE ChIP data (Roy et al. 2010) show that a majority of the genes 

from the array are completely lacking H3K36me3 or H3K9me3. This sug-

gests that these genes might not be controlled by H3K36 methylation or 

H3K9 methylation, and that H3 demethylation is dispensable for dKDM4A 

regulation of many genes. Since an interaction with HP1 has been suggested 

to stimulate the H3K36me3 demethylase activity of dKDM4A, we investi-

gated expression levels of dKDM4A regulated genes in HP1a mutant and 

HP1a/dKDM4A double mutant larvae by qRT-PCR. Regardless of up- or 

down-regulation in dKDM4A mutant larvae, most genes are upregulated in 

the HP1a mutant but repressed or restored to near wildtype levels in the 

HP1a/dKDM4A double mutant. This suggests that HP1a do not stimulate the 

ability of dKDM4A to demethylate but that HP1a and dKDM4A antagonize 

each other at these genes. We also examined the effects on survival when 

ubiquitously over-expressing dKDM4A. Overexpression resulted in reduced 

male survival and less effect on female viability. Since H3K36me3 levels 

affects the binding of the MSL complex in dosage-compensation of genes 

residing on the X-chromosome (Bell et al. 2008); (Larschan et al. 2007), we 

examined expression levels of dosage-compensated genes in males surviving 

dKDM4A over-expression. One of five genes tested, domeless (dome), 

showed significantly lower expression in males over-expressing dKDM4A. 

Altogether our data show that dKDM4A regulates many genes not controlled 

by H3K36 methylation. Over-expressing dKDM4A result in male lethality 

and a global decrease in H3K36me3 levels. This indicates an impaired asso-

ciation of the MSL-complex to the X-chromosome resulting in a failure in 

dosage compensation.  

Paper III 

Drosophila Brakeless is a maternal protein with many important functions in 

development, e.g. as a co-repressor in the early Drosophila embryo. The 

brakeless locus encodes two proteins, Bks A and Bks B. The unique part of 

Bks B contains a zinc finger domain and the two isoforms share a highly 

conserved domain which is present in sequences from other metazoans. How 

Brakeless control transcription is not understood, and identification of its 

targets and interaction partners could provide insight into this process. Here 
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we characterize its molecular function further by identifying direct molecular 

targets from genome wide expression analysis in brakeless mutant embryos. 

Surprisingly, most genes are downregulated in brakeless mutants, indicating 

that Brakeless might function both as an activator and repressor of transcrip-

tion. Also, repressed or activated genes fall into categories associated with 

distinctly different biological processes. For example, many genes that are 

activated by Brakeless are involved in metabolic and physiological processes 

while genes repressed by Brakeless often are associated with DNA binding 

or transcription. Brakeless could either regulate these genes during oogenesis 

or zygotically in the embryo. We compared our expression array data with a 

RNA-seq dataset distinguishing maternal from zygotic transcripts (Lott et al. 

2011) to find potential zygotic targets where Brakeless function as a co-

activator. Furthermore, we compared Brakeless-regulated zygotic genes with 

Brakeless peaks from Brakeless ChIP-seq data generated from S2 cells to 

distinguish direct from indirect targets. A subset of six candidate target 

genes was chosen for validation using ChIP, qRT-PCR and in situ hybridiza-

tion. Downregulated genes from the array could be validated by qRT-PCR 

and/or in situ hybridization and one gene previously identified as a Brakeless 

target, knirps, displayed an expanded expression pattern in brakeless mutant 

embryos. Brakeless occupancy in intergenic sequences proximal to these 

genes by ChIP indicates that these are direct targets. In addition, expression 

levels of these genes in embryos over-expressing BksB were assayed with 

qRT-PCR and show opposite effects compared to the array results. These 

data demonstrate that Brakeless is capable to function both as a direct re-

pressor and as a direct activator of target genes. To test if the repressor func-

tion of Brakeless can be modulated, we assayed expression levels of target 

genes in embryos over-expressing BksB fused to an activator domain VP16. 

Suprisingly, the ability to repress was lost for the BksB-VP16 fusion protein  

tested at genes upregulated in the array, wheras BksB-VP16 could still acti-

vate genes downregulated in the array. This suggests that the activator func-

tion is intact when Brakeless is fused to an activator while the repressor 

function is neutralized. To search for interacting partners of Brakeless a 

yeast-two hybrid screen was performed.  This revealed a physical interaction 

between BksB and a subunit of the Mediator complex, Med19, which also 

could be verified with GST-pulldowns. Remarkably, in Med19 knockdown 

embryos the expression levels of genes specifically activated by Brakeless 

were significantly downregulated with qRT-PCR or In situ hybridization. In 

line with these results, we also show in a reporter gene assay in S2 cells that 

the ability of Brakeless to repress is not affected upon Med19 knock-down. 

These data indicate that Brakeless can function as a direct repressor or acti-

vator depending on the context and suggest a novel role for Brakeless in 

functioning as a zygotic co-activator through Med19 in Drosophila embryo 

development.                                     
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Conclusions 

The regulatory information that controls the genetic program of an organism 

involves many factors. These include transcription factors, co-regulators, 

regulatory sequences in the DNA and chromatin structure and modification. 

In this thesis, we have studied the in vivo role of three co-factors, CBP, 

Brakeless, and dKDM4A, in regulating chromatin and transcription in Dro-

sophila. All these transcriptional co-factors have a role in specific cellular 

processes during development. The co-activator dCBP is widely expressed 

but occupies the genome preferentially together with factors controlling dor-

sal-ventral patterning in the early Drosophila embryo, Dorsal and Medea. 

CBP and Dorsal interact in vivo which indicates that Dorsal recruits CBP to 

many sites in the genome. CBP mainly binds active genes and cause histone 

acetylation, but also binds genes that are silenced by H3K27me3 which do 

not result in hyperacetylation. Why are these genes not activated? The mo-

lecular basis needs to be explored. Some chromatin modifications recruit 

proteins to chromatin which affects transcription.  Here, by characterizing a 

H3K36-specific lysine demethylase dKDM4A mutant, we unravel its ge-

nomic targets. We find that many genes which dKDM4A regulates lack 

H3K36me3, indicating that dKDM4A uses other substrates for influencing 

gene expression. Overexpressing dKDM4A lead to male lethality which 

suggests that decreased H3K36me3 levels are detrimental for survival, indi-

cating a failure in dosage compensation but the precise mechanism and di-

rect targets of dKDM4A remain to be discovered. Brakeless is another tran-

scriptional co-regulator previously identified as a co-repressor with crucial 

roles in development. Here we profile expression changes in the Drosophila 

embryo in a brakeless mutant and find targets where Brakeless functions as a 

direct activator of transcription. We find similar mis-regulation of these tar-

gets in the Mediator complex subunit Med19 shmiRNA knockdown embry-

os, and also a physical interaction between Brakeless and Med19. These data 

suggests a mechanism where Brakeless mediates gene activation through 

Med19. Molecular details on how Bks can function both as an activator and 

repressor of transcription is yet to be determined. Altogether these studies 

have provided an increased understanding of the complex roles these pro-

teins have in regulating transcription in Drosophila. Unexpectedly, we find 

that the HAT CBP can bind silent genes without acetylating histones and the 

co-regulator Brakeless has the ability to directly activate or repress transcrip-

tion.  



 48 

Acknowledgements 

 

Finally I am here! There are people who made this work possible, and I 

would like to say thanks a lot.  

 

First and foremost I thank my supervisor Mattias Mannervik for guidance, 

support, as well as great patience and encouragement during my Ph.D. I also 

would like to thank the current and former lab members for making the lab a 

fun and great place to work at.  Olle, Ann and Per-Henrik, for being kind, 

helpful, giving good advices, and for juggling scientific and non-scientific 

ideas. Thanks also to former members I had the pleasure to work with: 

Bhumica, Kati, Olga, Helin, Musarat, Lili, Chidi, Erik, Jimmy, Praveen, 

Qi and Tobias.        

 

Thanks are due to Professors Stefan and Christos for their valuable sugges-

tions on my work, for being helpful and sharing equipment and resources. 

Monika for taking care of our precious flies, making injections, cooking the 

fly food, and the nice talks when I was preparing qPCR plates.  

 

All the rest of the members at former Devbio for sharing resources, helping 

out with techniques and contributing in creating a nice working environ-

ment: Emad, Sid,  Jiang, Naghmeh, Feng, Naumi, Vasilios, Liqun, Ryo, 

Chie, Sabrina, Dimitrios, Kassianni, Katarina, Satish, Fergal, Badrul, 

Kirsten, Shenqiu, Nafiseh, Nicole. Our collaborators in Umeå, Janne and 

Lina, for their contributions in the KDM4A project. Also Per for providing 

magic scripts, help with technical details and bioinformatics in the KDM4A 

and CBP projects. 

 

Thanks for the support from brothers-in-law Richard, Sami, Jonas, Erik. I 

always look forward to discovering new music at the Spotify-evenings at 

Tynningö and Björkö. 

 

Thanks to friends for being there for me: Peter, Danne, Jocke, Jens and 

Jonas, and for all the great times we spent together including the annual 

kayak-trips.      

 

I am grateful to My family for believing in me and encouraging me through-

out the years. My parents Stina and Göran and my siblings Jacob and Linda 

with families. Also thanks to Pernillas family for always being so kind, gen-

erous and supportive: Lars and Brita as well as her sisters: Johanna, Lotta 

and Lina.  Finally I want to thank my lovely wife Pernilla for support and 

for sharing all the happiness and difficulties with me. Of course also thanks 

to our two kids Hedda and Axel for bringing so much joy into our lives.  



 49 

References  

 
Aasland R, Stewart AF. 1995. The chromo shadow domain, a second 

chromo domain in heterochromatin-binding protein 1, HP1. Nucleic 
acids research 23: 3168-3173. 

Adams MD Celniker SE Holt RA Evans CA Gocayne JD Amanatides PG 
Scherer SE Li PW Hoskins RA Galle RF et al. 2000. The genome 
sequence of Drosophila melanogaster. Science 287: 2185-2195. 

Agger K, Cloos PA, Rudkjaer L, Williams K, Andersen G, Christensen J, 
Helin K. 2009. The H3K27me3 demethylase JMJD3 contributes to 
the activation of the INK4A-ARF locus in response to oncogene- 
and stress-induced senescence. Genes & development 23: 1171-
1176. 

Akhtar A, Becker PB. 2000. Activation of transcription through histone H4 
acetylation by MOF, an acetyltransferase essential for dosage 
compensation in Drosophila. Molecular cell 5: 367-375. 

Akimaru H, Chen Y, Dai P, Hou DX, Nonaka M, Smolik SM, Armstrong S, 
Goodman RH, Ishii S. 1997a. Drosophila CBP is a co-activator of 
cubitus interruptus in hedgehog signalling. Nature 386: 735-738. 

Akimaru H, Hou DX, Ishii S. 1997b. Drosophila CBP is required for dorsal-
dependent twist gene expression. Nature genetics 17: 211-214. 

Alekseyenko AA, Peng S, Larschan E, Gorchakov AA, Lee OK, 
Kharchenko P, McGrath SD, Wang CI, Mardis ER, Park PJ et al. 
2008. A sequence motif within chromatin entry sites directs MSL 
establishment on the Drosophila X chromosome. Cell 134: 599-609. 

Anderson KV, Jurgens G, Nusslein-Volhard C. 1985. Establishment of 
dorsal-ventral polarity in the Drosophila embryo: genetic studies on 
the role of the Toll gene product. Cell 42: 779-789. 

Ashe HL, Mannervik M, Levine M. 2000. Dpp signaling thresholds in the 
dorsal ectoderm of the Drosophila embryo. Development 127: 3305-
3312. 

Asturias FJ. 2004. RNA polymerase II structure, and organization of the 
preinitiation complex. Current opinion in structural biology 14: 121-
129. 

Asturias FJ, Jiang YW, Myers LC, Gustafsson CM, Kornberg RD. 1999. 
Conserved structures of mediator and RNA polymerase II 
holoenzyme. Science 283: 985-987. 

Azuara V, Perry P, Sauer S, Spivakov M, Jorgensen HF, John RM, Gouti M, 
Casanova M, Warnes G, Merkenschlager M et al. 2006. Chromatin 
signatures of pluripotent cell lines. Nature cell biology 8: 532-538. 

Bannister AJ, Kouzarides T. 2011. Regulation of chromatin by histone 
modifications. Cell research 21: 381-395. 

Bedford DC, Kasper LH, Fukuyama T, Brindle PK. 2010. Target gene 
context influences the transcriptional requirement for the KAT3 
family of CBP and p300 histone acetyltransferases. Epigenetics : 5: 
9-15. 



 50 

Bell O, Conrad T, Kind J, Wirbelauer C, Akhtar A, Schubeler D. 2008. 
Transcription-coupled methylation of histone H3 at lysine 36 
regulates dosage compensation by enhancing recruitment of the 
MSL complex in Drosophila melanogaster. Molecular and cellular 
biology 28: 3401-3409. 

Bell O, Schwaiger M, Oakeley EJ, Lienert F, Beisel C, Stadler MB, 
Schubeler D. 2010. Accessibility of the Drosophila genome 
discriminates PcG repression, H4K16 acetylation and replication 
timing. Nature structural & molecular biology 17: 894-900. 

Bell O, Wirbelauer C, Hild M, Scharf AN, Schwaiger M, MacAlpine DM, 
Zilbermann F, van Leeuwen F, Bell SP, Imhof A et al. 2007. 
Localized H3K36 methylation states define histone H4K16 
acetylation during transcriptional elongation in Drosophila. The 
EMBO journal 26: 4974-4984. 

Belvin MP, Jin Y, Anderson KV. 1995. Cactus protein degradation mediates 
Drosophila dorsal-ventral signaling. Genes & development 9: 783-
793. 

Bernstein E, Allis CD. 2005. RNA meets chromatin. Genes & development 
19: 1635-1655. 

Bier E. 2005. Drosophila, the golden bug, emerges as a tool for human 
genetics. Nature reviews Genetics 6: 9-23. 

Black DL. 2003. Mechanisms of alternative pre-messenger RNA splicing. 
Annual review of biochemistry 72: 291-336. 

Black JC, Allen A, Van Rechem C, Forbes E, Longworth M, Tschop K, 
Rinehart C, Quiton J, Walsh R, Smallwood A et al. 2010. Conserved 
antagonism between JMJD2A/KDM4A and HP1gamma during cell 
cycle progression. Molecular cell 40: 736-748. 

Black JC, Choi JE, Lombardo SR, Carey M. 2006. A mechanism for 
coordinating chromatin modification and preinitiation complex 
assembly. Molecular cell 23: 809-818. 

Bolstad BM, Irizarry RA, Astrand M, Speed TP. 2003. A comparison of 
normalization methods for high density oligonucleotide array data 
based on variance and bias. Bioinformatics 19: 185-193. 

Brown CE, Lechner T, Howe L, Workman JL. 2000. The many HATs of 
transcription coactivators. Trends in biochemical sciences 25: 15-19. 

Buratowski S. 2003. The CTD code. Nature structural biology 10: 679-680. 
Buscaino A, Kocher T, Kind JH, Holz H, Taipale M, Wagner K, Wilm M, 

Akhtar A. 2003. MOF-regulated acetylation of MSL-3 in the 
Drosophila dosage compensation complex. Molecular cell 11: 1265-
1277. 

Butler JS, Dent SY. 2012. Chromatin 'resetting' during transcription 
elongation: a central role for methylated H3K36. Nature structural 
& molecular biology 19: 863-864. 

Cao R, Zhang Y. 2004. SUZ12 is required for both the histone 
methyltransferase activity and the silencing function of the EED-
EZH2 complex. Molecular cell 15: 57-67. 



 51 

Carrozza MJ, Li B, Florens L, Suganuma T, Swanson SK, Lee KK, Shia WJ, 
Anderson S, Yates J, Washburn MP et al. 2005. Histone H3 
methylation by Set2 directs deacetylation of coding regions by 
Rpd3S to suppress spurious intragenic transcription. Cell 123: 581-
592. 

Castro JP, Carareto CM. 2004. Drosophila melanogaster P transposable 
elements: mechanisms of transposition and regulation. Genetica 
121: 107-118. 

Chan CS, Rastelli L, Pirrotta V. 1994. A Polycomb response element in the 
Ubx gene that determines an epigenetically inherited state of 
repression. The EMBO journal 13: 2553-2564. 

Chao DM, Gadbois EL, Murray PJ, Anderson SF, Sonu MS, Parvin JD, 
Young RA. 1996. A mammalian SRB protein associated with an 
RNA polymerase II holoenzyme. Nature 380: 82-85. 

Chen H, Xu Z, Mei C, Yu D, Small S. 2012. A system of repressor gradients 
spatially organizes the boundaries of Bicoid-dependent target genes. 
Cell 149: 618-629. 

Chen LY, Wang JC, Hyvert Y, Lin HP, Perrimon N, Imler JL, Hsu JC. 2006. 
Weckle is a zinc finger adaptor of the toll pathway in dorsoventral 
patterning of the Drosophila embryo. Current biology : 16: 1183-
1193. 

Chen W, Yang Q, Roeder RG. 2009. Dynamic interactions and cooperative 
functions of PGC-1alpha and MED1 in TRalpha-mediated activation 
of the brown-fat-specific UCP-1 gene. Molecular cell 35: 755-768. 

Chien S, Reiter LT, Bier E, Gribskov M. 2002. Homophila: human disease 
gene cognates in Drosophila. Nucleic acids research 30: 149-151. 

Chopra VS, Levine M. 2009. Combinatorial patterning mechanisms in the 
Drosophila embryo. Briefings in functional genomics & proteomics 
8: 243-249. 

Chou TB, Perrimon N. 1996. The autosomal FLP-DFS technique for 
generating germline mosaics in Drosophila melanogaster. Genetics 
144: 1673-1679. 

Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR, Goodman RH. 
1993. Phosphorylated CREB binds specifically to the nuclear protein 
CBP. Nature 365: 855-859. 

Clements A, Poux AN, Lo WS, Pillus L, Berger SL, Marmorstein R. 2003. 
Structural basis for histone and phosphohistone binding by the 
GCN5 histone acetyltransferase. Molecular cell 12: 461-473. 

Cloonan N, Forrest AR, Kolle G, Gardiner BB, Faulkner GJ, Brown MK, 
Taylor DF, Steptoe AL, Wani S, Bethel G et al. 2008. Stem cell 
transcriptome profiling via massive-scale mRNA sequencing. 
Nature methods 5: 613-619. 

Cloos PA, Christensen J, Agger K, Helin K. 2008. Erasing the methyl mark: 
histone demethylases at the center of cellular differentiation and 
disease. Genes & development 22: 1115-1140. 

Cloos PA, Christensen J, Agger K, Maiolica A, Rappsilber J, Antal T, 
Hansen KH, Helin K. 2006. The putative oncogene GASC1 



 52 

demethylates tri- and dimethylated lysine 9 on histone H3. Nature 
442: 307-311. 

Couture JF, Collazo E, Ortiz-Tello PA, Brunzelle JS, Trievel RC. 2007. 
Specificity and mechanism of JMJD2A, a trimethyllysine-specific 
histone demethylase. Nature structural & molecular biology 14: 
689-695. 

Cox BJ, Vollmer M, Tamplin O, Lu M, Biechele S, Gertsenstein M, van 
Campenhout C, Floss T, Kuhn R, Wurst W et al. 2010. Phenotypic 
annotation of the mouse X chromosome. Genome research 20: 
1154-1164. 

Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ, 
Hanna J, Lodato MA, Frampton GM, Sharp PA et al. 2010. Histone 
H3K27ac separates active from poised enhancers and predicts 
developmental state. Proceedings of the National Academy of 
Sciences of the United States of America 107: 21931-21936. 

Cui X, Xu D, Lv C, Qu F, He J, Chen M, Liu Y, Gao Y, Che J, Yao Y et al. 
2011. Suppression of MED19 expression by shRNA induces 
inhibition of cell proliferation and tumorigenesis in human prostate 
cancer cells. BMB reports 44: 547-552. 

Czermin B, Melfi R, McCabe D, Seitz V, Imhof A, Pirrotta V. 2002. 
Drosophila enhancer of Zeste/ESC complexes have a histone H3 
methyltransferase activity that marks chromosomal Polycomb sites. 
Cell 111: 185-196. 

de Napoles M, Mermoud JE, Wakao R, Tang YA, Endoh M, Appanah R, 
Nesterova TB, Silva J, Otte AP, Vidal M et al. 2004. Polycomb 
group proteins Ring1A/B link ubiquitylation of histone H2A to 
heritable gene silencing and X inactivation. Developmental cell 7: 
663-676. 

De Santa F, Totaro MG, Prosperini E, Notarbartolo S, Testa G, Natoli G. 
2007. The histone H3 lysine-27 demethylase Jmjd3 links 
inflammation to inhibition of polycomb-mediated gene silencing. 
Cell 130: 1083-1094. 

Ding N, Tomomori-Sato C, Sato S, Conaway RC, Conaway JW, Boyer TG. 
2009. MED19 and MED26 are synergistic functional targets of the 
RE1 silencing transcription factor in epigenetic silencing of neuronal 
gene expression. The Journal of biological chemistry 284: 2648-
2656. 

Disteche CM. 2012. Dosage compensation of the sex chromosomes. Annual 
review of genetics 46: 537-560. 

Doyon Y, Selleck W, Lane WS, Tan S, Cote J. 2004. Structural and 
functional conservation of the NuA4 histone acetyltransferase 
complex from yeast to humans. Molecular and cellular biology 24: 
1884-1896. 

Dubnicoff T, Valentine SA, Chen G, Shi T, Lengyel JA, Paroush Z, Courey 
AJ. 1997. Conversion of dorsal from an activator to a repressor by 
the global corepressor Groucho. Genes & development 11: 2952-
2957. 



 53 

Eckner R, Arany Z, Ewen M, Sellers W, Livingston DM. 1994. The 
adenovirus E1A-associated 300-kD protein exhibits properties of a 
transcriptional coactivator and belongs to an evolutionarily 
conserved family. Cold Spring Harbor symposia on quantitative 
biology 59: 85-95. 

Ehrbrecht A, Muller U, Wolter M, Hoischen A, Koch A, Radlwimmer B, 
Actor B, Mincheva A, Pietsch T, Lichter P et al. 2006. 
Comprehensive genomic analysis of desmoplastic 
medulloblastomas: identification of novel amplified genes and 
separate evaluation of the different histological components. The 
Journal of pathology 208: 554-563. 

Feng Q, Wang H, Ng HH, Erdjument-Bromage H, Tempst P, Struhl K, 
Zhang Y. 2002. Methylation of H3-lysine 79 is mediated by a new 
family of HMTases without a SET domain. Current biology:12: 
1052-1058. 

Filion GJ, van Bemmel JG, Braunschweig U, Talhout W, Kind J, Ward LD, 
Brugman W, de Castro IJ, Kerkhoven RM, Bussemaker HJ et al. 
2010. Systematic protein location mapping reveals five principal 
chromatin types in Drosophila cells. Cell 143: 212-224. 

Fischle W, Tseng BS, Dormann HL, Ueberheide BM, Garcia BA, 
Shabanowitz J, Hunt DF, Funabiki H, Allis CD. 2005. Regulation of 
HP1-chromatin binding by histone H3 methylation and 
phosphorylation. Nature 438: 1116-1122. 

Fodor BD, Kubicek S, Yonezawa M, O'Sullivan RJ, Sengupta R, Perez-
Burgos L, Opravil S, Mechtler K, Schotta G, Jenuwein T. 2006. 
Jmjd2b antagonizes H3K9 trimethylation at pericentric 
heterochromatin in mammalian cells. Genes & development 20: 
1557-1562. 

Franke A, Baker BS. 1999. The rox1 and rox2 RNAs are essential 
components of the compensasome, which mediates dosage 
compensation in Drosophila. Molecular cell 4: 117-122. 

Fuda NJ, Ardehali MB, Lis JT. 2009. Defining mechanisms that regulate 
RNA polymerase II transcription in vivo. Nature 461: 186-192. 

Fukuda T, Tokunaga A, Sakamoto R, Yoshida N. 2011. Fbxl10/Kdm2b 
deficiency accelerates neural progenitor cell death and leads to 
exencephaly. Molecular and cellular neurosciences 46: 614-624. 

Funakoshi Y, Minami M, Tabata T. 2001. mtv shapes the activity gradient of 
the Dpp morphogen through regulation of thickveins. Development 
128: 67-74. 

Gilmore TD. 2006. Introduction to NF-kappaB: players, pathways, 
perspectives. Oncogene 25: 6680-6684. 

Gonzalez-Crespo S, Levine M. 1993. Interactions between dorsal and helix-
loop-helix proteins initiate the differentiation of the embryonic 
mesoderm and neuroectoderm in Drosophila. Genes & development 
7: 1703-1713. 

Goodman RH, Smolik S. 2000. CBP/p300 in cell growth, transformation, 
and development. Genes & development 14: 1553-1577. 



 54 

Greer EL, Shi Y. 2012. Histone methylation: a dynamic mark in health, 
disease and inheritance. Nature reviews Genetics 13: 343-357. 

Grosshans J, Schnorrer F, Nusslein-Volhard C. 1999. Oligomerisation of 
Tube and Pelle leads to nuclear localisation of dorsal. Mechanisms 
of development 81: 127-138. 

Groth AC, Fish M, Nusse R, Calos MP. 2004. Construction of transgenic 
Drosophila by using the site-specific integrase from phage phiC31. 
Genetics 166: 1775-1782. 

Gupta V, Parisi M, Sturgill D, Nuttall R, Doctolero M, Dudko OK, Malley 
JD, Eastman PS, Oliver B. 2006. Global analysis of X-chromosome 
dosage compensation. Journal of biology 5: 3. 

Gustafsson CM, Myers LC, Li Y, Redd MJ, Lui M, Erdjument-Bromage H, 
Tempst P, Kornberg RD. 1997. Identification of Rox3 as a 
component of mediator and RNA polymerase II holoenzyme. The 
Journal of biological chemistry 272: 48-50. 

Haecker A, Qi D, Lilja T, Moussian B, Andrioli LP, Luschnig S, Mannervik 
M. 2007. Drosophila brakeless interacts with atrophin and is 
required for tailless-mediated transcriptional repression in early 
embryos. PLoS biology 5: e145. 

Harada R, Dufort D, Denis-Larose C, Nepveu A. 1994. Conserved cut 
repeats in the human cut homeodomain protein function as DNA 
binding domains. The Journal of biological chemistry 269: 2062-
2067. 

Haskel-Ittah M, Ben-Zvi D, Branski-Arieli M, Schejter ED, Shilo BZ, 
Barkai N. 2012. Self-organized shuttling: generating sharp 
dorsoventral polarity in the early Drosophila embryo. Cell 150: 
1016-1028. 

Hecht PM, Anderson KV. 1993. Genetic characterization of tube and pelle, 
genes required for signaling between Toll and dorsal in the 
specification of the dorsal-ventral pattern of the Drosophila embryo. 
Genetics 135: 405-417. 

Heintzman ND, Ren B. 2007. The gateway to transcription: identifying, 
characterizing and understanding promoters in the eukaryotic 
genome. Cellular and molecular life sciences : CMLS 64: 386-400. 

Heldin CH, Miyazono K, ten Dijke P. 1997. TGF-beta signalling from cell 
membrane to nucleus through SMAD proteins. Nature 390: 465-
471. 

Hoch M, Gerwin N, Taubert H, Jackle H. 1992. Competition for overlapping 
sites in the regulatory region of the Drosophila gene Kruppel. 
Science 256: 94-97. 

Holmqvist PH, Mannervik M. 2012. Genomic occupancy of the 
transcriptional co-activators p300 and CBP. Transcription 4: 18-23. 

Hong JW, Hendrix DA, Papatsenko D, Levine MS. 2008. How the Dorsal 
gradient works: insights from postgenome technologies. 
Proceedings of the National Academy of Sciences of the United 
States of America 105: 20072-20076. 



 55 

Hong L, Schroth GP, Matthews HR, Yau P, Bradbury EM. 1993. Studies of 
the DNA binding properties of histone H4 amino terminus. Thermal 
denaturation studies reveal that acetylation markedly reduces the 
binding constant of the H4 "tail" to DNA. The Journal of biological 
chemistry 268: 305-314. 

Horton JR, Upadhyay AK, Qi HH, Zhang X, Shi Y, Cheng X. 2010. 
Enzymatic and structural insights for substrate specificity of a family 
of jumonji histone lysine demethylases. Nature structural & 
molecular biology 17: 38-43. 

Huang Y, Fang J, Bedford MT, Zhang Y, Xu RM. 2006. Recognition of 
histone H3 lysine-4 methylation by the double tudor domain of 
JMJD2A. Science 312: 748-751. 

Ip YT, Levine M, Small SJ. 1992. The bicoid and dorsal morphogens use a 
similar strategy to make stripes in the Drosophila embryo. Journal of 
cell science Supplement 16: 33-38. 

Iwahara J, Clubb RT. 1999. Solution structure of the DNA binding domain 
from Dead ringer, a sequence-specific AT-rich interaction domain 
(ARID). The EMBO journal 18: 6084-6094. 

Iwamori N, Zhao M, Meistrich ML, Matzuk MM. 2011. The testis-enriched 
histone demethylase, KDM4D, regulates methylation of histone H3 
lysine 9 during spermatogenesis in the mouse but is dispensable for 
fertility. Biology of reproduction 84: 1225-1234. 

Janknecht R, Wells NJ, Hunter T. 1998. TGF-beta-stimulated cooperation of 
smad proteins with the coactivators CBP/p300. Genes & 
development 12: 2114-2119. 

Jenuwein T, Allis CD. 2001. Translating the histone code. Science 293: 
1074-1080. 

Jiang J, Levine M. 1993. Binding affinities and cooperative interactions with 
bHLH activators delimit threshold responses to the dorsal gradient 
morphogen. Cell 72: 741-752. 

Jiang J, Rushlow CA, Zhou Q, Small S, Levine M. 1992. Individual dorsal 
morphogen binding sites mediate activation and repression in the 
Drosophila embryo. The EMBO journal 11: 3147-3154. 

Jiang YW, Stillman DJ. 1992. Involvement of the SIN4 global 
transcriptional regulator in the chromatin structure of 
Saccharomyces cerevisiae. Molecular and cellular biology 12: 4503-
4514. 

Jin Q, Yu LR, Wang L, Zhang Z, Kasper LH, Lee JE, Wang C, Brindle PK, 
Dent SY, Ge K. 2011. Distinct roles of GCN5/PCAF-mediated 
H3K9ac and CBP/p300-mediated H3K18/27ac in nuclear receptor 
transactivation. The EMBO journal 30: 249-262. 

Johnson LM, Bostick M, Zhang X, Kraft E, Henderson I, Callis J, Jacobsen 
SE. 2007. The SRA methyl-cytosine-binding domain links DNA and 
histone methylation. Current biology : 17: 379-384. 

Joshi AA, Struhl K. 2005. Eaf3 chromodomain interaction with methylated 
H3-K36 links histone deacetylation to Pol II elongation. Molecular 
cell 20: 971-978. 



 56 

Kaminker JS, Canon J, Salecker I, Banerjee U. 2002. Control of 
photoreceptor axon target choice by transcriptional repression of 
Runt. Nature neuroscience 5: 746-750. 

Kanazawa I. 1999. Molecular pathology of dentatorubral-pallidoluysian 
atrophy. Philosophical transactions of the Royal Society of London 
Series B, Biological sciences 354: 1069-1074. 

Karijolich JJ, Hampsey M. 2012. The Mediator complex. Current biology :  
22: R1030-1031. 

Katoh M. 2004. Identification and characterization of JMJD2 family genes 
in silico. International journal of oncology 24: 1623-1628. 

Kharchenko PV, Alekseyenko AA, Schwartz YB, Minoda A, Riddle NC, 
Ernst J, Sabo PJ, Larschan E, Gorchakov AA, Gu T et al. 2011. 
Comprehensive analysis of the chromatin landscape in Drosophila 
melanogaster. Nature 471: 480-485. 

Kim DH, Villeneuve LM, Morris KV, Rossi JJ. 2006. Argonaute-1 directs 
siRNA-mediated transcriptional gene silencing in human cells. 
Nature structural & molecular biology 13: 793-797. 

Kim JH, Yang CK, Heo K, Roeder RG, An W, Stallcup MR. 2008. CCAR1, 
a key regulator of mediator complex recruitment to nuclear receptor 
transcription complexes. Molecular cell 31: 510-519. 

Kim YJ, Lis JT. 2005. Interactions between subunits of Drosophila Mediator 
and activator proteins. Trends in biochemical sciences 30: 245-249. 

Kimura A, Umehara T, Horikoshi M. 2002. Chromosomal gradient of 
histone acetylation established by Sas2p and Sir2p functions as a 
shield against gene silencing. Nature genetics 32: 370-377. 

Kind J, Vaquerizas JM, Gebhardt P, Gentzel M, Luscombe NM, Bertone P, 
Akhtar A. 2008. Genome-wide analysis reveals MOF as a key 
regulator of dosage compensation and gene expression in 
Drosophila. Cell 133: 813-828. 

Klose RJ, Kallin EM, Zhang Y. 2006. JmjC-domain-containing proteins and 
histone demethylation. Nature reviews Genetics 7: 715-727. 

Klose RJ, Yan Q, Tothova Z, Yamane K, Erdjument-Bromage H, Tempst P, 
Gilliland DG, Zhang Y, Kaelin WG, Jr. 2007. The retinoblastoma 
binding protein RBP2 is an H3K4 demethylase. Cell 128: 889-900. 

Klymenko T, Papp B, Fischle W, Kocher T, Schelder M, Fritsch C, Wild B, 
Wilm M, Muller J. 2006. A Polycomb group protein complex with 
sequence-specific DNA-binding and selective methyl-lysine-binding 
activities. Genes & development 20: 1110-1122. 

Kolasinska-Zwierz P, Down T, Latorre I, Liu T, Liu XS, Ahringer J. 2009. 
Differential chromatin marking of introns and expressed exons by 
H3K36me3. Nature genetics 41: 376-381. 

Kooistra SM, Helin K. 2012. Molecular mechanisms and potential functions 
of histone demethylases. Nature reviews Molecular cell biology 13: 
297-311. 

Kornberg RD. 2005. Mediator and the mechanism of transcriptional 
activation. Trends in biochemical sciences 30: 235-239. 



 57 

Kouzarides T. 2007. Chromatin modifications and their function. Cell 128: 
693-705. 

Krogan NJ, Kim M, Tong A, Golshani A, Cagney G, Canadien V, Richards 
DP, Beattie BK, Emili A, Boone C et al. 2003. Methylation of 
histone H3 by Set2 in Saccharomyces cerevisiae is linked to 
transcriptional elongation by RNA polymerase II. Molecular and 
cellular biology 23: 4207-4218. 

Kuchin S, Yeghiayan P, Carlson M. 1995. Cyclin-dependent protein kinase 
and cyclin homologs SSN3 and SSN8 contribute to transcriptional 
control in yeast. Proceedings of the National Academy of Sciences of 
the United States of America 92: 4006-4010. 

Kuo MH, vom Baur E, Struhl K, Allis CD. 2000. Gcn4 activator targets 
Gcn5 histone acetyltransferase to specific promoters independently 
of transcription. Molecular cell 6: 1309-1320. 

Kuroda MI, Kernan MJ, Kreber R, Ganetzky B, Baker BS. 1991. The 
maleless protein associates with the X chromosome to regulate 
dosage compensation in Drosophila. Cell 66: 935-947. 

Kwon SH, Workman JL. 2011. The changing faces of HP1: From 
heterochromatin formation and gene silencing to euchromatic gene 
expression: HP1 acts as a positive regulator of transcription. 
BioEssays : 33: 280-289. 

Lan F, Bayliss PE, Rinn JL, Whetstine JR, Wang JK, Chen S, Iwase S, 
Alpatov R, Issaeva I, Canaani E et al. 2007. A histone H3 lysine 27 
demethylase regulates animal posterior development. Nature 449: 
689-694. 

Landry J, Sutton A, Hesman T, Min J, Xu RM, Johnston M, Sternglanz R. 
2003. Set2-catalyzed methylation of histone H3 represses basal 
expression of GAL4 in Saccharomyces cerevisiae. Molecular and 
cellular biology 23: 5972-5978. 

Lanzuolo C, Orlando V. 2012. Memories from the polycomb group proteins. 
Annual review of genetics 46: 561-589. 

Larschan E, Alekseyenko AA, Gortchakov AA, Peng S, Li B, Yang P, 
Workman JL, Park PJ, Kuroda MI. 2007. MSL complex is attracted 
to genes marked by H3K36 trimethylation using a sequence-
independent mechanism. Molecular cell 28: 121-133. 

Lebrecht D, Foehr M, Smith E, Lopes FJ, Vanario-Alonso CE, Reinitz J, 
Burz DS, Hanes SD. 2005. Bicoid cooperative DNA binding is 
critical for embryonic patterning in Drosophila. Proceedings of the 
National Academy of Sciences of the United States of America 102: 
13176-13181. 

Lee DY, Hayes JJ, Pruss D, Wolffe AP. 1993. A positive role for histone 
acetylation in transcription factor access to nucleosomal DNA. Cell 
72: 73-84. 

LeMosy EK, Kemler D, Hashimoto C. 1998. Role of Nudel protease 
activation in triggering dorsoventral polarization of the Drosophila 
embryo. Development 125: 4045-4053. 



 58 

Lewis EB. 1978. A gene complex controlling segmentation in Drosophila. 
Nature 276: 565-570. 

Li B, Carey M, Workman JL. 2007. The role of chromatin during 
transcription. Cell 128: 707-719. 

Li B, Howe L, Anderson S, Yates JR, 3rd, Workman JL. 2003. The Set2 
histone methyltransferase functions through the phosphorylated 
carboxyl-terminal domain of RNA polymerase II. The Journal of 
biological chemistry 278: 8897-8903. 

Lieb JD, de Solorzano CO, Rodriguez EG, Jones A, Angelo M, Lockett S, 
Meyer BJ. 2000. The Caenorhabditis elegans dosage compensation 
machinery is recruited to X chromosome DNA attached to an 
autosome. Genetics 156: 1603-1621. 

Lilja T, Qi D, Stabell M, Mannervik M. 2003. The CBP coactivator 
functions both upstream and downstream of Dpp/Screw signaling in 
the early Drosophila embryo. Developmental biology 262: 294-302. 

Lin CH, Li B, Swanson S, Zhang Y, Florens L, Washburn MP, Abmayr SM, 
Workman JL. 2008. Heterochromatin protein 1a stimulates histone 
H3 lysine 36 demethylation by the Drosophila KDM4A 
demethylase. Molecular cell 32: 696-706. 

Lin CH, Paulson A, Abmayr SM, Workman JL. 2012. HP1a targets the 
Drosophila KDM4A demethylase to a subset of heterochromatic 
genes to regulate H3K36me3 levels. PLOS one 7: e39758. 

Liu G, Bollig-Fischer A, Kreike B, van de Vijver MJ, Abrams J, Ethier SP, 
Yang ZQ. 2009. Genomic amplification and oncogenic properties of 
the GASC1 histone demethylase gene in breast cancer. Oncogene 
28: 4491-4500. 

Liu X, Wang L, Zhao K, Thompson PR, Hwang Y, Marmorstein R, Cole 
PA. 2008. The structural basis of protein acetylation by the 
p300/CBP transcriptional coactivator. Nature 451: 846-850. 

Lloret-Llinares M, Carre C, Vaquero A, de Olano N, Azorin F. 2008. 
Characterization of Drosophila melanogaster JmjC+N histone 
demethylases. Nucleic acids research 36: 2852-2863. 

Lloret-Llinares M, Perez-Lluch S, Rossell D, Moran T, Ponsa-Cobas J, Auer 
H, Corominas M, Azorin F. 2012. dKDM5/LID regulates H3K4me3 
dynamics at the transcription-start site (TSS) of actively transcribed 
developmental genes. Nucleic acids research 40: 9493-9505. 

Loh YH, Zhang W, Chen X, George J, Ng HH. 2007. Jmjd1a and Jmjd2c 
histone H3 Lys 9 demethylases regulate self-renewal in embryonic 
stem cells. Genes & development 21: 2545-2557. 

Lorbeck MT, Singh N, Zervos A, Dhatta M, Lapchenko M, Yang C, Elefant 
F. 2010. The histone demethylase Dmel\Kdm4A controls genes 
required for life span and male-specific sex determination in 
Drosophila. Gene 450: 8-17. 

Lott SE, Villalta JE, Schroth GP, Luo S, Tonkin LA, Eisen MB. 2011. 
Noncanonical compensation of zygotic X transcription in early 
Drosophila melanogaster development revealed through single-
embryo RNA-seq. PLoS biology 9: e1000590. 



 59 

Luchesi LB, Santos CB. 2005. [Nursing: the meaning of this profession to 
nurses. A first approach]. Revista latino-americana de enfermagem 
13: 158-164. 

Luco RF, Pan Q, Tominaga K, Blencowe BJ, Pereira-Smith OM, Misteli T. 
2010. Regulation of alternative splicing by histone modifications. 
Science 327: 996-1000. 

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. 1997. 
Crystal structure of the nucleosome core particle at 2.8 A resolution. 
Nature 389: 251-260. 

Metzker ML. 2010. Sequencing technologies - the next generation. Nature 
reviews Genetics 11: 31-46. 

Minucci S, Pelicci PG. 2006. Histone deacetylase inhibitors and the promise 
of epigenetic (and more) treatments for cancer. Nature reviews 
Cancer 6: 38-51. 

Morillon A, Karabetsou N, Nair A, Mellor J. 2005. Dynamic lysine 
methylation on histone H3 defines the regulatory phase of gene 
transcription. Molecular cell 18: 723-734. 

Morisato D. 2001. Spatzle regulates the shape of the Dorsal gradient in the 
Drosophila embryo. Development 128: 2309-2319. 

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. 2008. Mapping 
and quantifying mammalian transcriptomes by RNA-Seq. Nature 
methods 5: 621-628. 

Moussian B, Roth S. 2005. Dorsoventral axis formation in the Drosophila 
embryo--shaping and transducing a morphogen gradient. Current 
biology : CB 15: R887-899. 

Nagano T, Mitchell JA, Sanz LA, Pauler FM, Ferguson-Smith AC, Feil R, 
Fraser P. 2008. The Air noncoding RNA epigenetically silences 
transcription by targeting G9a to chromatin. Science 322: 1717-
1720. 

Nasiadka A, Grill A, Krause HM. 2000. Mechanisms regulating target gene 
selection by the homeodomain-containing protein Fushi tarazu. 
Development 127: 2965-2976. 

Negre N, Brown CD, Ma L, Bristow CA, Miller SW, Wagner U, 
Kheradpour P, Eaton ML, Loriaux P, Sealfon R et al. 2011. A cis-
regulatory map of the Drosophila genome. Nature 471: 527-531. 

Ng SS, Kavanagh KL, McDonough MA, Butler D, Pilka ES, Lienard BM, 
Bray JE, Savitsky P, Gileadi O, von Delft F et al. 2007. Crystal 
structures of histone demethylase JMJD2A reveal basis for substrate 
specificity. Nature 448: 87-91. 

Nguyen DK, Disteche CM. 2006. Dosage compensation of the active X 
chromosome in mammals. Nature genetics 38: 47-53. 

Ni JQ, Zhou R, Czech B, Liu LP, Holderbaum L, Yang-Zhou D, Shim HS, 
Tao R, Handler D, Karpowicz P et al. 2011. A genome-scale shRNA 
resource for transgenic RNAi in Drosophila. Nature methods 8: 405-
407. 

Niessing D, Rivera-Pomar R, La Rosee A, Hader T, Schock F, Purnell BA, 
Jackle H. 1997. A cascade of transcriptional control leading to axis 



 60 

determination in Drosophila. Journal of cellular physiology 173: 
162-167. 

Northcott PA, Nakahara Y, Wu X, Feuk L, Ellison DW, Croul S, Mack S, 
Kongkham PN, Peacock J, Dubuc A et al. 2009. Multiple recurrent 
genetic events converge on control of histone lysine methylation in 
medulloblastoma. Nature genetics 41: 465-472. 

Ochoa-Espinosa A, Yucel G, Kaplan L, Pare A, Pura N, Oberstein A, 
Papatsenko D, Small S. 2005. The role of binding site cluster 
strength in Bicoid-dependent patterning in Drosophila. Proceedings 
of the National Academy of Sciences of the United States of America 
102: 4960-4965. 

Palomera-Sanchez Z, Bucio-Mendez A, Valadez-Graham V, Reynaud E, 
Zurita M. 2010. Drosophila p53 is required to increase the levels of 
the dKDM4B demethylase after UV-induced DNA damage to 
demethylate histone H3 lysine 9. The Journal of biological 
chemistry 285: 31370-31379. 

Papp B, Muller J. 2006. Histone trimethylation and the maintenance of 
transcriptional ON and OFF states by trxG and PcG proteins. Genes 
& development 20: 2041-2054. 

Park PJ. 2009. ChIP-seq: advantages and challenges of a maturing 
technology. Nature reviews Genetics 10: 669-680. 

Park Y, Kuroda MI. 2001. Epigenetic aspects of X-chromosome dosage 
compensation. Science 293: 1083-1085. 

Paro R, Hogness DS. 1991. The Polycomb protein shares a homologous 
domain with a heterochromatin-associated protein of Drosophila. 
Proceedings of the National Academy of Sciences of the United 
States of America 88: 263-267. 

Pazin MJ, Kadonaga JT. 1997. What's up and down with histone 
deacetylation and transcription? Cell 89: 325-328. 

Pedersen MT, Helin K. 2010. Histone demethylases in development and 
disease. Trends in cell biology 20: 662-671. 

Plath K, Fang J, Mlynarczyk-Evans SK, Cao R, Worringer KA, Wang H, de 
la Cruz CC, Otte AP, Panning B, Zhang Y. 2003. Role of histone H3 
lysine 27 methylation in X inactivation. Science 300: 131-135. 

Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA, Flynn RA, Wysocka J. 
2011. A unique chromatin signature uncovers early developmental 
enhancers in humans. Nature 470: 279-283. 

Rando OJ, Chang HY. 2009. Genome-wide views of chromatin structure. 
Annual review of biochemistry 78: 245-271. 

Rao Y, Pang P, Ruan W, Gunning D, Zipursky SL. 2000. brakeless is 
required for photoreceptor growth-cone targeting in Drosophila. 
Proceedings of the National Academy of Sciences of the United 
States of America 97: 5966-5971. 

Ratnaparkhi GS, Jia S, Courey AJ. 2006. Uncoupling dorsal-mediated 
activation from dorsal-mediated repression in the Drosophila 
embryo. Development 133: 4409-4414. 



 61 

Rea S, Eisenhaber F, O'Carroll D, Strahl BD, Sun ZW, Schmid M, Opravil 
S, Mechtler K, Ponting CP, Allis CD et al. 2000. Regulation of 
chromatin structure by site-specific histone H3 methyltransferases. 
Nature 406: 593-599. 

Reed NP, Henderson MA, Oltz EM, Aune TM. 2012. Reciprocal regulation 
of Rag expression in thymocytes by the zinc-finger proteins, Zfp608 
and Zfp609. Genes and immunity. 

Reeves GT, Stathopoulos A. 2009. Graded dorsal and differential gene 
regulation in the Drosophila embryo. Cold Spring Harbor 
perspectives in biology 1: a000836. 

Regulski M, Harding K, Kostriken R, Karch F, Levine M, McGinnis W. 
1985. Homeo box genes of the Antennapedia and bithorax 
complexes of Drosophila. Cell 43: 71-80. 

Reiter LT, Potocki L, Chien S, Gribskov M, Bier E. 2001. A systematic 
analysis of human disease-associated gene sequences in Drosophila 
melanogaster. Genome research 11: 1114-1125. 

Rikitake Y, Moran E. 1992. DNA-binding properties of the E1A-associated 
300-kilodalton protein. Molecular and cellular biology 12: 2826-
2836. 

Ringrose L, Paro R. 2004. Epigenetic regulation of cellular memory by the 
Polycomb and Trithorax group proteins. Annual review of genetics 
38: 413-443. 

Rivera-Pomar R, Lu X, Perrimon N, Taubert H, Jackle H. 1995. Activation 
of posterior gap gene expression in the Drosophila blastoderm. 
Nature 376: 253-256. 

Roelfsema JH, Peters DJ. 2007. Rubinstein-Taybi syndrome: clinical and 
molecular overview. Expert reviews in molecular medicine 9: 1-16. 

Rosenblum-Vos LS, Rhodes L, Evangelista CC, Jr., Boayke KA, Zitomer 
RS. 1991. The ROX3 gene encodes an essential nuclear protein 
involved in CYC7 gene expression in Saccharomyces cerevisiae. 
Molecular and cellular biology 11: 5639-5647. 

Roth JE, Franklin PH, Murray TF. 1993. The sigma receptor ligand 1,3-di(2-
tolyl)guanidine is anticonvulsant in the rat prepiriform cortex. 
European journal of pharmacology 236: 327-331. 

Roy S, Ernst J, Kharchenko PV, Kheradpour P, Negre N, Eaton ML, 
Landolin JM, Bristow CA, Ma L, Lin MF et al. 2010. Identification 
of functional elements and regulatory circuits by Drosophila 
modENCODE. Science 330: 1787-1797. 

Sakai A, Shimizu Y, Kondou S, Chibazakura T, Hishinuma F. 1990. 
Structure and molecular analysis of RGR1, a gene required for 
glucose repression of Saccharomyces cerevisiae. Molecular and 
cellular biology 10: 4130-4138. 

Schmitz SU, Albert M, Malatesta M, Morey L, Johansen JV, Bak M, 
Tommerup N, Abarrategui I, Helin K. 2011. Jarid1b targets genes 
regulating development and is involved in neural differentiation. The 
EMBO journal 30: 4586-4600. 



 62 

Schneider DS, Hudson KL, Lin TY, Anderson KV. 1991. Dominant and 
recessive mutations define functional domains of Toll, a 
transmembrane protein required for dorsal-ventral polarity in the 
Drosophila embryo. Genes & development 5: 797-807. 

Schotta G, Ebert A, Krauss V, Fischer A, Hoffmann J, Rea S, Jenuwein T, 
Dorn R, Reuter G. 2002. Central role of Drosophila SU(VAR)3-9 in 
histone H3-K9 methylation and heterochromatic gene silencing. The 
EMBO journal 21: 1121-1131. 

Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli G. 2007. 
Genome regulation by polycomb and trithorax proteins. Cell 128: 
735-745. 

Schupbach T. 1987. Germ line and soma cooperate during oogenesis to 
establish the dorsoventral pattern of egg shell and embryo in 
Drosophila melanogaster. Cell 49: 699-707. 

Schwartz YB, Pirrotta V. 2008. Polycomb complexes and epigenetic states. 
Current opinion in cell biology 20: 266-273. 

Sen J, Goltz JS, Stevens L, Stein D. 1998. Spatially restricted expression of 
pipe in the Drosophila egg chamber defines embryonic dorsal-
ventral polarity. Cell 95: 471-481. 

Senti K, Keleman K, Eisenhaber F, Dickson BJ. 2000. brakeless is required 
for lamina targeting of R1-R6 axons in the Drosophila visual system. 
Development 127: 2291-2301. 

Shahbazian MD, Grunstein M. 2007. Functions of site-specific histone 
acetylation and deacetylation. Annual review of biochemistry 76: 75-
100. 

Shendure J. 2008. The beginning of the end for microarrays? Nature 
methods 5: 585-587. 

Shi Y, Lan F, Matson C, Mulligan P, Whetstine JR, Cole PA, Casero RA. 
2004. Histone demethylation mediated by the nuclear amine oxidase 
homolog LSD1. Cell 119: 941-953. 

Shogren-Knaak M, Ishii H, Sun JM, Pazin MJ, Davie JR, Peterson CL. 2006. 
Histone H4-K16 acetylation controls chromatin structure and protein 
interactions. Science 311: 844-847. 

Simon JA, Kingston RE. 2009. Mechanisms of polycomb gene silencing: 
knowns and unknowns. Nature reviews Molecular cell biology 10: 
697-708. 

Slonim DK, Yanai I. 2009. Getting started in gene expression microarray 
analysis. PLoS computational biology 5: e1000543. 

Small S, Blair A, Levine M. 1992. Regulation of even-skipped stripe 2 in the 
Drosophila embryo. The EMBO journal 11: 4047-4057. 

Smith CL, DeLotto R. 1994. Ventralizing signal determined by protease 
activation in Drosophila embryogenesis. Nature 368: 548-551. 

Smith ER, Pannuti A, Gu W, Steurnagel A, Cook RG, Allis CD, Lucchesi 
JC. 2000. The drosophila MSL complex acetylates histone H4 at 
lysine 16, a chromatin modification linked to dosage compensation. 
Molecular and cellular biology 20: 312-318. 



 63 

Song W, Treich I, Qian N, Kuchin S, Carlson M. 1996. SSN genes that 
affect transcriptional repression in Saccharomyces cerevisiae encode 
SIN4, ROX3, and SRB proteins associated with RNA polymerase II. 
Molecular and cellular biology 16: 115-120. 

Speliotes EK Willer CJ Berndt SI Monda KL Thorleifsson G Jackson AU 
Lango Allen H Lindgren CM Luan J Magi R et al. 2010. Association 
analyses of 249,796 individuals reveal 18 new loci associated with 
body mass index. Nature genetics 42: 937-948. 

St Johnston D, Nusslein-Volhard C. 1992. The origin of pattern and polarity 
in the Drosophila embryo. Cell 68: 201-219. 

Stabell M, Larsson J, Aalen RB, Lambertsson A. 2007. Drosophila dSet2 
functions in H3-K36 methylation and is required for development. 
Biochemical and biophysical research communications 359: 784-
789. 

Staller MV, Yan D, Randklev S, Bragdon MD, Wunderlich ZB, Tao R, 
Perkins LA, Depace AH, Perrimon N. 2013. Depleting Gene 
Activities in Early Drosophila Embryos with the "Maternal-Gal4-
shRNA" System. Genetics 193: 51-61. 

Strahl BD, Allis CD. 2000. The language of covalent histone modifications. 
Nature 403: 41-45. 

Strahl BD, Grant PA, Briggs SD, Sun ZW, Bone JR, Caldwell JA, Mollah S, 
Cook RG, Shabanowitz J, Hunt DF et al. 2002. Set2 is a 
nucleosomal histone H3-selective methyltransferase that mediates 
transcriptional repression. Molecular and cellular biology 22: 1298-
1306. 

Straub T, Becker PB. 2007. Dosage compensation: the beginning and end of 
generalization. Nature reviews Genetics 8: 47-57. 

Sun H, Towb P, Chiem DN, Foster BA, Wasserman SA. 2004. Regulated 
assembly of the Toll signaling complex drives Drosophila 
dorsoventral patterning. The EMBO journal 23: 100-110. 

Sural TH, Peng S, Li B, Workman JL, Park PJ, Kuroda MI. 2008. The MSL3 
chromodomain directs a key targeting step for dosage compensation 
of the Drosophila melanogaster X chromosome. Nature structural & 
molecular biology 15: 1318-1325. 

Suzuki Y, Nogi Y, Abe A, Fukasawa T. 1988. GAL11 protein, an auxiliary 
transcription activator for genes encoding galactose-metabolizing 
enzymes in Saccharomyces cerevisiae. Molecular and cellular 
biology 8: 4991-4999. 

Taatjes DJ. 2010. The human Mediator complex: a versatile, genome-wide 
regulator of transcription. Trends in biochemical sciences 35: 315-
322. 

Tie F, Banerjee R, Stratton CA, Prasad-Sinha J, Stepanik V, Zlobin A, Diaz 
MO, Scacheri PC, Harte PJ. 2009. CBP-mediated acetylation of 
histone H3 lysine 27 antagonizes Drosophila Polycomb silencing. 
Development 136: 3131-3141. 



 64 

Tsukada Y, Fang J, Erdjument-Bromage H, Warren ME, Borchers CH, 
Tempst P, Zhang Y. 2006. Histone demethylation by a family of 
JmjC domain-containing proteins. Nature 439: 811-816. 

Valentine SA, Chen G, Shandala T, Fernandez J, Mische S, Saint R, Courey 
AJ. 1998. Dorsal-mediated repression requires the formation of a 
multiprotein repression complex at the ventral silencer. Molecular 
and cellular biology 18: 6584-6594. 

Waltzer L, Bienz M. 1998. Drosophila CBP represses the transcription factor 
TCF to antagonize Wingless signalling. Nature 395: 521-525. 

Wang L, Rajan H, Pitman JL, McKeown M, Tsai CC. 2006. Histone 
deacetylase-associating Atrophin proteins are nuclear receptor 
corepressors. Genes & development 20: 525-530. 

Wang L, Tang Y, Cole PA, Marmorstein R. 2008. Structure and chemistry of 
the p300/CBP and Rtt109 histone acetyltransferases: implications 
for histone acetyltransferase evolution and function. Current opinion 
in structural biology 18: 741-747. 

Venkatesh S, Smolle M, Li H, Gogol MM, Saint M, Kumar S, Natarajan K, 
Workman JL. 2012. Set2 methylation of histone H3 lysine 36 
suppresses histone exchange on transcribed genes. Nature 489: 452-
455. 

Venken KJ, Bellen HJ. 2007. Transgenesis upgrades for Drosophila 
melanogaster. Development 134: 3571-3584. 

Verdel A, Jia S, Gerber S, Sugiyama T, Gygi S, Grewal SI, Moazed D. 2004. 
RNAi-mediated targeting of heterochromatin by the RITS complex. 
Science 303: 672-676. 

Vermaak D, Malik HS. 2009. Multiple roles for heterochromatin protein 1 
genes in Drosophila. Annual review of genetics 43: 467-492. 

Whetstine JR, Nottke A, Lan F, Huarte M, Smolikov S, Chen Z, Spooner E, 
Li E, Zhang G, Colaiacovo M et al. 2006. Reversal of histone lysine 
trimethylation by the JMJD2 family of histone demethylases. Cell 
125: 467-481. 

Whyte P, Williamson NM, Harlow E. 1989. Cellular targets for 
transformation by the adenovirus E1A proteins. Cell 56: 67-75. 

Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I, 
Shoukry M, Wright C, Chen F et al. 2009. ChIP-seq accurately 
predicts tissue-specific activity of enhancers. Nature 457: 854-858. 

Wissmann M, Yin N, Muller JM, Greschik H, Fodor BD, Jenuwein T, 
Vogler C, Schneider R, Gunther T, Buettner R et al. 2007. 
Cooperative demethylation by JMJD2C and LSD1 promotes 
androgen receptor-dependent gene expression. Nature cell biology 9: 
347-353. 

Wu J, Suka N, Carlson M, Grunstein M. 2001. TUP1 utilizes histone 
H3/H2B-specific HDA1 deacetylase to repress gene activity in 
yeast. Molecular cell 7: 117-126. 

Wu LP, Anderson KV. 1998. Regulated nuclear import of Rel proteins in the 
Drosophila immune response. Nature 392: 93-97. 



 65 

Xiao T, Hall H, Kizer KO, Shibata Y, Hall MC, Borchers CH, Strahl BD. 
2003. Phosphorylation of RNA polymerase II CTD regulates H3 
methylation in yeast. Genes & development 17: 654-663. 

Yamane K, Toumazou C, Tsukada Y, Erdjument-Bromage H, Tempst P, 
Wong J, Zhang Y. 2006. JHDM2A, a JmjC-containing H3K9 
demethylase, facilitates transcription activation by androgen 
receptor. Cell 125: 483-495. 

Yang P, Shaver SA, Hilliker AJ, Sokolowski MB. 2000a. Abnormal turning 
behavior in Drosophila larvae. Identification and molecular analysis 
of scribbler (sbb). Genetics 155: 1161-1174. 

Yang ZQ, Imoto I, Fukuda Y, Pimkhaokham A, Shimada Y, Imamura M, 
Sugano S, Nakamura Y, Inazawa J. 2000b. Identification of a novel 
gene, GASC1, within an amplicon at 9p23-24 frequently detected in 
esophageal cancer cell lines. Cancer research 60: 4735-4739. 

Zeng L, Zhang Q, Gerona-Navarro G, Moshkina N, Zhou MM. 2008. 
Structural basis of site-specific histone recognition by the 
bromodomains of human coactivators PCAF and CBP/p300. 
Structure 16: 643-652. 

Zentner GE, Tesar PJ, Scacheri PC. 2011. Epigenetic signatures distinguish 
multiple classes of enhancers with distinct cellular functions. 
Genome research 21: 1273-1283. 

Zhang Z, Espinoza CR, Yu Z, Stephan R, He T, Williams GS, Burrows PD, 
Hagman J, Feeney AJ, Cooper MD. 2006. Transcription factor Pax5 
(BSAP) transactivates the RAG-mediated V(H)-to-DJ(H) 
rearrangement of immunoglobulin genes. Nature immunology 7: 
616-624. 

Zheng C, Hayes JJ. 2003. Structures and interactions of the core histone tail 
domains. Biopolymers 68: 539-546. 

Zhu X, Sen J, Stevens L, Goltz JS, Stein D. 2005. Drosophila pipe protein 
activity in the ovary and the embryonic salivary gland does not 
require heparan sulfate glycosaminoglycans. Development 132: 
3813-3822. 

 

 


