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Histone lysine methylation is involved in chromatin related cell 

functions, such as gene expression or heterochromatin formation. It 

is a covalent modification added by histone methyltransferases and 

removed by histone demethylases, discovered in the recent years. 

We characterized the groups of demethylases that contain both 

Jumonji C and Jumonji N domains in the model organism 

Drosophila melanogaster. We show that dKDM4s act on 

H3K36me3 and H3K9me3 and LID/dKDM5 targets H3K4me3. 

HP1a distribution is affected by dKDM4A overexpression. In 

addition, we analyzed LID/dKDM5 localization in wing imaginal 

discs and how LID affects gene expression and trimethylation of 

H3K4 in this tissue. We observed that LID localizes at the 

transcription start sites of active genes related to development and 

differentiation. LID target genes contain H3K4me3 and H3K36me3 

and RNAPII, phosphorylated at serine 5 and serine 2. 

Downregulation of lid produces a weak decrease in the expression 

of LID targets, suggesting a role of the demethylase in fine-tuning 

expression levels. 

 

 

La metilació de les lisines de les histones està implicada en les 

funcions associades a la cromatina, com l’expressió gènica o la 

formació d’heterocromatina. És una modificació covalent afegida 

per metiltransferases d’histones i eliminada per desmetilases 

d’histones, que han estat descobertes recentment. Hem 

caracteritzat els grups de desmetilases que contenen dominis 

Jumonji C i Jumonji N a l’organisme model Drosophila 

melanogaster. Observem que les dues dKDM4 actuen sobre 

H3K36me3 i H3K9me3 i que LID/dKDM5 desmetila H3K4me3. La 

distribució d’HP1a es veu afectada per la sobreexpressió de 
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dKDM4A. A més, hem analitzat la localització de LID/dKDM5 als 

discos imaginals d’ala i quins efectes té LID sobre l’expressió 

gènica i la trimetilació de H3K4 en aquest teixit. Hem observat que 

LID es troba als llocs d’inici de la transcripció de gens actius 

relacionats amb diferenciació i desenvolupament. Els gens diana 

de LID contenen H3K4me3 i H3K36me3 i RNAPII fosforilada a la 

serina 5 i a la serina 2. Una disminució de lid provoca una lleu 

baixada en l’expressió dels seus gens diana, la qual cosa 

suggereix que la desmetilasa té un paper en l’ajust dels nivells 

d’expressió.
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Chromatin is the substrate for the DNA based processes that take 

place in eukaryotic nuclei: transcription, replication, recombination, 

repair. Covalent posttranlational modification of histones consti-

tutes one of the mechanisms that regulate chromatin structure and 

function. 

 

Histone lysine methylation is involved in different functions. The 

understanding of histone modifications and their function is growing 

considerably with the study of the enzymes that introduce or 

remove them. The first histone lysine demethylase, LSD1/KDM1, 

was identified in 2004. A new family of demethylases, proteins 

containing a Jumonji C (JmjC) domain, was characterized for the 

first time in 2006. A little bit later, we started our work, focusing on 

the groups that, in addition to the JmjC, contain a JmjN domain. 

 

We use Drosophila melanogaster as a model system, a very well 

known organism after more than a century of research. Some 

advantages of working with it are the easy manipulation and 

maintenance of the fly and the low redundancy in the fly genome. 

Moreover, many functions are conserved in humans and flies. At 

the beginning of the present thesis, almost nothing was known 

about  JmjC histone demthylases in the fruitfly. 

 

We characterized the activity of the KDM4 and KDM5 groups and 

we increased the knowledge of their function in the organism. We 

show that KDM4 has a possible role in heterochromatin formation 

and that KDM5 regulates H3K4me3 levels at the transcription start 

site of genes and has a function in transcription activation.   
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Chromatin is the complex of DNA, histones and other chromosomal 

proteins found in eukaryotic nuclei. The DNA is a long polymer that 

contains the genetic information transmitted from one generation to 

another. It interacts with histones forming nucleosomes and 

chromatin fibers to achieve a high degree of compaction and fit 

inside the nucleus. Chromatin structure influences gene activity 

and it can be modified in several ways. One of them is the covalent 

modification of histones. Enzymes that introduce or remove these 

modifications can thus affect gene activity and cell function. In this 

introduction we will briefly present chromatin and the main ways of 

affecting it, with a special focus on histone lysine methylation and 

histone lysine demethylases, which constitute our research 

interest. We will talk about transcription and its relation to 

chromatin modifications. Finally, we will introduce the model 

organism used in this work: Drosophila melanogaster.  

 

1.-Chromatin 

1.1.-The nucleosome 

The nucleosome is the basic unit of chromatin and it is formed by 

an octamer of histones around which two turns of DNA (around 

150bp) are wraped. The octamer is formed by two of each core 

histone: H2A, H2B, H3 and H4. Nucleosomes are separated by a 

linker DNA, which can vary in size from a few nucleotides to up to 

80. They were observed by electron microscopy first in the 70s in 

the form of “beads on a string” (Brown, 2002; Olins and Olins, 

1974; van Bruggen et al., 1974). 

 

The crystal structure of the nucleosome was solved in 1997 (Luger 

et al., 1997) and it shows a disc-shaped histone core and 1.65 

turns of DNA around it in a left-handed coil (fig. i1). There are 
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numerous interactions between the histones and the DNA: 

hydrogen bonds, hydrophobic interactions and electrostatic ones. 

Many of them are between the aminoacid backbone and the 

phosphodiester backbone of the DNA. This explains that many 

different sequences can bind histones. 

 

To form a nucleosome, two dimers of H2A-H2B interact with a 

tetramer of H3-H4. Histones are highly basic proteins with a 

globular domain that forms the centre of the nucleosome and 

amino-terminal tails that extend out of the core of the particle 

(Alberts, 2002). Histones are highly conserved in aminoacid 

sequence in eukaryotes. This conservation suggests they have 

critical functions (Allis, 2007). 

 
Figure i1. Nucleosome structure. Two different views of the 

nucleosome: two turns of DNA (orange) surround a histone octamer with 

two of each H3 (red), H4 (green), H2A (blue) and H2B (purple) (Luger et 

al., 1997). 
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1.2.-The chromatin fiber  

Nucleosomes are packed and show a higher level of compaction 

than that of the “beads on a string”. Chromatin condenses in a 30 

nm fiber (fig. i2). The exact structure of this fiber has not been 

solved, but many biophysical and biochemical studies led to two 

models to explain it. In the first one, the solenoid model, 

nucleosomes arrange one next to the other and fold in a simple 

one-start helix. In the second model, nucleosomes are in zigzag 

and fold as a double helix (reviewed in Tremethick, 2007). A fifth 

histone, the linker histone H1, is found in this fiber. One molecule 

of the linker histone H1 interacts with one nucleosome and 

participates in the packaging.  

 

The 30 nm fiber can be visualized when chromatin fragments are 

isolated. Observations in mammalian nuclei and studies of 

metaphase chromosomes indicate that nucleosomes from the 

fibers can interdigitate and form more compact structures. An 

unfolded 30 nm fiber is the preferred substrate for interdigitation 

(reviewed in Tremethick, 2007). 

 

There are non histone proteins, such as MeCP2 (methyl CpG 

binding protein 2) or the polycomb complex, that interact with 

chromatin and arrange nucleosomes in different and unique 

structures (Tremethick, 2007). 

 

During mitosis chromatin condenses more, in the form of 

chromosomes, so that all the information contained in it is passed 

to the daughter cells. Individual chromosomes can then be 

observed (fig. i2) (Alberts, 2002; Brown, 2002). 



Introduction 

22 

 

   
Figure i2. Chromatin packaging. Different degrees of chromatin 

compaction, that allows a long molecule of DNA to fit inside the cell 

nucleus (modified from Alberts, 2002). 

 



Introduction 

23 

 
1.3.-Chromatin organization 

In non-dividing nuclei, individual chromosomes cannot be 

observed. With light microscopy two types of areas are identified: 

dark areas, called heterochromatin; and light areas, euchromatin. 

Heterochromatin is usually found at the periphery of the nucleus 

and contains more compacted DNA. Euchromatin is a more open 

conformation where the transcription machinery and other proteins 

can acces DNA. Electron microscopy reveals that this chromatin is 

organized in loops attached at some points to matrix-associated 

regions or scaffold attachment regions. 

 

Chromatin is organized in functional domains separated by 

insulators, sequences that prevent cross-talk between adjacent 

domains. Within a domain genes and their corresponding 

regulatory elements can interact (Brown, 2002). Several proteins 

can bind the insulator sequences and contribute to the organisation 

of chromatin in different domains that are defined by their 

molecular composition (Dorman et al., 2007; Wallace and 

Felsenfeld, 2007). 

 

Inside the nucleus chromatin is not randomly distributed, but every 

chromosome occupies a defined territory, which can be located at 

the periphery of the nucleus or in the middle. Protein coding genes 

tend to be at the surface of the territory, where most of the 

transcripts appear. Proteins related to chromatin associated 

processes are also organized and, for example, snRNPs involved 

in pre-mRNA splicing locate predominantly outside of chromosome 

territories (reviewed in Hubner and Spector, 2010). 
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Intra- and interchromosomal interactions can occur in genes that 

are coregulated, which usually tend to localize to foci rich in 

proteins involved in transcription and splicing, or between a 

regulatory region and the gene it regulates. These interactions can 

take place after chromatin movements upon activation (reviewed in 

Hubner and Spector, 2010). 

 

1.4.-Chromatin modification 

Chromatin is the substrate for many cellular processes, such as 

transcription, DNA replication, recombination, X chromosome 

inactivation or DNA repair. Therefore, chromatin structure needs to 

be modified and, indeed, we can find many different forms of 

chromatin that arise from different mechanisms of modification: 

energy-dependent chromatin remodeling, histone exchange, 

covalent histone modifications, small noncoding RNAs and also 

DNA methylation. These mechanisms usually act in concert to 

modify chromatin (Allis, 2007). We will present all of these 

mechanisms with a special focus in one of the histone 

modifications: histone lysine methylation.  

 

1.4.1.-Chromatin remodeling  

One way of modifying chromatin is to recruit remodeling complexes 

that use ATP-hydrolysis to mobilize nucleosomes or alter 

nucleosomal structure (fig. i3a). This makes chromatin more 

accessible to other proteins, like the transcription machinery. 

Remodeling activities usually act together with some histone 

modifications. There are two families of remodeling activities: the 

SNF2H/ISWI, that mobilizes nucleosomes along the DNA; and the 

SWI/SNF, that changes nucleosome structure (Allis, 2007).  
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Figure i3. Different ways of modifying chromatin. a) Remodeling 

complexes use ATP-hydrolysis and can displace nucleosomes along 

DNA. b) There are different histone variants with some aminoacid 

changes in relation to their related canonical histone (shown in red) (Allis, 

2007) that can be introduced in the nucleosomes by specific remodeling 

complexes. c) Non-coding RNAs in the formation of fission yeast 

heterochromatin. Red circles represent H3K9me3. d) DNA methylation is 

known as a silencing mechanism, methyl groups (purple circles) are 

added to cytosine residues by DNA methyltransferases (DNMT). 
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1.4.2.-Histone variants  

Some chromatin remodeling complexes can act also in the 

replacement of conventional histones by histone variants. Histone 

variants are less abundant than the conventional ones and they 

contain some aminoacid changes or different amino- or carboxi-

terminal domains (fig. i3b). They impose compositional differences 

in the chromatin fiber that are related to cell processes such as 

transcription, centromeric function or DNA repair. Histone 

exchange can also be a way of erasing the posttranslation 

modifications of a given histone. The variants can have a different 

susceptibility for some covalent modifications, which offers one 

more layer of variability in chromatin structure (Allis, 2007). 

 

Traditionally it has been said that histones are only synthesized 

and deposited during S phase, but it has been shown that 

synthesis and substitution of the variants is produced 

independently of DNA replication (Allis, 2007). 

 

1.4.3.-DNA methylation  

DNA methylation is the oldest mechanism known to correlate with 

gene silencing. It occurs at CpG dinucleotides in mammals and it 

can occur on other template sequences in other organisms. The 

modification consists in the addition of a methyl group on a 

cytosine residue. Methylation of DNA is found in noncoding regions 

and interspersed repetitive elements. It is also a mechanism for 

silencing one of the parental alleles in imprinted loci in plants and 

placental mammals (Allis, 2007). 
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DNA methyltransferases (DNMTs) are the enzymes responsible for 

the methylation and it has been shown that they can be recruited 

by histone modifications or modifying enzymes, interspersed 

repeats or RNA, the latter observed in plants (Allis, 2007).  

 

For a long time, it was thought that Drosophila did not contain DNA 

methylation, but it was found in embryonic extracts (Lyko et al., 

2000) and the enzyme that catalyzes the reaction is a DNMT2-like 

protein. Methylation is observed in CpA/T residues, which may 

explain why it was not discovered for a long time (Kunert et al., 

2003). DNMT2 mediated DNA methylation in Drosophila has a role 

in retrotransposon silencing and telomere integrity. DNA 

methylation also initiates H4K20 trimethylation (Phalke et al., 2009; 

reviewed in Schaefer and Lyko, 2010). 

 

1.4.4.-RNA 

RNAi, a host defense mechanism that breaks down dsRNA 

species, has been linked to centromeric heterochromatin formation 

in S. pombe. There is evidence also for a role of siRNA in defining 

other heterochromatic regions, such as telomeres. Different ways 

of chromatin modification based on siRNA are being discovered in 

many eukaryotes (reviewed in Verdel et al., 2009). The sequencing 

of small RNAs has shown that they are transcribed from 

transposons and repetitive elements in many eukaryotic organisms. 

The relation of RNAi to silencing of these regions suggests that it 

has evolved to maintain genomic stability. 

 

Some RNA molecules interact with protein complexes, such as 

PRC2 or CoREST, and may serve as a recruiting mechanism of 

these proteins to their target genes (Tsai et al., 2010). One 
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interesting aspect of this kind of interaction is that RNA could guide 

the complexes to specific sequences. 

 

1.4.5.-Posttranslational modifications of histones 

Several covalent modifications can be found in histones, both in the 

histone fold domain and in the terminal tails: methylation, 

acetylation, phosphorylation, sumoylation, ADP-ribosylation, 

ubiquitination, citrullination, proline isomerization and biotinylation 

(fig. i4) (Kouzarides, 2007; Latham and Dent, 2007).  

 

 
Figure i4. Posttranlational modifications of histones. The different 

types of modifications related to the type of aminoacid they can modify (a) 

and to the residues in histones where they have been found (b) (Latham 

and Dent, 2007). 

 

These modifications can affect chromatin structure by altering 

nucleosome arrangement. For example, the change of electrostatic 

properties in the histone tail alters internucleosomal contacts. 

Acetylation is the best known modification acting in this way, it 

neutralizes positive charges of histone tails and generates a local 

expansion of the chromatin structure, rendering it more accessible. 

The addition of big groups, such as ubiquitin or ADP-ribose may 

also change nucleosome disposition. 
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Another way in which histone modifications affect chromatin is by 

recruiting proteins that can interact with the modified histone. For 

example, bromodomains recognize acetylated residues and 

chromodomains, tudor or PHD fingers can recognize methylated 

residues (a list of histone interacting domains is found in table i1). 

Many times, the domain that has affinity for the histone is part of a 

bigger protein complex that acts on chromatin, such as a 

remodeling complex or a histone modifying complex, which will 

alter chromatin structure, so the different activities act in a 

coordinated manner to induce a specific chromatin environment.  

 

The existence of covalent modifications in histones led to the idea 

of a nucleosome code. It was first proposed in the early 90s by 

Turner, given the effects of histone lysine acetylation in 

transcription (Turner, 1993). He reformulated his idea after the first 

modification binding domains, the bromodomains, were discovered 

(Turner, 2000). The same year, Strahl and Allis proposed the 

histone code hypothesis, that states that multiple histone 

modifications, acting in a combinatorial or sequential fashion on 

one or multiple histone tails, specify unique downstream functions 

(Strahl and Allis, 2000). This idea has been criticized because 

multiple proteins can bind a single modification, so there is not a 

simple decoding system from one mark to one binding module, and 

sometimes there is not a clear cause-effect association because 

the effect of a mark is indirect (Becker, 2006; Henikoff, 2005). 

Another problem is that the interactions of the recognition domains 

with the modifications are weak and so, it is not clear that these 

interactions can have any functional significance, so it was 

proposed that what is important is the combination of them or with 
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other possible interactions, such as DNA-protein interactions 

(Becker, 2006). 

 

Several binding modules are found in the same chromatin 

associated complex or even in the same protein, so it has been 

proposed that there is multivalency in the binding of effector 

proteins to chromatin, which will increase binding affinities and 

induce different outcomes depending on the combination of marks 

found in a given nucleosome or set of nucleosomes. Multivalency 

also allows the system to be dynamic as changing only one of the 

subunits can change the binding properties of a complex and this 

can be achieved by competition between modules (Ruthenburg et 

al., 2007).  

 

The existence of a histone code is exciting because it provides the 

possibility to predict a functional outcome given a combination of 

modifications. Although it is clear that some modifications produce 

a specific consequence, it is becoming more and more clear that 

the context in which they take place is important (Lee et al., 2010; 

Sims and Reinberg, 2008). The timing, that is, when one 

modification is established in relation to other processes or to other 

modifications does also have a role in determining the meaning it 

has (Lee et al., 2010). So we still need to understand many 

mechanisms in chromatin biology in order to comprehend its 

language, which maybe is not as simple as a strict code, but is 

more like human language, that in addition to the linguistic code, 

uses conversational context and previous knowledge to give a 

meaning to particular series of words (Levinson, 1983). 
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Table i1. HISTONE RECOGNITION DOMAINS 
Protein Target Protein Target 

Bromodomain 

KAT2 H4K16ac KAT3 ? 

TAF1 H4ac BRD8 H4ac 

hBRG1 H3K14ac Polybromo/BAF180 H3ac 

Chromodomain 

HP1/Swi6 H3K9me2/3 KMT1A H3K9me 

PC1/PC2/Polycomb/
LHP1 

H3K27me3, 
H3K9me3 

dMRG15/hMRG15 H3K36me, 
H3K4me 

CHD1 H3K4me1/3 CDY H3K9me2/3 

PHD 

BHC80 H3K4me0 Ash1 ? 

Yng1 H3k4me2/3 KDM4A/B/C ? 

ING2 H3K4me2/3 KDM5A (PHD3) H3K4me3 

BPTF H3K4me2/3   

Tudor 

KDM4A H3K4me3/H4K20m
e3 

KDM4B/C ? 

53BP1 H4K20me1/2 PHF20 H4K20me2 

KMT1E H3K9   

WD40 

WDR5 H3R2/H3K4me2, 
unmodified H3 tail 

p55 ? 

RbAp46/48 ?   

MBT 

L(3)MBTL1 H1bK26me1/2, 
H4K20me1/2 

SFMBT H3K9me1/2, 
H4K20me1/2 

SCML2 ? PHF20L1 H3K4me1, 
H4K20me1 

BRCT 

MDC1 H2AXPh MCPH1 H2AXPh 

14 3 3 

14 3 3 H3S10Ph/H3S28Ph   
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Table i2. HISTONE MODIFYING ENZYMES 

Protein Target Protein Target 
Acetyltransferases 

KAT1 H4 KAT2 H3K9/14/18/23/36 
H2B 

KAT3 H4K5/8 KAT4 H3, H4 

KAT5 H2A, H4 KAT6 H3K14/23 

KAT7 H4K5/8/12, H3 KAT8 H4K16  

Deacetylases 

HDAC8  H3ac, H4ac SIRT1 H3K9ac, H4K16ac, 
H1ac 

SIRT2 H3K9ac, 
H4K16ac 

SIRT3 H4K16 

Methyltransferases 

KMT1 H3K9 KMT2 H3K4 

KMT3 H3K36 KMT4 H3K79 

KMT5 H4K20 KMT6 H3K27 

CARM1 H3R2/17/26 PRMT5 H3R8, H4R3 

Demethylases 

KDM1 H3K4me1/2, 
H3K9me1/2 

KDM2 H3K36me1/2 

KDM3 H3K9me1/2 KDM4 H3K9/H3K36me2/3 

KDM5 H3K4me2/3 KDM6 H3K27me2/3 

JMJD6 H3R2me2, 
H4R3me2 

  

Ubiquitin ligases 

BMI-RING1B H2AK119 RNF20/40 H2B 

Cul4-DDB-Roc1 H3/H4 RAD6 H2BK120 

Kinases 

ATM/ATR/DNA-
PK 

H2AXS139 MST1 H2BS14 

Haspin H3T3 Aurora B H3S10 

Deiminases 

PADI4 H3R2/8/17/26, 
H4R3 
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Table i1. Histone binding domains. A list of histone binding domains 

(bold) with examples of proteins containing them and the residues they 

interact with. Question mark indicates that it is not known (Lall, 2007). 

 

Table i2. Histone modifying enzymes. A list of histone modifying 

enzymes (not exhaustive) in relation to the histone residues shown to be 

modified (Lall, 2007; Allis et al., 2007; Ellis et al., 2008). 

 
Our knowledge about histone modifications has increased 

considerably in the last years, but it is not yet clear what is their 

biological meaning. They have been correlated to active or inactive 

states of chromatin. The enzymes that add or remove the marks 

have been uncovered, there are several families and some of them 

are very specific. Table i2 shows the complexity of histone 

modifying enzymes. Our study deals with one family of 

demethylases, that remove methyl groups from lysine residues, 

and therefore we will discuss in more detail what we know about 

histone lysine methylation. 

 

2.-Histone lysine methylation 

Histone lysine methylation has been mainly studied in histones H3 

and H4. The most known target sites of methylation are: K4, K9, 

K27, K36 and K79 in histone H3 and K20 in histone H4 (fig. i5). 

Each of these lysine side chains can be mono-, di- or trimethylated. 

Methylation of lysine 4 (H3K4), lysine 36 (H3K36) and lysine 79 

(H3K79) of histone H3 are associated with expressed genes 

whereas methylation at lysine 9 (H3K9) and lysine 27 (H3K27) of 

histone H3 and methylation at lysine 20 of histone H4 (H4K20) are 

marks of a repressed chromatin state (reviewed in Martin and 

Zhang, 2005; Volkel and Angrand, 2007; Zhang and Reinberg, 
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2001). Methylation of H4K20 and H3K79 has also been related to 

DNA repair (Kouzarides, 2007). 

 

 
 

Figure i5. Methylated lysines and enzymes acting on them. Lysines 

that have been shown to be methylated in histones H3 and H4. Most of 

them are in the N-terminal tails, except for H3K79. Lysine methyl-

transferases (KMTs) are shown in orange boxes and lysine demethylases 

(KDMs) in pink boxes related to the residue they act on.  

 

Nowadays, the model organism Encyclopedia of DNA Elements 

(modENCODE) is generating a map of chromatin related proteins, 

chromatin modifications, RNAs and origins of replication in D. 

melanogaster and C. elegans (Gerstein et al., 2010; Roy et al., 

2010). Within this context the different methylation marks are being 

associated to more defined chromatin states than the 

active/repressed division (Kharchenko et al., 2010). These states 

are characterized by their combination of chromatin modifications, 

gene activity, associated proteins and location in the genome. 

 

One mechanism by which histone methylation could act on 

chromatin is the recruitment of proteins that trigger different effects. 

Several domains that recognize and bind to a specific methylated 

lysine residue have been described (chromo domain, tudor domain, 

WD40-repeat domain; see table i1). The specific binding of 
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different proteins to different methylated lysines leads to different 

biological outcomes (Martin and Zhang, 2005).  

 

Histone lysine methylation has been shown to function in 

transcriptional activation. The main methylated residues associated 

to gene activity are H3K4, H3K36 and H3K79. Some of the 

enzymes that methylate H3K4 and H3K36 are associated to RNA 

polymerase II (RNAPII), so the methylation is localized in the 

coding regions (Martin and Zhang, 2005). The basal transcription 

factor TFIID binds H3K4me3 via the PHD domain of TAF3 

(Vermeulen et al., 2007), which may be a way for the modification 

of participating in gene activity. H3K4me3 is the more studied 

modification in the present work. 

 

Genome wide analysis in yeast revealed that H3K4me3 peaks at 5’ 

ends of active genes. H3K4me2 peaks downstream of H3K4me3 

and the monomethyl mark is found along the whole transcribed 

region. In mammals, H3K4me3 peaks near the TSS of active 

genes, H3K4me2 is downstream and upstream of H3K4me3 and 

H3K4me1 is sorrounding the other methylated states. H3K4me1 

marks also enhancer elements (Barski et al., 2007; Heintzman et 

al., 2007; Vermeulen, 2010). In Drosophila, a 2004 ChIP-on-chip 

study indicated that both H3K4me2 and H3K4me3 are correlated 

with transcriptional activity and that H3K4me2 is mostly restricted 

to transcribed regions (Schubeler et al., 2004). The more detailed 

view obtained from the modENCODE project adds new insights 

into the fruitfly chromatin biology. H3K4me3 and H3K4me2 have 

been associated to TSS proximal regions in the so-called “state 1”, 

together with acetylated H3 and other transcription associated 

proteins, such as ISWI, NURF301 or RNAPII. H3K4me1 is found in 
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state 3 together with acetylated H3 and H3K36me1. This state is 

mainly found in introns and could represent enhancer or other type 

of regulatory elements (Kharchenko et al., 2010).  

 

Methylated H3K36 accumulates at the 3’ end of active genes and is 

associated with the elongating form of RNAPII. The protein EAF3, 

together with a deacetylase complex, is recruited by H3K36me3 to 

the coding region and suppresses cryptic start sites (Carrozza et 

al., 2005; Kouzarides, 2007). In budding yeast, methylation of 

H3K36 has also been implicated in antagonizing the spreading of 

heterochromatin to neighbouring euchromatic regions (Tompa and 

Madhani, 2006). Within the Drosophila modENCODE project it is 

associated to the coding region, in exons in the trimethylated state 

and in introns when monomethylated (Kharchenko et al., 2010). 

 

The protein 53BP1 has been shown to bind methylated H3K79 at 

sites of DNA damage, indicating that H3K79 is involved in DNA 

repair (Huyen et al., 2004). As H3K79 is also associated to gene 

activity, other proteins interacting with the modification should exist.  

 

H3K9 methylation has been related to transcriptional silencing. It 

was shown that G9a/KMT1C, an H3K9 histone methyltransferase 

that acts in euchromatin, functions as a negative regulator of 

transcription (Tachibana et al., 2002). SUV39H1/KMT1A and 

SUV39H2/KMT1B have also been linked to the silencing of specific 

genes in euchromatin. For example, it silences several S-phase 

genes after being recruited by retinoblastoma (Martin and Zhang, 

2005). H3K9 methylation has also been associated to gene 

activation, which challenges the general association of this 

modification with silencing (Vakoc et al., 2005). Indeed, some 
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active genes are normally embedded in heterochromatin and thus 

in regions enriched in methylated H3K9 (Lu et al., 2000). Maybe it 

can exert different functions depending on the chromosomal 

context: other proteins, other histone modifications, the localisation 

on the gene (for example, the promoter or the coding region); and 

so its association with repression is not as general as it was 

thought.  

 

H3 lysine 27 methylation has also been related to several types of 

silencing, like homeotic gene silencing (these genes specify the 

identity of embryonic tissues), X chromosome inactivation and 

genomic imprinting (the process by which the maternal or paternal 

allele of one gene becomes silenced). Polycomb group of proteins 

(PcG) plays a central role in this silencing mechanism (Martin and 

Zhang, 2005). The Polycomb Group complex PRC2 contains 

EZH2, a histone methyltransferase with specificity for H3K27. 

When this residue is methylated, a chromodomain-containing 

protein, Polycomb, interacts with it.  

 

2.1.-Histone lysine methyltransferases (KMTs) 

All the identified histone lysine methyltransferases but the one 

acting on H3K79, DOT1L, contain a SET domain, which was 

named after the three Drosophila proteins where it was first found: 

Su(var)3-9, the enhancer of Zeste E(Z) and trithorax (Volkel and 

Angrand, 2007). The first KMTs characterized were the mammalian 

SUV39H1/KMT1A and SUV39H2/KMT1B, which specifically 

methylate H3K9. Their methyltransferase activity lies on the SET 

domain (Volkel and Angrand, 2007). Nowadays, around 40 SET 

domain-containing KMTs or potential KMTs have been identified. A 

new rationalized nomenclature for histone modifying enzymes was 
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proposed and all lysine methyltransferases are called KMTs (K-

methyltransferases) followed by a number and also a letter in the 

case there are several related proteins in the same species (Allis et 

al., 2007). Figure i5 shows some of the human KMTs related to 

their target residue.  

 

The SET domain containing histone methyltransferases are 

clustered in different families according to sequence similarity and 

other structural features (reviewed in Volkel and Angrand, 2007). 

Within each family there are several methyltransferases with 

specificity for the same lysine residue. These enzymes usually 

have cysteine residues that coordinate zinc ions and are important 

for their activity. As KMTs usually have other domains than the 

SET region, they may have other functions than methylating a 

lysine residue. For example, KMTs from the SET1/KMT2 family, 

which methylate H3K4, and the SET2/KMT3 family, acting on 

H3K36, might be transcriptional co-activators and interact with 

other co-activators such as CREBBP (Ernst et al., 2001) or with 

RNAPII (Krogan et al., 2003), which suggests that these KMTs may 

function through different mechanisms. Another example are the 

members of the SUV39/KMT1 group, which contain domains that 

recognize chromatin modifications: chromodomains, like those of 

SUV39H1/KMT1A and SUV39H2/KMT1B, have been shown to 

recognize methylated lysines in histones (Fischle et al., 2003), 

SETDB1/KMT1E and SETDB2/KMT1F contain an MBD domain, 

maybe capable of interacting with methylated DNA (Volkel and 

Angrand, 2007).  
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2.2.-Histone lysine demethylases (KDMs) 

Histone methylation was thought to be stable and irreversible since 

the half-life of methylated histones was very similar to the half-life 

of histones (Byvoet et al., 1972). Nowadays, several histone 

demethylases have been found, indicating that this modification 

can be directly reverted (Klose et al., 2006a). In 2004 the first 

histone lysine demethylase, LSD1 (lysine-specific demethylase 1, 

now called KDM1), was identified and characterized (Shi et al., 

2004). It demethylates mono- and dimethyl H3K4 (H3K4me1 and 

H3K4me2). LSD1 can also demethylate H3K9me1 and H3K9me2 

when associated to the androgen receptor (Metzger et al., 2005). 

LSD1 is a flavin containing amine oxidase that cleaves the α-

carbon bond of the substrate to produce an imine intermediate. 

This intermediate is then hydrolyzed via a nonenzymatic reaction to 

produce a carbinolamine, which is unstable and degrades releasing 

formaldehyde and amine. During the process, a FAD cofactor is 

reduced and reoxidized by oxygen. The formation of the imine 

requires a protonated lysine and thus LSD1 cannot act on 

trimethyl-lysines (fig. i6) (Anand and Marmorstein, 2007). 

 

Another class of enzymes that demethylate histones is the one 

composed by Jumonji C (JmjC) domain-containing proteins. It was 

hypothesized that these proteins could be dioxygenases capable of 

reversing even histone trimethylation (Trewick et al., 2005). This 

hypothesis was confirmed in 2006, when JHDM1A (JmjC domain-

containing histone demethylase, now called KDM2) was 

characterized as an H3K36me2 and H3K36me1 demethylase 

(Tsukada et al., 2005), which uses α-ketoglutarate and Fe(II) as co-

factors. Three residues in the JmjC domain bind Fe(II) and two 

residues bind α-ketoglutarate. In this case, a quaternary complex is 
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formed between Fe(II), α-ketoglutarate and substrate bound to the 

enzyme active site, and the complex reacts with molecular oxygen. 

An electron transferred from Fe(II) generates a superoxide radical 

that attacks α-ketoglutarate. Decarboxylation of the activated α-

ketoglutarate produces succinate and CO2 with the formation of an 

Fe(IV)-oxo intermediate, which is then reduced upon abstraction of 

a hydrogen atom from the methyl group. A hydroxylated 

carbinolamine is generated and spontaneously produces 

formaldehyde while regenerating the Fe(II) center. This mechanism 

does not require a protonated nitrogen atom and therefore is 

capable of demethylating trimethyl-residues (fig. i6) (Anand and 

Marmorstein, 2007). 

 

After the first one, other JmjC domain-containing KDMs have been 

identified: JHDM2A/KDM3 demethylates H3K9me2 and H3K9me1 

(Yamane et al., 2006), the JHDM3/KDM4 protein family acts on 

H3K9me2/3 and H3K36me2/3 (reviewed in Volkel and Angrand, 

2007), the JARID1/KDM5 family acts on H3K4me3 (Christensen et 

al., 2007; Iwase et al., 2007; Klose et al., 2007; Secombe et al., 

2007) the KDM6 group acts on H3K27me3 (Agger et al., 2007; De 

Santa et al., 2007; Lan et al., 2007; Lee et al., 2007b) and the 

KDM7 proteins have been shown to demethylate H3K9, H3K27 

and H4K20 (Feng et al., 2010; Liu et al., 2010; Loenarz et al., 

2010; Qi et al., 2010; Yokoyama et al., 2010; Yu et al., 2010).  
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Figure i6. Demethylation reactions. a) Flavin adenine dinucleotide 

(FAD)-depedent amino oxidase mechanism of lysine demethylation me-

diated by LSD1/KDM1. b) Fe2+ and α-ketoglutarate dependent dioxy-

genase mechanism used by JmjC containing demethylases. Red 

indicates the demethylated carbons (modified from Mosammaparast and 

Shi, 2010). 

 

In the human genome there are around 30 genes encoding JmjC 

domain-containing proteins. In Drosophila there are 13 JmjC 

proteins. With the exception of the PHF/KDM7 group, all the 

families present in humans are found in flies. Some of them 

harbour DNA-binding or chromatin-associated motifs as PHD 

fingers, ARID or Tudor domains, which suggests that they may 

regulate chromatin function. As well as SET domain-containing 

KMTs, JmjC domain-containing KDMs can be classified in several 

families according to JmjC domain homology and protein structure. 

The different groups have different domains other than the JmjC 

that might target them to different sites on chromatin to exert their 
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functions (fig. i7) (reviewed in Volkel and Angrand, 2007 and in 

Klose et al., 2006a). 

 

 
Figure i7. JmjC containing proteins. Different groups of JmjC 

containing proteins according to their phylogeny and domain structure. 

Their specific target residues are shown. The tree is for six model 

organisms: human (hs), mouse (mm), the fruitfly (dm), the worm 

Caenorhabditis elegans (ce), the fission yeast (sp) and the budding yeast 

(sc) (modified from Klose et al., 2006a). 



Introduction 

43 

 

2.2.1.-Proteins that contain both JmjN and JmjC domains 

From the different families of proteins containing a JmjC domain, 

there are two that also contain a JmjN domain and they are the 

ones we focused our attention on (fig. i8). This comprises the 

KDM4 group and the JARID group, which can be divided into the 

JARID1/KDM5 subgroup and the JARID2 one (Klose et al., 2006a). 

 
Figure i8. Proteins with JmjN and JmjC domains. The two groups of 

proteins that contain both JmjN and JmjC domains, with the Drosophila 

ones highlighted within black boxes (modified from  Klose et al., 2006a). 

 

2.2.1.1.-KDM4 proteins 

There are four KDM4 proteins in mammals. KDM4A, B and C 

contain a double tudor domain and two PHD domains in addition to 

the JmjN and JmjC domains. In contrast, KDM4D only contains the 

Jmj ones. In Drosophila there are two members of the group and 

their structural architecture is like the one in KDM4D. They were 

known as JMJD2 or JHDM3 (fig. i8) (Klose et al., 2006a). 

 

Before their description as histone demethylases, the most known 

one was KDM4A, that had been found in association with the tumor 

suppressor Rb, histone deacetylases and the corepressor N-CoR 
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and reported to function as a repressor (Gray et al., 2005; Zhang et 

al., 2005). KDM4C was also known as GASC1 (gene amplified in 

squamos cell carcinoma) and related to tumorigenesis (Yang et al., 

2000). 

 

KDM4 proteins were the first described JmjC proteins capable of 

reversing trimethylation. By several approaches that include 

demethylation reactions on peptide or histone substrates and 

overexpression in cell cultures they were shown to act on 

methylated H3K9 and H3K36. Their specifities in front of one lysine 

or the other and the different degrees of methylation vary 

depending on the group that reported the activity (Cloos et al., 

2006; Fodor et al., 2006; Klose et al., 2006b; Whetstine et al., 

2006). In an attempt to understand the activity of each one, Shin et 

al. expressed the full length KDM4A, C, and D in cells and 

assessed the levels of different methylated lysine residues by 

immunoblotting. According to their results, KDM4A and C 

demethylate H3K36me3, H3K36me2, H3K9me3 and H3K9me2 

and KDM4D does not act on H3K36 but it demethylates the three 

methylated states of H3K9 (Shin and Janknecht, 2007). 

 

More recently, it was described that mammalian KDM4s 

demethylate lysine 26 in H1.4 isoform of the linker histone (Trojer 

et al., 2009). 

 

Experiments with truncated forms reveal that both JmjN and JmjC 

are required for demethylase activity, whereas PHD and Tudor 

domains are not, but they contribute to the cellular localization of 

KDM4s (Fodor et al., 2006; Klose et al., 2006b; Shin and 

Janknecht, 2007). Crystal structure of the catalytic core of KDM4A 
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has been solved (Chen et al., 2006). It includes the N-terminal part 

of the protein: the JmjN and JmjC domain and a small C-terminal 

domain after them. The JmjN domain makes extensive contacts 

with the JmjC and so it is required for the integrity of the enzymatic 

center. It was found an unexpected zinc finger motif whose integrity 

is necessary for the proper folding of the protein. A particular 

feature of this motif is that the residues coordinating the zinc atom 

belong to two different domains: the JmjC and the C-terminal 

domain. This leads to a tight association between both domains.  

 

The authors proposed a substrate binding site and determinants for 

specificity, but they did not have the structure with the peptide in 

order to show the binding characteristics. About one year later, 

they and others solved the structures of the same catalytic core of 

KDM4A complexed with different H3 peptides methylated at K9 or 

K36 (Chen et al., 2007; Couture et al., 2007; Ng et al., 2007). With 

these structures and several mutagenesis experiments they show 

some of the important characteristics of substrate binding and 

especificity, which come both from the peptides and from the 

enzyme. In the peptides, the presence of two Gly residues is 

important for flexibility. The demethylase has a well defined pocket 

for the methyl-lysine and S288 is important for the preferred activity 

towards trimethylated residues observed in KDM4A (Chen et al., 

2007; Couture et al., 2007; Ng et al., 2007). In KDM4D, the family 

member that shows more activity for dimethyl-lysines, this residue 

is an alanine and they show that this substitution is, at least in part, 

responsible for the differences in activity between the two enzymes 

(Chen et al., 2006; Couture et al., 2007). 
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The double Tudor domain of KDM4A has been reported to 

recognize methylated H3K4 and H4K20 (Huang et al., 2006; Kim et 

al., 2006), which suggests that the demethylase could be targeted 

to chromatin regions enriched in these modifications. 

 

In Drosophila there are two genes encoding KDM4 proteins, 

CG15835 and CG33182 (Klose et al., 2006a). At the beginning of 

our work almost nothing was known about them.  

 

2.2.1.2.-KDM5 proteins 

Before the establishment of the new nomenclature for chromatin 

enzymes, this family was called JARID1, because they contain a 

JumonjiC and an ARID (AT-rich interacting domain) domain. They 

also harbour other domains: JmjN, C5HC2-zinc-finger and two or 

three PHD (fig. i8) (Klose et al., 2006a). 

 

There are orthologues in all eukaryotes. In mammals there are four 

distinct KDM5 proteins and all of them have been shown to deme-

thylate H3K4me3 (Christensen et al., 2007; Iwase et al., 2007; 

Klose et al., 2007;Lee et al., 2007a; Yamane et al., 2007).  

 

JARID1A/KDM5A/RBP2 was initially identified as a potential pRB 

binding protein (Defeo-Jones et al., 1991) and later it was shown to 

act as a repressor for some differentiation genes. Its activity 

changes to activation of gene expression upon binding to pRB 

(Benevolenskaya et al., 2005). KDM5A binds to promoter regions 

of genes encoding mitochondrial proteins, genes involved in 

nucleic acid metabolism and genes related to differentiation. Half of 

KDM5A targets also contain H3K4me3. Upon binding of KDM5A, a 

subset of its targets is repressed, at least in part because of 
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demethylation of H3K4me3. However, some of the target genes 

are not repressed, indicating that KDM5A can have different 

functions depending on the context (Lopez-Bigas et al., 2008).  

 

In another study performed in mouse ES cells, Pasini and 

cowokers showed that KDM5A associates to development and 

differentiation related genes and that it is recruited to chromatin by 

the PRC2 complex and collaborates with it to the repression of 

these genes (Pasini et al., 2008). 

 

The third PHD domain of KDM5 can interact with H3K4me3 and 

the first one interacts with the non modified lysine residue (Wang et 

al., 2009), and its ARID domain binds a specific sequence in DNA 

(Tu et al., 2008). This observations point to the fact that the 

different chromatin interacting domains contained in the deme-

thylases can contribute to their recruitment to chromatin, together 

with interactions with other proteins within several complexes. 

 

JARID1B/KDM5B/PLU-1 is a protein upregulated in prostate 

cancer (Xiang et al., 2007) and in breast cancer (Lu et al., 1999). 

Its expression in normal tissues is restricted to testis and ovaries 

(Barrett et al., 2002). KDM5B interacts with histone deacetylases 

(Barrett et al., 2007) and acts mainly as a repressor, as when it is 

overexpressed most of the genes that show changes in expression 

levels are dowregulated (Scibetta et al., 2007). The authors also 

analyze the binding of the ARID domain specific DNA sequences 

and the preferred sequence motif for KDM5B is not the same as 

that for KDM5A, but both of them are rich in GC. 
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Another study showed that the repression activity of KDM5B is 

dependent on its demethylase activity and that it promotes 

proliferation in a mouse model for mammary tumors (Yamane et 

al., 2007). 

 

JARID1C/KDM5C/SMCX is a gene mutated in patients with X-

linked mental retardation (Jensen et al., 2005). Some of the 

mutations are near the JmjC domain and impair the catalytic 

activity and one mutation is near the N-terminal PHD domain and 

compromises its interaction with H3K9me3 (Iwase et al., 2007). In 

the same work, KDM5C was found to be involved in neuronal 

survival in zebrafish embryos and dendrite development in 

mammalian neurons. 

 

In another study, two protein complexes containing KDM5C were 

isolated. The presence of proteins involved in gene repression, 

such as HDAC1, HDAC2, NCOR1, REST or E2F6 point to a 

repressor role for KDM5C. Reporter assays showed that indeed 

KDM5C behaves as a gene repressor and it was speculated that 

the repression is not completely due to the catalytic activity of the 

enzyme as some of the mutants related to X-linked mental 

retardation and a catalytic dead mutant are still able to repress 

gene expression, although to a lesser extent than the wild-type 

protein (Tahiliani et al., 2007). 

 

JARID1D/KDM5D/SMCY can associate with Ring6a and this 

association enhances its demethylase activity (Lee et al., 2007a).  

 

In Drosophila melanogaster there is only one KDM5 gene, which 

was named lid (little imaginal discs) because of the small optic 
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brain lobe and small imaginal discs displayed by the mutant larvae 

(Gildea et al., 2000). It was described as a trithorax Group (trxG) 

gene in a screen for genes enhancing the phenotype of trithorax 

mutations and suppressing the phenotype of Polycomb mutations. 

Two deficiencies encompassing the lid gene and two mutant alleles 

for lid exhibit these properties and the phenotype is reverted by 

precise excission of the P-element inserted in one of these alleles, 

therefore the gene fulfills the criteria established by the authors to 

be classified as a trxG gene. However, homozygous or 

transheterozygous mutants of lid do not show the homeotic 

transformations associated with trxG mutations. They only show 

some phenotypes that also appear in some other trxG, such as 

small discs and bristle phenotypes (Gildea et al., 2000). 

 

Trithorax group proteins contribute to the maintenance of 

transcriptional activation of Hox genes, which are required for the 

correct development and patterning of the fly. Their activity is 

opposed by Polycomb group proteins (PcG), which repress the Hox 

genes (reviewed in Schuettengruber et al., 2007). Their functions 

during Drosophila development will be explained in more detail 

later in this introduction. PcG and trxG are usually found in large 

protein complexes with several activities and different chromatin 

interacting domains. Some trxG are histone methyltransferases 

that methylate H3K4, a mark associated with active transcription; 

while some PcG methylate and some interact with H3K27, a mark 

associated with repression (Schuettengruber et al., 2007). When 

JmjC containing proteins were first shown to act as histone 

demethylases, it was hypothesized that lid, a trxG, would act on 

H3K27me3 to counteract repression and contribute to activation 

(Klose et al., 2006a). 
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It was a surprise to find that LID/dKDM5 demethylates H3K4me3 

(Eissenberg et al., 2007; Lee et al., 2007c; Secombe et al., 2007), 

the mark catalyzed by other trxG. But it was shown that indeed it 

positively regulates the Hox gene Ubx (Lee et al., 2007c; Lloret-

Llinares et al., 2008), although it does not colocalize with the active 

form of the RNAPII as other trxG genes do (Lee et al., 2007c). It 

was proposed that maybe LID indirectly regulates Hox gene 

expression or that there is a methylation-demethylation cycle as 

part of the activation process (Lee et al., 2007c). Another possible 

explanation to reconcile the biochemical activity and the gene 

classification of LID is that the increase of H3K4me3 produced in 

lid mutants affects the chromatin distribution of proteins involved in 

homeotic gene activation, as is the case for CHD1 (Eissenberg et 

al., 2007). 

 

In order to further understand this contradiction about LID, Lee and 

coworkers purified a LID containing complex from Drosophila 

embryos and found that it associates with the histone deacetylase 

RPD3 and the chromodomain containing protein MRG15, among 

other proteins. They found that LID can inhibit the deacetylase 

activity of RPD3 and overexpression of LID can upregulate odd, an 

RPD3 target gene, independently of the demethylase activity. They 

also found that elevated levels of LID in salivary glands reduce the 

levels of RPD3 bound to polytene chromosomes. Therefore, a way 

in which LID can contribute to gene activation is by counteracting 

histone deacetylation (Lee et al., 2009). 

 

LID was found to physically and genetically interact with DM/dMYC 

(Secombe et al., 2007). Its mutations supress the rough eye 

phenotype produced by overexpression of dm in neural cells in the 
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eye imaginal disc. LID and DM cooperate to activate genes 

involved in cell growth and they can be coimmunoprecipitated in 

larval or S2 cell extracts. The interaction of DM and LID involves 

the C-terminal region of DM and two regions of LID, one of them 

containing the JmjC domain. As LID was acting as an activator and 

elimination of H3K4me3 is supposed to cause repression, the 

authors tested if the interaction with DM could inhibit the catalytic 

activity of LID and they showed that this was the case when both 

proteins were overexpressed in larvae. They also showed that a 

LID mutant unable to demethylate its substrate acts in the same 

way as wild-type LID in relation to DM function. Therefore, the role 

of LID in DM growth control is independent of its demethylase 

activity (Secombe et al., 2007). 

 

Li and coworkers were able to rescue lid mutants with a 

catalytically inactive LID, which indicates that LID has essential 

functions in Drosophila that are independent of its demethylase 

activity. They also show that LID PHD1 recognizes H3K4me0 and 

PHD3 recognizes H3K4me2 and H3K4me3, as the ones in 

mammalian KDM5A (Li et al., 2010b; Wang et al., 2009).  

 

The interactions of LID with dLSD1/dKDM1, the other Drosophila 

H3K4 demethylase, have been shown to be context dependent, 

which indicates that histone modifications can be tightly regulated 

in different ways. Whereas LID and dLSD1 act cooperatively on 

global methylated H3K4 levels, they have opposing functions at 

euchromatin/heterochromatin boundaries, where LID antagonizes 

spreading of H3K9me2 and dLSD1 favours it (Di Stefano et al., 

2011).  
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LID has also been involved in the NOTCH signaling pathway, 

which is a conserved mechanism in metazoans used to control cell 

fates in many developmental processes (Artavanis-Tsakonas et al., 

1999). The NOTCH receptor is a single pass transmembrane 

protein that mediates cell-cell communication. Its activation is 

mediated by proteolytic cleavage. Its intracellular domain (NICD) is 

then translocated to the nucleus where it activates its target genes. 

NOTCH target genes are usually bound by the DNA interacting 

protein CSL/Su(H) (Kopan and Ilagan, 2009). In several contexts 

CSL/Su(H) acts as a repressor in the absence of NICD, and as an 

activator upon binding of NICD (Bray and Furriols, 2001). In other 

cases it is only required for the repression and it is released upon 

activation and in some cases it only acts as an activator upon NICD 

association (Kopan and Ilagan, 2009). CSL/Su(H) affects gene 

transcription in complex with other proteins.  

 

 

 
 

Figure i9. Model for 

LID action in 

NOTCH target ge-

nes. The Su(H)/H 

complex is the main 

targeting factor for 

NOTCH targets. The 

two complexes con-

taining LID and histone chaperones interact with the Su(H)/H complex and 

modify chromatin in several ways: demethylation of H3K4me3, deace-

tylation of H3 and nucleosome remodeling (Moshkin et al., 2009). 
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Moshkin and coworkers purified complexes containing histone 

chaperones from Drosophila embryos and S2 cells and they found 

that ASF1 and NAP1 interact with LID and other factors, MRG15, 

EMSY, PF1 and SIN3A (fig. i9). They named this complex LAF 

from “LID and its associated factors”. In the case of NAP1, the 

complex also contains RPD3 (Moshkin et al., 2009). As they had 

described before that ASF1 functions in the NOTCH signaling 

pathway (Goodfellow et al., 2007), they analyzed genetic 

interactions between mutants of the NOTCH pathway and the 

components of the complex. Mutants of lid and of Sin3A 

suppressed the phenotype of a Notch mutant allele and enhanced 

the phenotype of a mutation of the corepressor Hairless (H). This 

indicates that the proteins in the complex contribute to repression 

of NOTCH target genes. When individual subunits of the LAF 

complex where reduced by dsRNA in S2 cells, some NOTCH 

target genes were derepressed. LID binding to the enhancers and 

promoters of the genes was decreased, indicating that the complex 

contributes to its recruitment. At the same time, an increase in 

H3K4me3 was observed at the NOTCH target genes studied. As 

these genes are silenced by the Su(H)/H corepressor complex, 

they also tested if a depletion of H caused the same effect and this 

was the case (Moshkin et al., 2009). In summary, the chaperones 

and the other proteins contribute to repression mediated by Su(H) 

by changing the chromatin environment of enhancers and 

promoters, including demethylation of H3K4me3 (fig. i9). 

 

The mammalian homolog KDM5A is also involved in the NOTCH 

pathway, suggesting that this role of KDM5 proteins is conserved 

(Liefke et al., 2010). KDM5A interacts with RBPJ, the mammalian 

homolog of Su(H) and is recruited to RBPJ binding sites. KDM5A 
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was shown to repress gene activity in a reporter assay only when 

its catalytic domain was intact. In the same study, genetic assays in 

Drosophila showed that lid can interact with the NOTCH pathway 

and their results are compatible with a repressing role of LID in 

association with Su(H). 

 

2.2.1.3.-JARID2 proteins 

The JARID2 subgroup also contains JmjN and JmjC domains, and 

an ARID domain, but it does not contain PHDs. The Drosophila 

homologue also lacks the C5HC2 zinc finger (fig. i8). Mouse Jarid2 

was identified as an important factor in neural tube formation and 

was named jumonji, which means cruciform in Japanese, because 

in the homozygous null mouse the neural groove formed a 

cruciform shape (Takeuchi et al., 1995). It has important functions 

in cardiac and brain development, and in cell proliferation. Although 

no enzymatic activity has been described for jumonji, it interacts 

with several proteins involved in chromatin regulation, so it can be 

involved in chromatin changes (Takeuchi et al., 2006).  

 

In Drosophila, the jumonji protein is found in euchromatic arms of 

polytene chromosomes and it does not colocalize with RNAPII. It is 

involved in metamorphosis, as its loss of function produces lethality 

mainly in pupal stages. The phenotypes of the dead animals are 

similar to those of mutants of the ecdysone pathway (Sasai et al., 

2007). 

  

More recently, JARID2 has been shown to be part of the Polycomb 

complex PRC2, which provides more evidence of its importance in 

development and differentiation (Herz and Shilatifard, 2010; 
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Landeira et al., 2010; Li et al., 2010a; Peng et al., 2009; discussed 

in Herz and Shilatifard, 2010). 

 

The amino acids required for demethylase activity are not 

conserved in the JARID2 subgroup, so it is likely that proteins of 

this group do not show this enzymatic function. In Drosophila, only 

one of the residues that coordinate the Fe2+ and one of the 

residues that interact with α-ketoglutarate are conserved (Klose et 

al., 2006a).  

 

3.-Transcription by RNA polymerase II (RNAPII) 

One of the cellular processes that takes place in chromatin and is 

coordinated with its modifications is transcription, the synthesis of 

an RNA molecule complementary to a DNA strand (Lodish H, 

1999). We will explain the series of events that happen in RNAPII 

transcribed genes, mainly the protein coding genes, in order to 

produce an mRNA (fig. i9).  

 

The first steps of transcription start with the binding of a series of 

general transcription factors (GTFs) and the RNA polymerase to 

the promoter region of a gene. In addition to this pre-initiation 

complex (PIC), there are other proteins influencing the recognition 

of the promoter by the RNA polymerase II: the mediator complex, 

DNA-binding transcription factors and chromatin remodelers and 

modifying proteins (Brown, 2002; Nechaev and Adelman, 2010). 

Some nucleosomes are lost to allow the formation of the PIC at the 

promoter (fig. i10, PIC formation) (Li et al., 2007). 

 

Two activities contained in one GTF, TFIIH, are fundamental for the 

initiation of transcription: a helicase to allow access to the template 
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and a kinase that phosphorylates the C-terminal domain (CTD) of 

the large subunit of RNAPII (Alberts, 2002). The CTD consists of a 

tandemly repeated sequence of seven aminoacids, YSPTSPS, that 

can be phosphorylated at several residues. Phosphorylation of 

serine 5 causes the release of RNAPII from the PIC and the start of 

elongation (Brown, 2002; Buratowski, 2009). 

 

Phosphorylated serine 5 is linked to several events that take place 

during transcription. It can affect RNA capping and it is required for 

H3K4 methyltransferase recruitment to TSS regions (Buratowski, 

2009). Chromatin modifications found at the 5’ end of genes and 

related to transcription include acetylated H3 and ubiquitinated 

H2B, that was thought to be required for methylation of H3K4 (fig. 

i10, initiation) (Li et al., 2007). This idea has been challenged and it 

is likely that it is the C-terminal helix of H2B, and not the ubiqui-

tination, what is necessary to have H3K4me3 (Chandrasekharan et 

al., 2010). 

 

After initiation takes place, RNA polymerase does not always 

continue transcription until the end of the gene, but becomes 

paused at around 50 bp after the TSS. This was considered a 

phenomenom restricted to some particular genes, but now it has 

been shown that it occurs in many and can be a crucial step for 

regulation of transcription. Pausing results from repression of 

elongation by two protein complexes, NELF (Negative Elongation 

Factor) and DSIF (DRB Sensitivity-Inducing Factor). This 

repression is relieved by P-TEFb (Positive Transcription Elongation 

Factor b), which phosphorylates DSIF and NELF. The latter is then 

released from the elongation complex. P-TEFb also phosphorylates 

the CTD of RNAPII at serine 2 and this modification will recruit 
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several factors necessary for elongation. Sometimes paused 

polymerases backtrack along the DNA and so the 3’-OH of the 

transcript is not aligned with the active site. TFIIS stimulates the 

RNA cleavage by RNA polymerase and enables elongation to 

proceed. Several roles have been suggested for paused 

polymerase: it could be a way to rapidly activate transcription in 

response to stimuli, to enable coordinated expression of different 

genes or to generate an open chromatin state (reviewed in 

Nechaev and Adelman, 2010; Wu and Snyder, 2008). 

 

 
 
Figure i10. Steps during transcription. Previous to transcription 

initiation, the preinitiation complex (PIC) is assembled at the promoter 

region with specific transcription factors, general transcription factors 
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(GTFs), the RNAPII and some other proteins, such as mediator. During 

the initiation step, the polymerase CTD is phosphorylated at serine 5 

(Ser5P) and H3K4 is methylated by a methyltransferase complex (KMT2). 

As elongation proceeds, the CTD is phosphorylated at serine 2 (Ser2P) 

and H3K36 is methylated by KMT3. When the polyA signal appears in the 

mRNA, it is cut and the polyA tail added. The polymerase complex is then 

released from the template. 

 

Once pause is released, productive elongation can proceed. The 

mature Pol II complex is highly stable and can transcribe through 

tens of kilobases (Nechaev and Adelman, 2010). As polymerase 

elongates, Ser2P levels increase and Ser5P levels decrease, 

although the phosphorylation does not completely disappear. 

KMT3, the H3K36 methyltransferase, is recruited by the double 

phosphorylated CTD and mediates methylation of H3K36, which is 

found in most of the coding region, with the exception of the 5’ end, 

where the CTD is only phosphorylated at serine 5 (fig. 10, 

elongation) (Buratowski, 2009). Methylated H3K36 can recruit the 

deacetylase complex RPD3S to the body of genes where 

deacetylation represses cryptic transcription (Carrozza et al., 2005; 

Joshi and Struhl, 2005). Histones are partially lost during 

elongation and, with the help of histone chaperones, are 

redeposited behind RNAPII, which could also help to avoid cryptic 

transcription (Li et al., 2007). 

 

Termination of Pol II transcription can take place via distinct 

pathways. In the most common one, mRNA is cleaved at the polyA 

site and polyadenylated. The downstream RNA is degraded by an 

exonuclease, leading to termination by the torpedo model. Several 

proteins involved in these processes interact with the CTD Ser2P, 
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thus linking termination with previous steps of transcription (fig. i10, 

termination) (Buratowski, 2009; Nechaev and Adelman, 2010). 

 

4.-Drosophila as a model organism 

Drosophila melanogaster is a small fruit fly chosen by Morgan for 

heredity studies in the beginning of the 20th century. Morgan and 

his team could formulate a chromosomal theory of heredity, 

construct the first genetic map and demonstrate that chromosomes 

must contain genes (Rubin and Lewis, 2000). 

 

More than 100 years of work with this organism has provided 

researchers with lots of tools to study it, such as balancer 

chromosomes and marker genes, collections of mutant flies, ways 

of doing transgenic flies, the genome sequence and very complete 

databases. At the same time, the knowledge of fly development 

and biology has increased a lot and so it is easy to study it deeper. 

It has been shown that many proteins, pathways and functions are 

conserved in humans and flies. The easy manipulation of the fly 

and the lower redundacy in its genes makes it a good model for 

biological research (Kornberg and Krasnow, 2000; Rubin and 

Lewis, 2000). 

One of the advantages of working with fruitflies is that they have a 

short life cycle of about ten days, which comprises one day as an 

embryo, one day as first instar larvae, another one as second instar 

larvae and two or three as third instar larvae, after that they 

become an immobile pupae for about five days until they eclose as 

adults, which will be fertile in few hours (fig. i11). They usually have 

a large offspring, another advantage for using them as model 

organisms (Weigmann et al., 2003). 
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Figure i11. Drosophila melanogaster life cycle. Stages of Drosophila 

melanogaster life cycle, with their approximate duration at 25ºC (modified 

from FlyMove Weigmann et al., 2003). 

 

4.1.-Drosophila development 

Drosophila has been fundamental to understand how an 

undifferentiated embryo acquires the information to establish the 

complex body patterning of the adult. The Drosophila embryo is 

unusual because it has several rounds of nuclear division without 

cytoplasm division until the blastoderm stage, when cells become 

individualized. Before that, the positional information has already 

started to be established. The first steps are to define the anterior 

and posterior ends and the dorsal and ventral ends. This is 
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achieved by a combination of protein concentration gradients. The 

proteins are synthesized from maternal mRNA distributed in 

different regions of the embryo (Brown, 2002). 

The different combinations of maternal genes in every part of the 

embryo activate different gap genes, that will subsequently activate 

the pair-rule genes, which form more defined stripes along the 

embryo, activate the segment polarity genes and give rise to a 

defined segmentation pattern for the individual (Brown, 2002). 

After the definition of the segments it is necessary to give an 

identity to every segment and this is the function of the homeotic 

genes, that were discovered for the striking phenotypes presented 

when mutated. Drosophila has two clusters of homeotic genes, the 

Antennapedia complex, which determines the head and the thorax 

segments, and the bithorax complex, which contains genes that 

define the posterior segments (fig. i12). The order of the genes in 

the clusters corresponds to the order in the body of the segments 

they specify. The gene products are transcription activators 

containing a homeodomain version of a helix-turn-helix DNA 

binding motif (Brown, 2002). 

Clusters of homeotic genes were later discovered in many animals, 

including humans, and their function is also to specify the body 

patterning. In vertebrates there are four homeotic cluster genes 

(Brown, 2002). 
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Figure i12. Homeotic genes in Drosophila. The two clusters of the 

homeotic genes (Antennapedia and bithorax complex) are shown. Colours 

indicate the relation of genes with the segments they specify (modified 

from Gilbert, 2000). 

4.1.1.-Polycomb and trithorax group genes (PcG and trxG) 

Polycomb group genes and trithorax group genes were discovered 

in Drosophila. They are required to maintain in subsequent cell 

generations the expression state of Hox genes after the initial 

transcription factors, the segmentation genes, disappear (Ringrose 

and Paro, 2004; Schuettengruber et al., 2007). PcG and trxG 

proteins are involved in other functions in the cell, such as cell 

proliferation, stem cell identity and cancer, genomic imprinting and 

X inactivation. Some trxG or PcG are enzymes that modify 

histones, others are chromatin remodellers and others are proteins 

that can recognize some marks in chromatin (Schuettengruber et 

al., 2007).  

 

PcG proteins form three types of complexes. Polycomb repressive 

complex 2 (PCR2) contain four core components: E(z) (Enhancer 

of zeste), that trimethylates H3K27, ESC (Extra sex combs), 
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Su(z)12 (Supressor of zeste 12) and CAF1. PCR1 complex 

contains Polycomb (PC), that contains a chromodomain able to 

interact with H3K27me3, Polyhomeotic (PH), Posterior sex combs 

(PSC) and dRING, as major components. The third complex was 

discovered more recently, it is called PHORC and contains the 

sequence specific DNA binding protein Pleiohomeotic (PHO) and 

dSfmbt, which binds mono- and dimethylated H3K9 and H4K20 via 

its MBT repeats. Recruitment of these complexes to chromatin is 

likely to involve Pho interaction with DNA and PHORC interaction 

with PRC1 and PRC2 and also PRC interaction with H3K27, but it 

is not solved how every complex is recruited to chromatin, siRNAs 

are also involved and possibly other proteins (Schuettengruber et 

al., 2007). A long intergenic noncoding RNA has been reported to 

bind PRC2 and the CoREST complex and serve as a molecular 

scaffold to bring the two complexes together (Tsai et al., 2010). 

This shows that there are many players involved in chromatin 

biology that can interact in many different ways. 

Chromatin bound by these complexes is in a repressed state (fig. 

i13). H3K27me3 can extend in large domains, which might facilitate 

the inheritance of the state through many cell divisions 

(Schuettengruber et al., 2007). The binding of ESC, a component 

of PRC2, to H3K27me3 stimulates the methyltransferase activity of 

E(z) and it was proposed that this effect facilitates the propagation 

of the methyl mark through chromatin and to newly deposited 

histones  after cell division (Margueron et al., 2009). PcG targets 

can associate in the so-called PcG bodies inside the nucleus to 

increase the strength of the silencing (Schuettengruber et al., 

2007). 
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Figure i13. Chromatin states maintained by PcG and trxG. In the 

silenced state, PRC2 methylates H3K27 (red circle) and PRC1 interacts 

with it. In the active state, transcription can take place and trxG 

methyltransferases (KMT2) methylate H3K4 (green circle). 

TrxG proteins include some methyltransferases specific for H3K4 

and their associated proteins and components of chromatin 

remodeling complexes. They have been reported to associate to 

some specific DNA sequences and some of them are recruited to 

chromatin upon activation (Schuettengruber et al., 2007). 

H3K4me3 might facilitate the recruitment of the transcriptional 

machinery and stimulate transcriptional elongation. The remodeling 

activities produce a more accessible chromatin state and can 

facilitate the binding to chromatin of other factors necessary for 

transcription (fig. i13). Acetylation of histones is also related to trxG 

proteins and this can act both in promoting activation and in 

inhibiting binding of repressive complexes that bind to methylated 

residues, such as H3K9 or H3K27 that cannot be methylated if 

acetylated. The different mechanisms are likely to act in concert, 

for example, marks that decrease compaction might increase 

binding of complexes that also decompact nucleosomes (Allis, 

2007; Schuettengruber et al., 2007). Although the exact 

mechanisms by which trxG contributes to the maintenance of the 
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active state of Hox genes are not completely understood, we keep 

gaining knowledge on how it happens. 

The data available suggest that the balance between gene 

silencing and transcriptional activation at PcG/trxG target genes is 

regulated by direct interactions with the transcriptional machinery, 

the deposition of specific modifications on histones and DNA, the 

transcription of non-coding RNAs, and the regulation of nuclear 

organisation (Schuettengruber et al., 2007). 

4.1.2.-Drosophila melanogaster larvae 

After the embryo stages in which body segments get their identities 

as we just saw, Drosophila individuals grow during four or five days 

as larvae, which molt twice, and so are first, second or third instar 

larvae (Ashburner M, 1978). 

In third instar larvae there are several structures that are widely 

used as model systems in biology. We mainly used two of them, 

the polytene chromosomes in the salivary glands, and the wing 

imaginal discs, and we will briefly explain what they are. 

4.1.2.1.-Polytene chromosomes 

Third instar larvae contain salivary glands with large cells that 

undergo duplication of DNA without cell division. The replicated 

chromosomes remain together and therefore it is possible to see 

different bands in them where we can study proteins that interact 

with DNA or DNA rearrangements. These chromosomes are called 

polytene chromosomes and are very helpful to study genetics and 

chromatin biology in flies (fig. i14a). Upon gene activation by 

ecdysone or heat shock treatment, structural changes in polytenes 
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appear and this effect has been related to gene activation. (Brody, 

1999).  

 

Figure i14. Larval structures. a) DAPI staining of polytene 

chromosomes from larval salivary glands. b) DAPI staining of wing 

imaginal discs from third instar larvae. c) Fate map of the wing discs with 

the correspondance to adult structures (modified from Held, 2005). 

4.1.2.2.-Imaginal discs 

In Drosophila and other insects, adult epidermal structures are 

formed from cells set a part during embryogenesis. Adult epidermal 

progenitors invaginate to form epidermal sacks, the imaginal discs 

(fig. i14b). The cells of the discs proliferate during the larval stages 

and develop into adult appendages at metamorphosis (Weigmann 

et al., 2003).  

 

During larval stages, patterning of the discs takes place. The wing 

discs are the largest imaginal discs in a third instar larva and thus 

the most widely studied. Cells at the parasegmental boundary 

secrete a signaling molecule that instructs nearby cells about their 

fate. Later, the wing disc is divided in a dorsal and a ventral 

compartment, a new organizing centre is created at the boundary. 

The wing disc is a sack-like structure that will give rise to the adult 

wing and adjacent body wall, the notum.  
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During metamorphosis, the wing disc everts and in the adult fly the 

wing is formed by two epithelial sheets, connected by the wing 

margin. Several veins can be observed in the mature wing. The 

fate map of the wing disc is shown in figure i14c. 
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When we started this work, almost nothing was known about the 

Jumonji C containing proteins in Drosophila melanogaster. 

Therefore, our first objective was to characterize their possible 

enzymatic activity on histone residues. 

 

The second general objective of this work was to understand the 

biological functions that histone demethylases containing both 

JmjN and JmjC domains have. As we progressed in our study, we 

decided to focus our attention in one of the proteins, LID/dKDM5, 

with the following specific objectives: 

 

• Identify LID binding sites. 

• Analyze the contribution of LID to the H3K4me3 pattern. 

• Study the participation of LID in gene expression. 
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Article 1: Characterization of Drosophila melanogaster 
JmjC+N histone demethylases  

Marta Lloret-Llinares, Clément Carré, Natalia de Olano, Alejandro 
Vaquero and Fernando Azorín 

Nucleic acids research 36, 2852-2863. 

 

In this first article, we addressed the first general objective of this 

thesis and characterized the demethylase activity of Drosophila 

JmjC+N proteins in S2 cells and in Drosophila tissues. KDM4 

proteins demethylate H3K9me3 and H3K36me3 and KDM5 

demethylates H3K4me3. In relation to the other general objective, 

the understanding of the cellular functions of these demethylases, 

we got evidence about some functional contexts in which they 

could be involved. In the case of dKDM4A, its overexpression 

alters HP1a localization. Finally, dKDM5/LID participates in gene 

activation: it is an E(var), it is involved in Ubx activation and in 

histone acetylation. 

 



 

 

 
 

U65956
Cuadro de texto
Lloret-Llinares M, Carre C, Vaquero A, de Olano N, Azorin F. Characterization of Drosophila melanogaster JmjC+N histone demethylases. Nucleic Acids Res. 2008 May;36(9):2852-2863.


http://nar.oxfordjournals.org/content/36/9/2852.abstract
http://nar.oxfordjournals.org/content/36/9/2852.abstract
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Figure S1.- Over-expression of dJMJD2(2)/CG33182 shows no effect on 

the levels H3K4me3 or H3K27me3. In these experiments, wing imaginal 

discs from en-GAL4; UAS-GFP; P{EPgy2}CG33182EY10737 larvae, over-

expressing CG33182, were stained with αH3K4me3 (A) and αH3K27me3 

antibodies (B). Expression of the GFP-reporter labels the posterior wing-

disc compartment, where over-expression of CG33182 is specifically 

induced (see text and legend to Figure 4 for details).      
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Figure S2.- Over-expression of dJMJD2(1)/CG15835 does not affect 

H3K9me2 at the heterochromatic chromocenter. Polytene chromosomes 

from UASGAL4-CG15835-Flag; act5C-GAL4 larvae, where CG15835-Flag 

is ubiquitously expressed (panels dJMJD2(1)/CG15835), and control wild-

type larvae (panels +/+), were stained with αH3K9me2 and αHP1 

antibodies. DNA was stained with DAPI. Arrows indicate the position of 

the chromocenter. 
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Figure S3.- Over-expression of dJARID1/Lid (A) and 

dJMJD2(1)/CG15835 (B), shows no increase on the levels on H3K4me2 

and H3K9me2, respectively. Flag fusions of the corresponding proteins 

were over-expressed in Drosophila S2-cells and transfected cells were 

stained with aFlag (shown in green), and αH3K4me2 or αH3K9me2 

antibodies (shown in red). DNA was stained with DAPI (shown in blue). 

Arrows indicate cells over-expressing the corresponding proteins. 
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Article 2: Drosophila dKDM5/LID regulates 

H3K4me3 dynamics at the transcription start 

site (TSS) of actively transcribed developmental 
genes 
 
Marta Lloret-Llinares, David Rossell, Sílvia Pérez-Lluch, Herbert 

Auer, Montserrat Corominas and Fernando Azorín 

 

Submitted February 2011 

 

In this article we analyzed dKDM5/LID, in relation to the specific 

objectives of this thesis. We studied the distribution of LID in wing 

imaginal discs by ChIPSeq. LID is found at the transcription start 

site of development related genes that are expressed. These 

genes contain H3K4me3 and H3K36me3, as well as RNAPII. We 

analyzed the effects of lid downregulation in H3K4me3 and gene 

expression. H3K4me3 increases at the TSS when LID decreases, 

but there are no new H3K4me3 peaks appearing. LID has a weak 

contribution to gene activation, as changes in gene expression 

observed are not high. We also observe that LID colocalizes with 

ASH2 and that LID targets are regulated by ASH2, suggesting that 

a methylation/demethylation cycle could take place at the TSS of 

some developmental genes. 
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SUMMARY 

H3K4me3 accumulates at the transcription-start site (TSS) 

of active genes and is important for transcription activation. The 

way in which H3K4me3 is regulated at TSS and the molecular 

basis of its actual contribution to transcription remain largely 

unanswered. To address these questions, we have analysed the 

contribution of dKDM5/LID, the main H3K4me3 demethylase in 

Drosophila, to the regulation of the pattern of H3K4me3 and, 

hence, transcription. Our results show that dKDM5/LID co-localises 

with and down-regulates H3K4me3 at TSS of developmental 

genes, being largely absent from ubiquitous/house keeping genes. 

Unexpectedly, dKDM5/LID-containing genes are highly transcribed 

and dKDM5/LID positively regulates their transcription. 

dKDM5/LID-containing genes are also positively regulated by 

ASH2, a factor that binds at TSS and mediates H3K4me3 by all 

known Drosophila H3K4-methyltransferases. These results indicate 

that dKDM5/LID and ASH2 act co-ordinately to dynamically 

regulate H3K4me3 at TSS of developmental genes, and that this 

dynamic regulation is determinant for their efficient transcription. 
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INTRODUCTION 

Covalent post-translational modification of core histones 

constitutes a principal regulatory mechanism in eukaryotic 

chromatin. Histone modifications are diverse, involve multiple 

residues and contribute to the regulation of most genomic 

processes, from RNA transcription and processing, to DNA 

replication, recombination and repair, and chromosome 

segregation (revised in Kouzarides, 2007; Ruthenburg et al., 

2007b). 

In this context, methylation of lysine 4 in histone H3 (H3K4) 

constitutes a well-documented case where a specific histone 

modification influences the functional state of chromatin (revised in 

Ruthenburg et al., 2007a; Shilatifard, 2008). H3K4-methylation 

preferentially occurs at transcriptionally active chromatin domains. 

In particular, tri-methyl H3K4 (H3K4me3) accumulates at the 

transcription-start site (TSS) of active genes and is known to be 

important for transcription activation (Barski et al., 2007; Bernstein 

et al., 2005; Heintzman et al., 2007; Liang et al., 2004; Litt et al., 

2002; Noma et al., 2001; Santos-Rosa et al., 2002; Schneider et 

al., 2004). Similarly, di-methyl H3K4 (H3K4me2) is also enriched at 

TSS, though showing a broader distribution than H3K4me3. On the 

other hand, mono-methyl H3K4 (H3K4me) preferentially locates at 

transcriptional enhancers (Heintzman et al., 2009). 

How is the pattern of H3K4-methylation 

established/maintained, as well as the molecular basis of its 

contribution to transcription regulation, are not yet fully understood. 

In the recent years, specific methyl-transferases (KMTs) and 

demethylases (KDMs) that regulate H3K4-methylation were 

identified (revised in (Alvarez-Venegas and Avramova, 2002; 

Mosammaparast and Shi, 2010)). In Drosophila, three H3K4 
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dKMT2s exist (TRX, ASH1 and TRR) that regulate different sets of 

target genes. All three, however, share a common factor, ASH2, 

which is required for H3K4-methylation (Beltran et al., 2007; 

Steward et al., 2006). On the other hand, two H3K4 KDMs have 

been identified in Drosophila, dKDM1/SU(VAR)3-3 and dKDM5/LID 

(Eissenberg et al., 2007; Lee et al., 2007b; Lloret-Llinares et al., 

2008; Rudolph et al., 2007; Secombe et al., 2007). 

dKDM1/SU(VAR)3-3, which is the Drosophila LSD1 homologue, 

demethylates both H3K4me and H3K4me2, but not H3K4me3. On 

the other hand, the Jumonji-domain containing protein dKDM5/LID 

has been shown to effectively demethylate H3K4me3. In this 

paper, we address the question of the contribution of dKDM5/LID to 

the regulation of the pattern of H3K4me3 and, hence, transcription. 

Our results show that dKDM5/LID co-localises with and down-

regulates H3K4me3 at TSS of actively transcribed genes. Most 

unexpectedly, dKDM5/LID-containing genes, which are enriched in 

functions related to development, morphogenesis and 

differentiation, are highly transcribed and dKDM5/LID positively 

regulates their transcription. Here, we also show that dKDM5/LID-

containing genes are positively regulated by ASH2 that, like 

dKDM5/LID, binds at TSS (Pérez-Lluch et al., 2011). Altogether, 

these results indicate that dKDM5/LID co-operates with ASH2-

associated dKMT2s to dynamically regulate H3K4me3 at TSS of 

developmental genes for efficient transcription. 

 

RESULTS 

dKDM5/LID co-localises with and regulates H3K4me3 at TSS of 

developmental genes 

Immunostaining experiments performed in polytene 

chromosomes show that dKDM5/LID localisation is restricted to the 
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gene-rich interband regions, being largely absent from the 

heterochromatic chromocentre as well as in chromosome 4, which 

is also highly heterochromatic (Figure 1). Furthermore, the pattern 

of dKDM5/LID localisation at interbands significantly overlaps with 

the patterns of H3K4me3 and H3K36me3 (Figure S1), which are 

known to be enriched at transcriptionally active domains (Barski et 

al., 2007; Bell et al., 2008). Altogether, these results indicate that 

dKDM5/LID localises to active chromatin domains, suggesting a 

contribution to the regulation of gene expression. 

In order to determine the actual pattern of dKDM5/LID 

localisation, we performed ChIP-seq analyses in wing imaginal 

discs from third-instar larvae, using αLID and αH3K4me3 specific 

antibodies (Figure 2). H3K4me3 is known to accumulate in a region 

extending approximately 1kb downstream from the TSS (Barski et 

al., 2007; Bernstein et al., 2005; Heintzman et al., 2007; Liang et 

al., 2004). dKDM5/LID demethylates H3K4me3. Therefore, it was 

possible that dKDM5/LID would be excluded from H3K4me3-rich 

regions, localising at H3K4-unmethylated chromatin regions to 

prevent its methylation. Opposite to this hypothesis, dKDM5/LID 

majoritarily localises at the TSS region of genes containing 

H3K4me3 (Figures 2A and 2C). As a matter of fact, when all 

dKDM5/LID-containing genes are considered, the distribution of 

dKDM5/LID at TSS, determined as the density of dKDM5/LID 

peaks, significantly overlaps with the distribution of H3K4me3 

(Figure 2B). dKDM5/LID shows, however, a sharper distribution 

than H3K4me3, being displaced towards the actual TSS by around 

400bp. 

In the wing imaginal disc, dKDM5/LID localises at the TSS 

of approximately 1300 genes, a vast majority of which also contain 

H3K4me3 (79%) (Figure 2C). On the other hand, only a minor  
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Figure 1.- In polytene chromosomes, dKDM5/LID localises at interbands, 

being absent from heterochromatic regions. (A) The pattern of 

immunostaining with αLID specific antibodies is presented. White arrows 

indicate the position of the chromocentre. DNA was stained with DAPI. (B) 

Regions corresponding to the chromocentre and chromosome four (chr 4) 

are presented at a higher magnification for easier visualisation. (C) The 

pattern of αLID immunostaining of the euchromatic region encircled in A is 

presented at a higher magnification for easier visualisation. Blue arrows 

correspond to DAPI-stained bands. 
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Figure 2.- dKDM5/LID co-localises with H3K4me3 at TSS. (A) ChIP-seq 

coverage profiles of dKDM5/LID (red) and H3K4me3 (black) across two 

representative regions are presented. Rectangles underneath each profile 

indicate the position of the corresponding peaks/binding sites. Genomic 

organisation of each region is indicated. (B) Distribution around TSS, 

determined as the density of peaks/binding sites as a function of distance 

to the TSS, is presented for dKDM5/LID (red) and H3K4me3 (black). The 

position of TSS is indicated. (C) Venn diagram showing the intersection 

between genes containing dKDM5/LID (red) and genes containing 

H3K4me3 (black). Only statistically significant differences are shown.
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proportion of the approximately 5400 genes containing H3K4me3 

at TSS also contain dKDM5/LID (19%) (Figure 2C), suggesting that 

dKDM5/LID is present only in a subset of genes containing 

H3K4me3. Gene Onthology (GO) analysis defines the subset of 

genes containing both H3K4me3 and dKDM5/LID as functionally 

relevant, being enriched in specific functions related to 

developmental processes, morphogenesis and differentiation 

(Tables I and SI). On the other hand, dKDM5/LID-containing genes 

are not significantly enriched in functions related to metabolic 

processes, cell cycle progression and other ubiquitous/house 

keeping activities (Table SI). These results indicate that 

dKDM5/LID preferentially locates at TSS of developmentally 

regulated genes, being largely absent in ubiquitous/house keeping 

genes. 

Next, we addressed to what extent dKDM5/LID regulates 

H3K4me3 levels at TSS. For this purpose, we used lidRNAi 

knockdown transgenic flies, which carry a UASGAL4 construct 

expressing a synthetic hairpin from the coding region of lid that, 

upon crossing to flies expressing GAL4, generates siRNAs to 

silence lid expression. lidRNAi efficiently depletes dKDM5/LID when 

expressed both in wild-type (wt) or heterozygous lidk06801/+ mutant 

flies, so that, when crossed to flies carrying a ubiquitous Actin5C-

GAL4 driver, lid mRNA levels are reduced with respect to original 

control levels by 70% to 85% (Figure S2A). Concomitantly, protein 

levels are strongly reduced, so that dKDM5/LID is barely detectable 

by western-blot (Figure S2B). Under these conditions, global 

H3K4me3 increases by 50% to 70% (Figure 3B). Increased 

H3K4me3 is also detectable in wing imaginal discs by 

immunostaining (Figure 3A). In these experiments, lidRNAi flies were 

crossed to flies carrying a Engrailed(en)-GAL4 driver, where GAL4  
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Figure 3.- Depletion of dKDM5/LID increases global H3K4me3. (A) The 

patterns of immunostaining with αLID (blue) and αH3K4me3 (red) are 

presented in wing imaginal discs where dKDM5/LID was specifically 

depleted at the posterior compartment by crossing lidRNAi flies to flies 

carrying an en-GAL4/UAS-GFP driver. Depletion was induced both in 

wild-type flies (top) and heterozygous lidk06801 mutant flies (bottom). The 

positions of the anterior (A) and posterior (P) compartments are indicated. 

GFP fluorescence marks the posterior compartment. (B) Global H3K4me3 

levels are determined by Western blot in control wt (left) and lidRNAi 

knockdown flies, where ubiquitous dKDM5/LID depletion was induced by 

the Actin5C-GAL4 driver in either wt (centre) or heterozygous lidk06801 

mutant flies (right). Protein extracts were prepared from a mixture of 

imaginal discs and brains from third instar larvae, and increasing amounts 

were analysed (lanes 1 and 2). Antibodies used were αH3K4me3 (1:2000) 

(Abcam/ab8580) and, for normalisation, αH2A (1:2500) 

(Abcam/ab13923). Quantitative analyses of the results, carried out with 

Odyssey scanner, are shown at the bottom. 
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is specifically expressed in the posterior compartment, so that, in 

wing imaginal discs, strong dKDM5/LID depletion is detected in the 

posterior compartment both in wt or mutant lidk06801/+ flies (Figure 

3A, panels aLID), and, concomitantly, H3K4me3 increases (Figure 

3A, panels aH3K4me3). 

These results show that depletion of dKDM5/LID results in 

increased global H3K4me3. In order to analyse the effects of 

dKDM5/LID depletion on the actual pattern of H3K4me3 

distribution, we performed ChIP-seq analyses in wing imaginal 

discs from lidRNAi knockdown flies where ubiquitous depletion was 

induced by the Actin5C-GAL4 driver. As shown in Figure 4, 

depletion of dKDM5/LID in wt flies does not alter the pattern of 

genomic distribution of H3K4me3 that, both in lidRNAi knockdown 

and control wt flies, maps to TSS (Figure 4A), showing a 

remarkably similar distribution both in genes containing dKDM5/LID 

(Figure 4B, left) or not (Figure 4B, right). Furthermore, the total 

number and location of H3K4me3 sites are highly coincidental 

(>96%) (Figures 4C), indicating that depletion of dKDM5/LID does 

not induce H3K4me3 in regions that are unmethylated in control wt 

flies. Similar results were obtained when depletion was carried out 

in mutant lidk06801/+ flies (Figure S3). 

Results discussed above indicate that increased H3K4me3 

observed upon depletion of dKDM5/LID must be constrained to 

TSS. Direct evidence in favour of this hypothesis comes from 

quantitative analysis of ChIP-seq data, where H3K4me3 occupancy 

of genes containing dKDM5/LID is determined in lidRNAi knockdown 

and control wt flies. Site occupancy can be determined from the 

actual number of reads recovered from a given site (coverage). 

Quantitative comparison of different ChIP-seq runs requires, 

however, setting an internal reference, a site(s) of equal occupancy 
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Figure 4.- dKDM5/LID depletion increases H3K4me3 at TSS without 

altering global H3K4m3 genomic distribution. (A) ChIP-seq coverage 

profiles of H3K4me3 across a representative region are presented both in 

control wt flies (black) and lidRNAi knockdown flies (red), where ubiquitous 

dKDM5/LID depletion was induced by the Actin5C-GAL4 driver in wt flies. 

Rectangles underneath each profile indicate the position of the 

corresponding peaks/binding sites. Genomic organisation of the region is 
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indicated. (B) H3K4me3 distribution around TSS in control wt flies (black) 

and lidRNAi knockdown flies (red) are presented for genes containing 

dKDM5/LID (left) or not (right). The position of TSS is indicated. (C) Venn 

diagram showing the intersection between genes containing H3K4me3 at 

TSS in control wt flies (black) and lidRNAi knockdown flies (red). (D) 

Relative H3K4me3 coverage at genes containing dKDM5/LID is presented 

for control wt flies (black columns) and lidRNAi knockdown flies (red 

columns), when ubiquitous dKDM5/LID depletion was induced in 

heterozygous lidk06801 mutant flies. Only statistically significant differences 

are shown. 

 
 

 in all runs. For this purpose, we determined H3K4me3 coverage at 

dKDM5/LID-containing genes relative to genes not containing 

dKDM5/LID. Relative H3K4me3 coverage at dKDM5/LID-

containing genes significantly increases in knockdown lidRNAi flies 

when depletion is induced in mutant lidk06801/+ flies (Figure 4D). 

Increased H3K4me3 coverage at dKDM5/LID-containing genes is 

also observed when depletion is induced in wt flies, although, in 

this case, it does not reach statistical significance (not shown). 

Genes containing dKDM5/LID are actively transcribed 

On the basis of its demethylating activity on H3K4me3, it 

was proposed that dKDM5/LID acts as a general transcriptional co-

repressor (Eissenberg et al., 2007; Lee et al., 2007b). Accordingly, 

it would be anticipated that genes containing dKDM5/LID are poorly 

or not expressed. To test this hypothesis, expression-profiling 

experiments were performed in wt wing imaginal discs to determine 

gene expression as a function of presence or not of dKDM5/LID 

(Figure 5A). Average expression of genes containing H3K4me3 is 

higher than expression of genes showing no H3K4me3. In this 

context, presence of dKDM5/LID does not significantly affect gene  
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Figure 5.- Genes containing dKDM5/LID are actively transcribed. (A) Box 

plot showing the expression of genes carrying both dKDM5/LID and 

H3K4me3 (red), only H3K4me3 (green) or no H3K4me3 (blue). (B) 

H3K36me3 occupancy of genes carrying both dKDM5/LID and H3K4me3 

(red), only H3K4me3 (green) or no H3K4me3 (blue) is presented as the 

percentage (%) of genes under each category that contain H3K36me3. 

(C) Occupancy by Pol IIoser5 (left) and Pol IIoser2 (right) of genes carrying 

both dKDM5/LID and H3K4me3 (red), only H3K4me3 (green) or no 

H3K4me3 (blue) is presented as the percentage (%) of genes under each 

category that contain Pol IIoser5 and Pol IIoser2, respectively. Only 

statistically significant differences are shown. 
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expression, as genes containing both dKDM5/LID and H3K4me3 

are as highly expressed as genes containing only H3K4me3 

(Figure 5A). 

These results indicate that genes containing dKDM5/LID 

are actively transcribed. ChIP-seq analyses performed to 

determine active RNApol II occupancy provide further evidence in 

favour of this hypothesis. In these experiments, occupancy by both 

the promoter-proximal Pol IIoser5 active form, phosphorylated at 

CTDSer5, and the active elongating form Pol IIoser2, phosphorylated 

at CTDSer2, was determined. Genes containing H3K4me3 are highly 

enriched in Pol IIoser5 and Pol IIoser2, when compared to genes 

showing no H3K4me3 (Figure 5C). Similarly, genes containing 

dKDM5/LID are also enriched in Pol IIoser5 and Pol IIoser2 (Figure 

5C). As a matter of fact, enrichment is higher when compared to 

genes containing only H3K4me3, suggesting that they are 

transcribed more efficiently. Consistent with this hypothesis, as 

judged by ChIP-seq analyses, genes containing dKDM5/LID are 

more enriched in H3K36me3, a modification that is deposited 

during elongation (Bell et al., 2008; Krogan et al., 2003), than 

genes containing only H3K4me3 (Figure 5B). Altogether these 

results indicate that, opposite to what would be expected from a 

general co-repressor function, genes containing dKDM5/LID are 

actively transcribed. 

To determine the actual contribution of dKDM5/LID to 

transcription, we performed expression-profiling experiments in 

wing imaginal discs from lidRNAi knockdown flies where ubiquitous 

depletion was induced by the Actin5C-GAL4 driver. Under these 

conditions, differentially expressed (DE) genes have a strong 

tendency to be downregulated (Figure 6A). Moreover, when all 

dKMD5/LID-containing genes are taken into account, average 
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Figure 6.- dKDM5/LID positively contributes to transcription. (A) The 

percentages of differentially expressed (DE) genes that are down-

regulated (gray) or up-regulated (white) in lidRNAi knockdown flies are 

presented. (B) Average fold change of expression in lidRNAi knockdown 

flies versus control wt flies is presented for genes carrying dKDM5/LID 

(red) or not (grey). Only statistically significant differences are shown. 
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expression in lidRNAi knockdown flies decreases, though only 

moderately (Figure 6B). These results suggest that dKDM5/LID has 

a positive contribution to transcription. Reporter-expression 

experiments confirm this hypothesis (Figure 7). In these 

experiments, we determined the effects of depleting dKDM5/LID on 

expression of a vestigial(vg)-LacZ reporter construct that, in the 

wing imaginal disc, is constrained to the dorso/ventral (D/V) border 

(Figure 7A). Depletion of dKDM5/LID was specifically induced at 

the anterior-posterior (A/P) border by crossing to flies carrying a 

Patched(ptc)-GAL4 driver, which is specifically expressed at the 

A/P-border. As shown in Figure 7B, cells laying at the intersection 

between the A/P-border and the D/V-border show highly impaired 

LacZ expression, indicating that dKDM5/LID is required for 

expression of vg-LacZ. To further confirm these results, null 

lidk06801/lidk06801 mutant clones were generated in the wing imaginal 

disc by inducing FRT-mediated somatic recombination in 

heterozygous lidk06801/+ flies, which results in the formation of null 

lidk06801/lidk06801 mutant and wt +/+ twin clones. In heterozygous 

lidk06801/+ flies, lidk06801 is in front of a wt chromosome that carries a 

GFP-marker to allow identification of lidk06801/lidk06801 null mutant 

clones, which are GFP-negative, from their wt +/+ twin clones, 

which are homozygous for the GFP-marker and show strong 

fluorescence in a heterozygous lidk06801/+ background of lower 

fluorescence. As shown in Figure 7C, expression of vg-LacZ is not 

detectable in null lidk06801/lidk06801 mutant clones, while twin wt +/+ 

clones show strong expression. Interestingly, expression of vg-

LacZ at the D/V-border appears to be also reduced in the 

heterozygous lidk06801/+ mutant background (Figure 7C), when 

compared to control wt flies (Figure 7A). 
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Figure 7.- dKDM5/LID is required for expression of vg-lacZ. (A) The 

pattern of vg-lacZ expression in wing imaginal discs, determined by 

staining with αLacZ antibodies, is presented. The position of the 

dorso/ventral border (D/V) is indicated. DNA was stained with DAPI. (B) 

The pattern of vg-lacZ expression is presented in wing imaginal discs 

where dKDM5/LID was specifically depleted at the anterior/posterior (A/P) 

border by crossing lidRNAi flies to flies carrying a ptc-GAL4/UAS-GFP 

driver. The positions of the A/P and D/V borders are indicated. GFP 

fluorescence marks the A/P border. Enlarged images of the region at the 

intersection between A/P and D/V borders are shown at the bottom. (C) 

The pattern of vg-lacZ expression is presented in wing imaginal discs from 

heterozygous lidk06801 flies where null lidk06801/lidk06801 mutant clones were 

induced by FRT-mediated somatic recombination. lidk06801/lidk06801 mutant 

clones are GFP negative while their twin wt +/+ clones show stronger 

fluorescence than the surrounding heterozygous tissue. The position of 

the D/V border is indicated. A couple of clones crossing the D/V border 

are indicated. DNA was stained with DAPI. Enlarged images are shown at 

the bottom for easier visualisation. 
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Genes containing dKDM5/LID are regulated by ASH2 

Results reported above indicate that dKDM5/LID regulates 

H3K4me3 at TSS of actively transcribed developmental genes. 

Next, we addressed whether H3K4 dKMT2s actively regulate 

H3K4me3 at dKDM5/LID-containing genes. For this purpose, we 

analysed occupancy of dKDM5/LID-containing genes by ASH2, a 

factor that localises at TSS and mediates H3K4me3 by the three 

known Drosophila H3K4 dKMT2s (TRX, ASH1, and TRR) (Beltran 

et al., 2007; Pérez-Lluch et al., 2011). As shown in Figure 8A, a 

vast majority of dKDM5/LID-containing genes contain ASH2 

(Figure 8A). In addition, dKDM5/LID and ASH2 show remarkably 

similar distributions at TSS (Figure 8B), which are both displaced 

towards the actual TSS by approximately 400bp with respect to 

H3K4me3 distribution (Figure 8B). Being required for H3K4me3, 

ASH2 shows an unexpected dual effect on transcription since, 

amongst all ASH2-containing genes found differentially expressed 

in ash2I1 mutants, only 60% are down-regulated, the rest being 

significantly up-regulated (Beltran et al., 2007; Pérez-Lluch et al., 

2011). Both sets of genes, which display differential structural and 

functional features, contain H3K4me3 at TSS (Beltran et al., 2007; 

Pérez-Lluch et al., 2011). In this context, dKDM5/LID preferentially 

localises at genes down-regulated in ash2I1 mutants, as average 

expression of genes containing both dKDM5/LID and H3K4me3 is 

significantly decreased, in comparison to genes containing 

H3K4me3 but not dKDM5/LID (Figure 8C). Consistent with these 

results, genes down-regulated in ash2I1 mutants are enriched in 

developmental functions, like dKDM5/LID-containing genes are, 

while up-regulated genes are enriched in ubiquitous/house keeping 

functions (Beltran et al., 2007; Pérez-Lluch et al., 2011). Altogether, 

these results show that genes regulated by dKDM5/LID are also 
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Figure 8.- Genes containing dKDM5/LID are regulated by ASH2. (A) 

ASH2 occupancy of genes carrying both dKDM5/LID and H3K4me3 (red), 

only H3K4me3 (green) or no H3K4me3 (blue) is presented as the 

percentage (%) of genes under each category that contain ASH2. (B) The 

distribution of dKDM5/LID (red) and ASH2 (black) around TSS is 

presented. The position of TSS is indicated. (C) Average fold change of 

expression in ash2I1 mutant flies versus control wt flies is presented for 

genes carrying both dKDM5/LID and H3K4me3 (red) or only H3K4me3 

(green). Only statistically significant differences are shown. 
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regulated by ASH2, both factors being required for their efficient 
transcription. 
 

DISCUSSION 

Here, we report on the contribution of dKDM5/LID to 

transcription regulation. dKDM5/LID was proposed to act as a 

general co-repressor (Eissenberg et al., 2007; Lee et al., 2007b), 

provided that it specifically demethylates H3K4me3, a histone 

modification that correlates with and is important for transcription 

activation (Barski et al., 2007; Bernstein et al., 2005; Heintzman et 

al., 2007; Liang et al., 2004; Litt et al., 2002; Noma et al., 2001; 

Santos-Rosa et al., 2002; Schneider et al., 2004). Our results show 

that dKDM5/LID co-localises with and regulates H3K4me3 at TSS 

of developmentally regulated genes that, contrary to what would be 

expected for a general co-repressor, are actively transcribed. 

Actually, genes containing dKDM5/LID are more enriched in active 

RNApol ll and H3K36me3 than genes containing only H3K4me3, 

suggesting that they are transcribed more efficiently. Furthermore, 

expression profiling analyses show that, though weak, dKDM5/LID 

has a positive contribution to transcription, and reporter-expression 

experiments confirm this contribution. Also in agreement with this 

hypothesis, Lid was originally identified as a trxG gene (Gildea et 

al., 2000), which is required for optimal Ubx expression (Lee et al., 

2007b; Lloret-Llinares et al., 2008), and antagonises 

heterochromatin-mediated gene silencing (Di Stefano et al., 2011; 

Lloret-Llinares et al., 2008). Our results also show that genes 

regulated by dKDM5/LID are positively regulated by ASH2 that, in 

Drosophila, localises at TSS and is required for H3K4me3 by all 

known H3K4 dKMT2s (Beltran et al., 2007; Pérez-Lluch et al., 

2011), indicating that dKDM5/LID functionally co-operates with one, 
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or several, ASH2-associated H3K4 dKMT2s. Consistent with this 

hypothesis, Lid genetically interacts with the two major H3K4 

dKMT2s, trx and ash1 (Gildea et al., 2000), and genes containing 

dKDM5/LID in the wing imaginal disc correlate well with genes 

containing TRX in embryos and S2 cells (Figure S4). 

Observations discussed above indicate that dKDM5/LID 

and ASH2-associated H3K4 dKMT2s act co-ordinately to 

dynamically regulate H3K4me3 at TSS of developmental genes for 

efficient transcription. In this scenario, it is possible that H3K4me3 

at TSS of dKDM5/LID-containing genes is maintained at an 

intermediate level to facilitate transcription. Alternatively, 

ASH2/dKMT2s and dKDM5/LID might act sequentially, not 

simultaneously, so that TSS could exist under two dynamic states: 

“methylated”, when ASH2/dKMT2s are acting, or “unmethylated”, 

when dKDM5/LID acts. Consistent with this hypothesis, though 

dKDM5/LID and ASH2 localise to the same genomic regions, co-

immunoprecipitation experiments failed to detect any major 

interaction between dKDM5/LID and ASH2, except with a putatively 

modified ASH2 form of very low abundance (Secombe et al., 

2007). Thus, it is possible that ASH2/dKMT2s and dKDM5/LID act 

at different steps of the transcription cycle to facilitate its 

progression. Actually, work performed in budding yeast links 

chromatin modification to sequential RNApol II activation during 

transcription cycle progression. At a first step, TFIIH-mediated 

phosphorylation of CTDSer5 recruits scKMT2/SET1 to methylate 

H3K4 (Ng et al., 2003), and induces promoter escape. Later, the 

onset of productive transcription involves phosphorylation of 

CTDSer2, which results in recruitment of H3K36 KMT3/SET2 both in 

budding yeast and mammals (Krogan et al., 2003; Li et al., 2005). 

Most likely, dKDM5/LID recruitment is also regulated during 
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transcription cycle progression. In this context, an appealing 

possibility is that, after RNApol II activation and subsequent 

H3K4/H3K36 methylation, transient demethylation resets chromatin 

to the original “unmethylated” state, facilitating loading/activation of 

the next RNApol II molecule to initiate progression through the 

transcription cycle. 

It is uncertain whether H3K4me3 at TSS of genes not 

containing dKDM5/LID is also dynamically regulated since, in 

Drosophila, dKDM5/LID is the only enzyme known to specifically 

demethylate H3K4me3. Additional KDMs might exist capable of 

playing a similar function. At this respect, it was reported that 

dKDM2, which was originally found to demethylate H3K36me2 

(Lagarou et al., 2008), is also capable of demethylating H3K4me3 

(Kavi and Birchler, 2009). In this context, it is possible that loss of 

dKDM5/LID is partially compensated by dKDM2, accounting for the 

relatively weak effect that dKDM5/LID depletion has on average 

gene expression. As a matter of fact, a genetic interaction was 

recently reported between dKDM5/Lid and dKDM2 (Li et al., 2010). 

Our results show that dKDM5/LID principally regulates 

genes involved in developmental processes, whose 

spatial/temporal expression is, in general, finely tuned in response 

to precise developmental signals and, therefore, might require 

additional layers of transcription regulation to secure robust 

expression patterns. It is also possible that, in a context dependent 

manner, dKDM5/LID plays a role in switching off specific genes 

during development. At this respect, it must be noted that 

dKDM5/LID has been implicated in repression of some Notch 

target genes (Di Stefano et al., 2011; Moshkin et al., 2009), and, in 

mammals, where several KDM5 isoforms exist, some have been 

shown to mediate repression of developmental genes (Lee et al., 
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2007a; Liefke et al., 2010; Lopez-Bigas et al., 2008; Yamane et al., 

2007). Whether mammalian KDM5s also localise at TSS and play 

similar functions as dKDM5/LID in transcription regulation is, 

however, unknown. 

dKDM5/LID plays additional demethylase-independent 

functions. In particular, it was shown that, independently of its 

demethylase activity, dKDM5/LID interacts with dMyc, and 

regulates cell growth and proliferation (Secombe et al., 2007). 

Moreover, it was recently reported that an enzymatically inactive 

form rescues lethality associated to some lid mutations (Li et al., 

2010). At this respect, it must be noted that our ChIP-seq data 

identify a group of dKDM5/LID-containing genes that show no 

detectable H3K4me3 at TSS (Figure 2C). Whether this group of 

genes, which accounts for approximately 20% of dKDM5/LID-

containing genes in the wing imaginal disc, constitutes a 

functionally distinct subset is uncertain, as they are enriched in 

active RNApol II forms, show high expression in wt flies and are 

down-regulated in lidRNAi knockdown flies as much as genes 

containing both dKDM5/LID and H3K4me3 (not shown), suggesting 

that, actually, a significant proportion of genes falling within this 

category might simply be false negatives for H3K4me3. 

 

EXPERIMENTAL PROCEDURES 

Fly stocks 

lidRNAi (9088R2) and GFPRNAi (GFP-IR-1) were obtained 

from NIG-FLY. lidk06801 is described in (Gildea et al., 2000). GAL4 

lines used in this study were yw;;Act5CGAL4/TM6B, w;enGAL4-

UASGFP and w;ptcGAL4-UASGFP/Cyo (described in Bloomington 

Stock Centre). w1118 flies were used as control. vg-lacZ is described 

in (Williams et al., 1994). For clonal analysis, mitotic recombination 
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was induced using the Flp-FRT method (Xu and Rubin, 1993). 

lidk06801 was combined with FRT40. To generate clones, 

lidk06801FRT40A stock was crossed with ywhsflp;FRT40AGFP flies 

and, 72h after egg deposition, larvae were heat shocked for 1h at 

37°C and dissected when they reached the wall-climbing stage. 

aLID antibodies 

aLID polyclonal antibodies were raised in rats and rabbits 

from a mixture of two truncated GST-fusions harbouring amino 

acids 1 to 888, and 1295 to 1826, respectively. For ChIP 

experiments, IgGs from the rabbit aLID serum were purified using 

the Econo-Pac IgG purification columns (Bio-Rad) according to 

manufacturer’s instructions. 

Immunostaining experiments 

Polytene chromosomes and wing imaginal discs were 

obtained from third instar larvae raised at 25°C. Dissection of 

salivary glands and immunostaining of polytene chromosomes 

were performed as described in (Cortés et al., 1999). αH3K4me3 

(1:400) (Abcam/ab8580), αH3K36me3 (1:100) (Abcam/ab9050) 

and rat polyclonal α-LID (1:400) antibodies were used. Samples 

were visualised in an Eclipse E-1000 (Nikon) fluorescence 

microscope equipped with a CoolSnapfx camera (Photometrics) 

and Metamorph software (v6.3). For imaginal discs, dissection and 

immunostaining were performed as described in (Dequier et al., 

2001). αH3K4me3 (1:300) (Abcam/ab8580), rat polyclonal αLID 

(1:500) and, for the vg-LacZ experiments, α-β-galactosidase 

(1:400) (Promega/Z3781) antibodies were used. GFP fluorescence 

was visualised directly. Samples were visualised on a Leica 

TCS/SPE confocal microscope equipped with LAS/AF software 

(v.2.2.1). 
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Western blot analysis 

Protein extracts were prepared from imaginal discs 

dissected in PBS containing 0.05% Igepal (5µl per larvae). After 

addition of an equal volume of loading buffer, discs were 

homogenised with a pestle, boiled with 10% β-mercaptoethanol 

and centrifuged. SDS-PAGE and Western blot were carried out 

using standard protocols. Rat polyclonal αLID (1:10000), α-β-

tubulin (1:2000) (Millipore/MAB3408), αH3K4me3 (1:2000) 

(Abcam/ab8580) and αH2A (1:2500) (Abcam/ab13923) antibodies 

were used. Quantitative analyses were carried out with Odyssey 

scanner using infrared conjugated secondary antibodies (1:10000) 

(LI-COR) and LI-COR odyssey software (v3.0). 

Expression profiling 

Expression profiling analyses were performed using wing 

imaginal discs from lidRNAi knockdown flies, where ubiquitous 

depletion was induced in wt or heterozygous lidk06801/+ flies by 

crossing to flies carrying an Actin5C-GAL4 driver. Wild-type w1118 

and, to account for hyperactivation of RNAi, GFPRNAi; Act5C-GAL4 

flies were used as controls. For each condition, around 30 discs 

were dissected in PBS and RNA was extracted using a 

combination of Trizol (Invitrogen) and RNeasy minikit (Qiagen). 

Duplicates were processed for each genotype. Hybridization 

targets were prepared from 25ng total RNA using isothermal 

amplification SPIA Biotin System v2 (NuGEN Technologies, Inc.). 

2.2µg of cDNA was hybridized per Drosophila Genome 2.0 

GeneChip (Affymetrix). GeneChips were scanned in a GeneChip 

Scanner 3000 (Affymetrix). CEL files were generated from DAT 

files using GCOS software (Affymetrix). Microarray data for ash2I1 

mutants is described in (Beltran et al., 2007). 
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ChIP experiments 

For ChIP, chromatin was prepared according to (Papp and 

Müller, 2006) from pools of about 500 wing imaginal discs and 

sonified to obtained most fragments ranging from 200 to 500 bp. 

Immunoprecipitations (IPs) were basically performed as described 

in (Orlando V, 1997), using 1-2µg of specific αH3K4me3 

(Abcam/ab8580) and rabbit polyclonal aLID polyclonal (IgG 

purified) antibodies. ChIP experiments for H3K36me3, Pol IIoser5, 

Pol IIoser2 and ASH2 are described in (Pérez-Lluch et al., 2011). 

Solexa/Illumina sequencing 

Library construction, cluster generation and sequencing 

analysis using the Illumina GAII Genome Analyzer were performed 

following manufacture’s protocols (www.illumina.com). In brief, 

libraries, prepared using Illumina’s ChIP-Seq Sample Prep Kit from 

10ng of ChIP/input DNA, were size selected to ~ 300 base pairs on 

an agarose gel. Adaptor-modified DNA fragments were subjected 

to limited PCR amplification (18 cycles). Using Illumina’s Cluster 

Generation Kit, libraries were subject to cluster generation at 8 pM 

concentration as one sample per lane. Sequencing-by-synthesis 

was performed for 38 cycles. 

Bioinformatics analysis 

Except where otherwise indicated, all analyses were 

performed with the Bioconductor software (Gentleman et al., 2004). 

For lidRNAi, data from two independent microarray 

experiments was pre-processed via quantile normalization and 

RMA summarization (Irizarry et al., 2003). In both experiments, we 

used limma to compare lidRNAi vs wt expression. We used the 

limma moderated t-test statistics as input for the empirical Bayes 

semi-parametric procedure described in (Rossell et al., 2008), 

setting the FDR at 0.05. Genes showing a fold change in lidRNAi vs 
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wt 1.5 times larger than in GFPRNAi vs wt were considered as 

differentially expressed. Microarray data for lidRNAi was deposited in 

the NCBI Gene Expression Omnibus repository under accession 

number GSE27081. Microarray data for ash2I1 mutants was 

obtained from (Beltran et al., 2007). 

Solexa/Illumina sequencing data for dKDM5/LID and 

H3K4me3, was pre-processed with the standard Illumina pipeline 

version 1.5.1. and sequences were aligned to the Drosophila 

melanogaster genome (UCSC dm3 version) with the Bowtie 

software 0.12.5 (Langmead et al., 2009). We kept sequences 

mapping to a unique location in the genome, allowing up to 2 

mismatches in the first 28 bases, and used the Bowtie default 

values for filtering low-quality sequences. For H3K36me3, Pol 

IIoser5, Pol IIoser2 and ASH2, aligned sequencing data was obtained 

as described in (Beltran et al., 2007; Pérez-Lluch et al., 2011) 

(GEO accession number, GSE24115). As PCR over-amplification 

artefacts typically result in a single sequence being repeated a 

large number of times, only the first 100 appearances of a given 

sequence were considered for analysis. We removed strand 

specific biases following a procedure similar to that in (Zhang et al., 

2008), and binding sites were determined with a two-step 

procedure. First, we found enriched genomic regions showing high 

accumulation of sequences in the IP sample compared to the 

control. We selected regions with coverage above 10 and 

compared the proportion of reads inside/outside of each region 

between the IP sample and its corresponding control with a logistic 

regression likelihood-ratio test. We defined enriched regions as 

those with a Benjamini-Yekutieli adjusted P-value below 0.05. In a 

second step, we defined peaks (i.e. putative binding sites) as 

locations within the enriched regions with coverage above 50. 
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When combining sequences from two replicated experiments, the 

coverage cut-off for peak calling was 100. For Pol IIoser2, 

H3K36me3 and ASH2, which show a moderate enrichment along 

relatively large genomic regions, we used a coverage cut-off of 5 in 

the first step and skipped the peak-calling step. ChIP-Seq profiles 

and binding sites were deposited in the NCBI Gene Expression 

Omnibus repository under accession number GSE27081. 

TRX binding sites in Drosophila S2 cells were obtained as 

reported by the modEncode project in the Gene Expression 

Omnibus dataset GSE20810. TRX binding sites for 4-12h 

Drosophila embryos were determined using the Array Express 

ChIP-chip data E MEXP 1708 (Schuettengruber et al., 2009), which 

contains 2 replicates for three distinct two-channel microarray 

platforms, for an overall of 6 paired IP and control samples. As 

each platform covered different chromosomes, we selected 

chromosomes 3R and 4 from samples 109905 and 1534402, 2R 

and X from samples 103904 and 1427402, and 2L, 3L and 4 from 

samples 108317 and 1431802. We averaged the M values for each 

pair of replicates, and, as proposed in the MAT algorithm (Johnson 

et al., 2006), we smoothed the M values using 301 bp long 

windows, controlled the FDR at 0.05 by switching the IP and 

control samples and merged peaks less than 300 bp apart. 

Binding sites were assigned to the closest gene using the 

UCSC refflat gene annotations 

(http://hgdownload.cse.ucsc.edu/goldenPath/dm3/database 

/refFlat.txt.gz). We found the closest transcript to a binding site by 

computing the distance between the midpoint of the site and the 

midpoint of all transcripts. Binding sites with no transcript 1000bp 

upstream/downstream of their start/end locations (respectively) 

were left unannotated. 
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We compared H3K4me3 abundance between lidRNAi and 

control wt samples as follows. First, we computed the average 

coverage in the H3K4me3 IP sample minus its corresponding 

control for all genes, both in lidRNAi and control wt samples. Second, 

we estimated the difference in coverage between genes with and 

without dKDM5/LID as a measure of H3K4me3 abundance in 

dKDM5/LID-associated genes. We obtained this estimate and 

compared it between lidRNAi and control wt samples using a 

generalized linear model with normal response and log link, using 

Wald test to perform contrasts between model coefficients. 

Genome-wide associations between protein binding sites 

were assessed by determining, for each gene, what proteins had a 

peak assigned to any of its transcripts. Statistical significance was 

assessed via chi-square tests, with p-values obtained from 10,000 

permutations to take into account a possible lack of independence 

between genes. 

We compared genes with binding sites both for H3K4me3 

and dKDM5/LID versus genes with only H3K4me3 in terms of 

Gene Ontology and KEGG pathway enrichment. We assessed 

statistical significance with Fisher's exact test, with Benjamini-

Yekutieli multiple testing adjustment. 

Coverage plots were generated with the Integrative 

Genomics Viewer (IGV) (Robinson et al., 2010). 
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Figure S1.- In polytene chromosomes dKDM5/LID co-localises with 

H3K4me3 and H3K36me3. The patterns of immunostaining with αLID, in 

green, and H3K4me3 (C) and H3K36me3 (B), in red, are presented. DNA 

was stained with DAPI. 
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Figure S2.- lidRNAi efficiently depletes dKDM5/LID. (A) Relative levels of 

dKDM5/LID mRNA determined by qRT-PCR are presented for control 

wild-type flies and lidRNAi knockdown flies, where ubiquitous dKDM5/LID 

depletion was induced by the Actin5C-GAL4 driver in either wt or 

heterozygous lidk06801 mutant flies. RNA was extracted from wing imaginal 

discs. (B) dKDM5/LID protein levels are analysed by Western blot in 

control wild-type flies and lidRNAi knockdown flies, where ubiquitous 

dKDM5/LID depletion was induced by the Actin5C-GAL4 driver in either 

wt or heterozygous lidk06801 mutant flies. Protein extracts were prepared 

from a mixture of imaginal discs, and increasing amounts were analysed 

(lanes 1 and 2). Antibodies used were rat polyclonal αLID (1:10000) and 

α-β-tubulin (1:2000) (Millipore/MAB3408). 
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Figure S3.- Global H3K4me3 genomic distribution is not altered when 

dKDM5/LID depletion is carried out in heterozygous lidk06801 mutant flies. 

(A) ChIP-seq coverage profiles of H3K4me3 across a representative 

region are presented both in control wt flies (black) and lidRNAi knockdown 

flies (red), where ubiquitous dKDM5/LID depletion was induced by the 

Actin5C-GAL4 driver in heterozygous lidk06801 mutant flies. Rectangles 

underneath each profile indicate the position of the corresponding 

peaks/binding sites. Genomic organisation of the region is indicated. (B) 

H3K4me3 distribution around TSS in control wt flies (black) and lidRNAi 

knockdown flies (red) are presented for both genes containing dKDM5/LID 

(left) or not (right). The position of TSS is indicated. 
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Figure S4.- Genes containing dKDM5/LID in the wing imaginal disc 

correlate well with genes containing TRX in either 4-12 h Drosophila 

embryos (left) or cultured S2 cells (right). TRX occupancy of genes 

carrying dKDM5/LID and H3K4me3 (red), only H3K4me3 (green) or no 

H3K4me3 (blue) is presented as the percentage (%) of genes under each 

category that contain TRX. Only statistically significant differences are 

shown. 
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Note: due to extension reasons, only a part of table S1 is 

presented in the thesis: the first 170 categories and the last 68 

(ordered by increasing p-value; the last ones do not show a 

statistically significant enrichment). 

 
Table S1.- Genes containing both dKDM5/LID and H3K4me3 are 

enriched in specific functions relative to gene containing only H3K4me3. 

The percentage of genes containing dKDM5/LID and H3K4me3, and 

genes containing only H3K4me3 are shown. Statistical significance of the 

differences (Benjamini-Yekutieli adjusted p-value) is indicated. 
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We characterized the demethylase activity of four proteins 

containing JmjN and JmjC domain in Drosophila melanogaster. We 

showed that three of them act as histone demethylases, but we did 

not find any activity for dJARID2. In addition, we observed that 

dKDM4A could participate in the formation of heterochroma-

tin/euchromatin regions, as it can affect the localization of HP1a. 

Finally, we further analyzed the functions of dKDM5/LID as we 

were very surprised by the contrast between its enzymatic activity 

on H3K4me3 and its classification as a trxG. 

 

1.-KDM4 specifities 

Overexpression of both dKDM4A and dKDM4B results in a 

decrease in H3K9me3 and H3K36me3 (art. 1, figs. 3-4), which are 

also the target residues for their mammalian homologs (Cloos et 

al., 2006; Fodor et al., 2006; Klose et al., 2006b; Whetstine et al., 

2006). In the case of dKDM4A we only observe a weak effect on 

H3K9me3 and we do not observe localization of overexpressed 

dKDM4A to heterochromatin in polytene chromosomes (art. 1, fig. 

8), where most of methylated H3K9 is found. Therefore, it is 

possible that dKDM4A does not act on H3K9me3 in endogenous 

conditions, at least in polytene chromosomes or imaginal discs. In 

fact, in another work, it was shown that dKDM4A only affects 

H3K36me3 (Lin et al., 2008). The structures of mammalian KDM4A 

complexed with methylated histone peptides has been solved by 

several groups (Chen et al., 2007; Couture et al., 2007; Ng et al., 

2007). Some differences were reported for the binding of H3K9me3 

and H3K36me3, but most of the important residues for both 

interactions are conserved in dKDM4A, so those studies do not 

explain why the fly protein could be acting only on H3K36me3. 
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2.-KDM4A and heterochromatin 

Upon overexpression of dKDM4A in polytene chromosomes, HP1a 

spreads out of the chromocentre (art. 1, fig. 7), where it is localized 

in wild type conditions. This spreading could be due to a decrease 

in H3K9me2/3 at pericentric heterochromatin, as the HP1 

chromodomain interacts with this mark (Bannister et al., 2001; 

Lachner et al., 2001). However, we did not find any decrease in 

heterochromatic H3K9me2/3 nor the presence of dKDM4A in this 

region (art. 1, fig. 8). Therefore, spreading of HP1a should have 

another cause. It has been reported that HP1a can interact with 

dKDM4A (Lin et al., 2008), which could provoke the binding of 

HP1a in the euchromatic arms of the chromosomes. As we do not 

observe HP1a along the entire chromosomes, but a decreasing 

gradient from the chromocentre to the arms, it is more likely that 

spreading is produced because of the disappearance of a limit 

between the two regions, euchromatin and heterochromatin. Once 

HP1a spreads out of the chromocentre, the interaction with 

dKDM4A could reinforce its binding to chromatin. In fact, as there is 

no increase in H3K9me3/2 outside the chromocentre, HP1a should 

interact with something else to bind chromatin and this could be 

DNA, RNA or other proteins, all of them known to interact with HP1 

proteins (Muchardt et al., 2002; Nielsen et al., 2001; Zhao et al., 

2000).  

 

Immunostaining of polytene chromosomes indicates that 

overexpression of dKDM4A induces a decrease in H3K36me3 (art. 

1, fig. 8), which has been shown to antagonize silencing in budding 

yeast and prevent heterochromatin from spreading beyond normal 

boundaries (Tompa and Madhani, 2006). This function of 

H3K36me3 could be conserved in Drosophila and therefore its 
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demethylation by dKDM4A would induce HP1a to propagate 

outside the chromocentre. Methylation of H3K4 can also counteract 

formation of heterochromatin, as it was reported that demethylation 

of H3K4me2 by dKDM1 is required for the formation of 

heterochromatin in the Drosophila embryo (Rudolph et al., 2007). It 

is possible that dKDM4A has also a role in controlling the formation 

of euchromatic and heterochromatic domains in embryos, as it is 

highly expressed in early embryos (fig. d1), where heterochromatin 

is first established. 

 

 

 

 

 
Figure d1. dKDM4 expression in embryos. RNA extracted from early 

embryos (0-4 hours, left) and late embryos (20-24 hours, right) was 

analyzed by RT-PCR to determine dKDM4A mRNA levels. Actin5C was 

used as an internal control. 

  

Mammalian KDM4s have also been shown to induce delocalization 

of HP1 proteins (Cloos et al., 2006; Fodor et al., 2006). In this 

case, a decrease in H3K9me3 is also observed, so it is possible 

that loss of methylated H3K9me3 reduces HP1 binding to 

chromatin, but it would also be possible that H3K36 was involved, 

as it was not checked. 
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3.-No demethylase activity for JARID2 

When dJARID2 was overexpressed in S2 cells or in wing imaginal 

discs, there was no change in any of the methylated histone 

residues tested. JARID2 lacks the conservation of essential 

residues for the interaction with Fe(II) and α-ketoglutarate, 

necessary cofactors for the demethylation reaction. In Drosophila, 

two histidines that coordinate Fe(II) and one phenylalanine that 

interacts with α-ketoglutarate are not conserved (Klose et al., 

2006a), so it is likely that dJARID2 is not a histone demethylase. In 

mammals and yeast, the situation is similar and no demethylase 

activity has been reported for JARID2. However, JARID2 has been 

shown to be important for differentiation and development and to 

be part of the PRC2 complex, so it interacts with chromatin, as its 

domain structure suggests (Herz and Shilatifard, 2010; Landeira et 

al., 2010; Li et al., 2010a; Peng et al., 2009; Takeuchi et al., 1995).  

 

4.-LID demethylates H3K4me3 

LID/KDM5A is the other Drosophila protein with JmjN and JmjC 

domains and we found that it demethylates H3K4me3 in the fly, as 

had already been reported (Secombe et al., 2007) and as the 

mammalian KDM5 proteins do (Christensen et al., 2007; Iwase et 

al., 2007; Klose et al., 2007; Lee et al., 2007a; Yamane et al., 

2007). LID has been classified as a trxG (Gildea et al., 2000), 

which are involved in maintaining an active state of transcription. 

Consequently, it was surprising to find that a trxG protein 

demethylates H3K4me3, as this mark is related to activation and 

ASH1 and TRX, other trxG proteins, are methyltransferases for this 

residue (Schuettengruber et al., 2007). In fact, it was speculated 

that LID could act on H3K27me3, in opposition to PcG proteins that 

add this methylation (Klose et al., 2006a). LID was classified as a 
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trxG because it enhances the phenotypes of other trxG mutations, 

but lid mutants do not show the homeotic transformations related to 

other trxG mutants (Gildea et al., 2000), so it was possible that it 

was not really acting as a trxG. As H3K4me3 is related to 

transcription activation (Kouzarides, 2007), an enzyme removing it 

could act as a repressor and this role was shown for some of the 

mammalian KDM5 proteins (Lee et al., 2007a; Pasini et al., 2008; 

Scibetta et al., 2007; Tahiliani et al., 2007). However, LID, in 

agreement with its classification as a trxG has been related to 

transcription activation in several contexts (Di Stefano et al., 2011; 

Lee et al., 2007c). 

 

5.-Some contexts where LID participates in gene activation 

We studied the effects of lid mutation on Ubx, a homeotic gene 

under the control of trxG proteins, and we observed a weak 

decrease in Ubx expression in the haltere imaginal disc (art.1, fig. 

5), indicating that lid has role in Ubx activation. The same effect 

was observed in S2 cells (Lee et al., 2007c).  

 

Polytene chromosomes of lid mutants show reduced levels of 

acetylated H3 (art. 1, fig. 6). H3 acetylation is related to 

transcription activation (Kouzarides, 2007). The fact that lid 

contributes to maintain the levels of this posttranslational modi-

fication could be an explanation for its classification as a trxG and 

its effects in gene activity. It was reported that LID forms a complex 

with RPD3, a histone deacetylase, and inhibits its deacetylase 

activity (Lee et al., 2009), which can explain why acH3 levels 

decrease in lid mutants. 
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When position effect variegation (PEV) was studied in lid mutants, 

an enhancement of PEV (E(var)) was observed, suggesting that 

LID antagonizes gene silencing (art. 1, fig. 5, Di Stefano et al., 

2011). PEV is the mosaic pattern of gene silencing observed when 

a euchromatic gene is abnormally placed near heterochromatin. 

The enhancement effect of LID is opposite to the Su(var) effect 

produced by dKDM1/dLSD1, another demethylase that targets 

H3K4, but in the dimethyl and monomethyl states (Di Stefano et al., 

2007; Rudolph et al., 2007). ChIP experiments in a PEV context 

showed that lid mutants exhibit high levels of H3K9me2, while 

H3K4me2/me3 are not found in the region analyzed, suggesting 

that they do not play a role in the process (Di Stefano et al., 2011). 

A reduction in Su(var)3-9/dKMT1 levels abolished the 

enhancement of variegation of lid mutants, which indicates that lid 

antagonizes the spreading of the methyltransferase and the 

H3K9me2/3 mark. In early embryos, dLSD1/dKDM1 interacts with 

dKMT1, HP1 and RPD3 to form a complex that acts in establishing 

heterochromatin: H3K4 is demethylated and H3K9 is deacetylated 

before H3K9 can be methylated and bound by HP1 (Czermin et al., 

2001; Rudolph et al., 2007). LID was reported to be in complex with 

RPD3 (Lee et al., 2009; Moshkin et al., 2009) and to inhibit RPD3 

deacetylase activity (Lee et al., 2009), which could explain why it 

opposes the action of dKDM1 at boundaries between heterochro-

matin and euchromatin. 

 

6.-LID localization 

LID was found in complex with MRG15 (Lee et al., 2009; Moshkin 

et al., 2009), a  chromodomain protein whose mammalian and 

yeast homologs have been reported to bind H3K36me3 (Keogh et 

al., 2005; Zhang et al., 2006). As this mark is found at the 3’ end of 
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genes (Bannister et al., 2005; Barski et al., 2007), it could be 

possible that the complex targets LID to the body of genes, in order 

to maintain them devoid of H3K4me3, found at the 5’ end of genes. 

The maintenance of different H3K36me3 and H3K4me3 levels 

along a gene could be a mechanism by which LID is involved in 

gene activation. 

 

When we performed ChIPSeq studies to uncover LID binding sites, 

we found that, contrary to the previous scenario, it mainly localizes 

at the 5’ end of active genes containing H3K4me3, very close to 

the TSS and to the H3K4me3 peak (art. 2, fig. 2). Similarly, 

mammalian KDM5 was reported to bind promoter proximal regions, 

half of which do also contain H3K4me3 (Lopez-Bigas et al., 2008). 

In relation to the H3K36me3 related localization, it would be 

possible that only a small part of LID interacts MRG15 and 

consequently we do not observe it preferentially localized to 

H3K36me3 enriched regions. Moreover, complexes of LID with 

MRG15 were purified from embryos and from culture cells and our 

ChIPSeq analyses were performed in imaginal discs, where LID 

complexes might be different. In some genes we do observe LID 

binding along the locus (fig. d2) and it is possible that in these 

cases, MRG15 and H3K36me3 contribute to LID binding.  

 

LID could be recruited to specific regions by other proteins, like 

DM, that interacts with LID (Secombe et al., 2007), or the Su(H)/H 

complex, reported to have a role in the localization of LID to 

NOTCH target genes (Moshkin et al., 2009). Besides the 

interaction with other proteins, several LID domains could 

contribute to its interaction with chromatin. LID contains an ARID 

domain and a zinc finger, that can interact with DNA (Klug, 2010; 
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Scibetta et al., 2007; Tu et al., 2008), and three PHD domains, 

shown to interact with histones, modified or not, depending on the 

domain (Taverna et al., 2007).  

 
Figure d2. Genes with LID binding along the locus. ChIP-Seq profile of 

LID at two genes (lid and Cp190). Rectangles below indicate the position 

of the binding sites. Genomic organization of the region is indicated.  

 

Two of the LID PHD domains were reported to interact with histone 

H3, the first one shows affinity for H3K4me0 and the third one for 

H3K4me3 (Li et al., 2010b), thus it could participe in the binding to 

H3K4me3 rich regions. In addition, the JmjC domain, the catalytic 

domain, acts on H3K4me3 and so it interacts with the mark at 

some moment. LID is not bound to all the H3K4me3 containing 

regions, which indicates that the modification is not the only factor 

driving LID localization, but it is possible that the interaction with 

the mark by the PHD can contribute to estabilize LID binding. 

Actually, as the binding affinities of this type of domains are weak 
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and a given modification can have more than one interacting 

domain, it was proposed that the combination of several 

interactions contribute to recruitment and stabilisation of proteins 

associated to chromatin (Ruthenburg et al., 2007). Several 

combinatorial bindings have been reported and they can be 

associated to different modifications in the same histone tail, in 

adjacent histones in the same nucleosome or in different 

nucleosomes and they can also involve DNA contacts. LID has two 

PHDs able to interact with H3K4, but with different methylation 

states, therefore it is possible that LID binds a nucleosome with 

one methylated H3K4 and an unmethylated lysine 4 in the other H3 

or that it binds two different nucleosomes with the differently 

modified H3K4. It is also possible that the two PHDs are not 

engaged at the same time and the enzyme uses one or the other 

for stability depending on the state of H3K4 at a given moment.  

 

KDM7 family of histone demethylases acts on H3K9me1/2 and/or 

H3K27me1/2 and harbours an H3K4me3 interacting PHD, which 

contributes to its target to specific regions on the genome and that 

can enhance or inhibit the activity of the enzyme depending on the 

relative structure of both domains (Horton et al., 2010; Lin et al., 

2010; Wen et al., 2010; Yang et al., 2010). In some cases, the 

protein binds the two methylated residues in the same peptide and 

in others, in different histone peptides, the latter suggesting a trans-

histone regulation mechanism. The JmjC domain of LID and its 

PHDs target the same lysine and it would be interesting to know if 

the binding of the C-terminal PHD to H3K4me3 hides some of 

these residues to the JmjC domain, producing an intermediate 

state of H3K4me3 at LID binding sites, or if the PHD binding is 

dynamic enough to enable full H3K4me3 demethylation. To 
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decipher this, a high degree of precission is required to study a 

specific region or specific regions and see if LID and the mark do 

coexist or not in a single cell approach or a very homogeneous cell 

population. Sequential IPs would also be useful in this context. We 

will come back to this type of studies later in the present 

discussion. 

 

GO term analysis of LID binding sites showed enrichment in 

categories related to development and differentiation, which are 

associated to trxG proteins (Ringrose and Paro, 2004; 

Schuettengruber et al., 2007) and could constitute new evidence 

for the classification of LID as a trxG. Development and 

differentiation related genes should be tightly regulated in time and 

space for the development of the organism to proceed appro-

priately. Consequently, it is likely that they evolved with specific 

regulatory circuits, involving LID, that diverge from those of 

housekeeping genes. 

 

7.-Effects of LID in H3K4me3 

LID is a demethylase acting on H3K4me3 and the reduction of its 

expression (in mutants or by RNAi) produces an increase in 

H3K4me3, as observed by immunostaining and by western blot 

(art. 2, fig. 3). We analyzed by ChIPSeq where the increase was 

produced and we did not observe new H3K4me3 enriched regions, 

but only a moderate increase in H3K4me3 levels at 5’ end of 

genes, consistent with LID binding to these regions (art. 2, fig. 4). 

This increase in H3K4me3 can be observed when comparing LID 

bound genes versus non-bound genes, suggesting a direct effect of 

the demethylase. As we work with a population of cells, we do not 

know if there is an increase in methylation in all the cells, from an 
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intermediate state of H3K4me3, or new methylation is appearing in 

cells that were not methylated. 

 

Three KMTs specific for H3K4me3 are present in Drosophila, TRX, 

TRR and ASH1 (Eissenberg and Shilatifard, 2010). They are found 

in complex with ASH2, which is required for trimethylation of H3K4 

(Beltran et al., 2007; Steward et al., 2006). ASH2 is localized at the 

TSS of genes, similar to LID. In addition, we found a high number 

of LID binding sites being also occupied by ASH2 (art. 2, fig. 8), 

consistent with the increase of H3K4me3 observed in lid mutants at 

this position. A methyltransferase complex located there is required 

to methylate H3K4 in the absence of LID. The presence of 

methyltransferase and demethylase activities at the same region, 

although we do not know if they are simultaneously bound, 

suggests that dynamic changes of H3K4me3 are produced at 5’ 

end of genes. Indeed, many LID binding sites are TRX binding 

sites in embryos and S2 cells (art. 2, fig. S4). Besides adding 

evidence to the combined action of both types of enzymes, this 

could indicate that at least a subset of genes where H3K4me3 is 

regulated is conserved throughout development from embryos to 

wing imaginal discs.  

 

It is possible that when lid is downregulated, another histone 

demethylase compensates for it. In Drosophila, dKDM2, another 

JmjC protein, was reported to be an H3K36me2 (Lagarou et al., 

2008) and H3K4me3 demethylase (Kavi and Birchler, 2009). A 

genetic interaction was found between lid and dKDM2, where the 

phenotypes of the double mutants is stronger than the one in the 

single mutants (Li et al., 2010b). LID demethylase activity was 

proven to be required for this interaction, but not dKDM2 activity on 
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H3K4me3, so it is possible that the interaction is mediated by 

dKDM2 acting on H3K36me2 or by some other effect, independent 

of its enzymatic activity, that its reduction may have. Indeed, if 

there is some compensation between both demethylases, evidence 

suggests that it is only partial, as lid mutants and lid RNAi flies do 

show increased levels of H3K4 (art. 1, fig. 2; art. 2, fig. 3; Li et al., 

2010b) , so it could be that compensation only happened at specific 

genomic regions, where dKDM2 can be targeted. In mammals the 

situation is likely to be more complicated as four KDM5 proteins 

that demethylate H3K4me3 exist. 

 

8.-LID and transcription 

Expression analysis of wing imaginal discs indicates that LID binds 

to transcribed genes (art. 2, fig. 5), which is consistent with its 

classification as a trxG and its role in Ubx activation. A high number 

of genes occupied by LID contain H3K4me3 and H3K36me3, 

histone modifications related to transcription (Bannister et al., 2005; 

Barski et al., 2007). In addition, they are also occupied by RNA 

polymerase II, both Ser5P and Ser2P phosphorylated forms. All 

this data points to a function for LID related to transcription. What it 

is exactly doing in the transcription process is, however, not 

understood. 

 

The transcription process involves several steps, such as initiation, 

elongation and termination, where different factors bind the genes 

and different modifications occur on the polymerase complex and 

on chromatin. In addition, transcription is coupled to other 

processes, like mRNA maturation (reviewed in Buratowski, 2009; Li 

et al., 2007; Selth et al., 2010).  
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In yeast, SET1/KMT2, the H3K4 methyltransferase, is recruited to 

the 5’ end of genes by the RNAPII phosphorylated at Ser5 (Ng et 

al., 2003). In mammals, the basal transcription factor TFIID was 

reported to interact with H3K4me3, which contributes to its 

recruitment, although it is not clear whether the binding to the 

methylated histone follows promoter recruitment or is a leading 

force for TFIID localisation at promoter regions (Vermeulen et al., 

2007).  

 

LID is found at the same region as the methyltransferase complex 

in our studies, so it could be involved in a dynamic methyla-

tion/demethylation process that keeps constant intermediate levels 

of H3K4me3 during transcription of a gene. It is also possible that 

the transcription cycle requires demethylation of H3K4me3 prior to 

new polymerase recruitment, which will be followed by new KMT2 

mediated methylation. A third possibility is that LID occupies genes 

that should be inactivated later on during development and 

therefore will require demethylation of H3K4me3. As we are taking 

only a snapshot of the process we cannot observe what will 

happen afterwards. The fact that genes containing LID are 

enriched in differentiation related functions could suggest that this 

future inactivation is happening. 

 

Both H3K36me3 and Pol II Ser2P are related to transcription 

elongation (Buratowski, 2009; Komarnitsky et al., 2000; Krogan et 

al., 2003; Selth et al., 2010; Xiao et al., 2003) and are present in 

many LID targets, indicating, as the expression analysis, that these 

genes are undergoing active transcription. In ash2 mutants, a 

decrease in Pol II Ser5P accompanied by no change in Pol II 

Ser2P levels suggested a fast escape from polymerase stalling in 
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the absence of ASH2 and thus reduced levels of H3K4me3 (Perez-

Lluch et al., 2011). Taking this into account, it is possible that the 

combined action of methyltransferases and demethylases, 

simultaneously or sequentially, contributes to the regulation of the 

polymerase passage into productive elongation.   

 

Two groups of ASH2 targets were found, those downregulated in 

ash2 mutants and those upregulated, which also differ in gene size 

and organization (Beltran et al., 2007; Perez-Lluch et al., 2011). 

This suggests that they are regulated in different ways, which could 

be achieved by other factors interacting with ASH2. The 

downregulated ones are enriched in development related GO 

categories, as well as genes occupied by LID. Indeed, LID targets 

tend to be downregulated in ash2 mutants (art. 2, fig. 8). It is 

therefore likely that LID is involved in the specific type of regulation 

shown by differentiation and development related genes. 

 

We observed that LID has some effect in transcription activation, 

but it is quite weak, as the underexpression of LID targets in lid 

RNAi discs is not very high. This effect is in agreement with the 

change in UBX levels observed in imaginal discs (art. 1, fig. 5), 

where UBX is reduced in lid mutant haltere discs to the levels of 

UBX in leg discs, where it is less expressed in wild type conditions. 

However, UBX does not disappear, and thus LID is not required fot 

its expression but, most likely, for the differential regulation. All this 

evidence suggests that LID is involved in the fine-tuning of 

expression levels, but it is likely not necessary for transcription to 

occur. Therefore, it might be that H3K4me3 is finely regulated in 

some genes in order to achieve proper expression levels. 
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9.-Studying chromatin and transcription 

Nowadays, most of the studies of chromatin related factors and 

transcription are performed in cell populations, that are always 

heterogeneous, and results show an average of what is happening 

in the population, but we do not know if LID and H3K4me3, LID and 

ASH2 or whatever combination of factors/marks are found at the 

same place at the same time. Consequently, we cannot understand 

with precision what is the mechanism of transcription and 

chromatin processes related to it. Several approaches can help to 

solve this problem. Mark coexistence in a nucleosome can be 

analyzed by several methodologies, including mass spectrometry, 

acid-urea gels, sequential immunoprecipitation (IP) methodologies 

(Ruthenburg et al., 2007). These studies performed in highly 

homogeneous cell populations, such as synchronized cells, will 

give higher resolution to the histone modification map. Sequential 

ChIP experiments are usually carried out using mononucleosomes, 

which are very useful for studying histone modifications (Bernstein 

et al., 2006; Ruthenburg et al., 2007). However, protein complexes 

bound to chromatin can occupy more than one nucleosome and 

thus complete nucleosomal digestion would not be useful. With 

more than one nucleosome, we would not know the exact co-

ocuppancy on a single nucleosome of a mark and a protein but we 

would know what is found in that region.  

 

Single cell analysis could be a good way of understanding what is 

happening at a specific place. The most usual way of studying 

single cells is microscopy. It can be combined with fluorophores or 

fluorescent proteins and thus allow us to obtain a lot of cellular 

information. Other ways of studying single cells have been 

developed (reviewed in Kortmann et al., 2010). Genome sequen-
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ces of single cells have already been obtained, as well as 

transcriptome data. Transcription and translation have been 

observed in cells by using fluorescent proteins to detect it. 

Probably, the increasing development of technology will make 

feasible that in the future we can observe, transcription, chromatin 

modifications and proteins at a single cell level, thus having a more 

precise picture of cellular processes. 

 

10.-LID and NOTCH 

A LID complex was shown to be recruited to NOTCH target genes 

(Moshkin et al., 2009). The repressor complex that contains Su(H) 

and H, known to be involved in NOTCH signalling, is involved in 

LID tethering to the E(spl) genes, where LID demethylates 

H3K4me3 and induces repression, as shown by RNAi experiments 

in S2 cells.  

 

In contrast to this reported effect of LID on NOTCH targets, lid 

participates in activation of a vgBE-LacZ reporter responsive to 

NOTCH, as in lid mutant clones or in discs expressing an RNAi 

against lid the reporter is repressed (art. 2, fig. 7). A possible 

explanation for the opposite effects observed is that regulation of 

the E(spl) genes and of vg is different or that the NOTCH signalling 

pathway does not behave the same in culture cells as in imaginal 

discs. Indeed, different types of regulation have been reported for 

NOTCH target genes (reviewed in Bray and Furriols, 2001). 

 

Moreover, a context dependent role in modulating NOTCH 

signaling was reported for dLSD1/dKDM1, which contributes to 

repression of E(spl) genes in S2 cells, but is involved in activation 

of NOTCH signaling when the pathway is activated (Di Stefano et 
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al., 2011). This dual function is also observed for Su(H) (reviewed 

in Bray and Bernard, 2010; Bray, 2006) and thus LID could also 

behave differently depending on the gene, the developmental 

moment or the other proteins associated to the gene. 

 

11.-LID functions that are independent of its demethylase 

activity 

LID is a histone demethylase and we focused our attention in its 

functions related to this activity, but we should bear in mind that 

LID is a big protein with several structural domains and is involved 

in cell processes independently of its catalytic domain. It is likely 

that some of the effects that we observe in lid mutants are not due 

to lack of H3K4me3 demethylation. Actually, the enhancement of 

PEV seems to be produced because of lid effects on methylated 

H3K9 spreading, as we already discussed. 

 

Another context where LID functions without the need of the 

demethylase activity is dMYC/DM induced cell growth. LID was 

shown to interact with DM and be required for endogenous DM 

function in the control of cell growth (Secombe et al., 2007). When 

LID and DM where coexpressed, H3K4me3 did not change, in 

contrast with the effects of overexpression of LID alone. It was 

therefore concluded that DM inhibits the enzymatic activity of LID.  

 

In addition, adult lethality of lid mutants is rescued by a catalytically 

inactive protein (Li et al., 2010b), suggesting that, at least after 

maternal contribution finishes, the demethylase activity of LID is not 

required for fly development.  
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12.-Final remarks 

We are starting to uncover the functions of histone demethylases, 

but there are still many questions to be answered. Sometimes, 

experimental techniques do not allow us to determine the exact 

specificities of the enzymes, as they are performed in non-

endogenous conditions, like overexpression or in vitro analysis. 

Therefore we are not sure if a demethylase is only acting on 

trimethylated residues, or also on dimethylated ones, or if it will 

demethylate a specific residue in physiological conditions. 

 

Histone demethylases are usually big proteins that can be found in 

complex with other proteins and so they may have different 

functions depending on the context. The demethylation of a residue 

can have different outcomes depending on the place and moment it 

is produced. In addition, the enzymatic activity is not required for 

some specific functions. It is also possible that KDMs have non-

histone substrates and it would be very interesting to know if they 

demethylate any of their interacting proteins. Indeed, as an 

example of a non-histone substrate for a KDM, LSD1/KDM1 has 

been reported to demethylate p53 (Huang et al., 2007). 

 

We are in the way to understand more about histone modifying 

enzymes and thus chromatin biology. This will give us new clues 

about how DNA information in the cells is stored, used and copied 

and, in the end, it will provide more knowledge on cell function.
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• dKDM4A and dKDM4B are histone demethylases that 

target H3K9me3 and H3K36me3. 

• Overexpression of dKDM4A causes a spreading of HP1a in 

polytene chromosomes. 

• No demethylase activity was found for dJARID2. 

• LID/dKDM5 is an H3K4me3 demethylase. 

• LID is classified as an E(var) gene. 

• LID participates in the regulation of Ubx expression in the 

haltere imaginal discs. 

• LID mutants show a decrease in histone acetylation in 

polytene chromosomes. 

• LID localises at the TSS of active genes in wing imaginal 

discs. 

• LID target genes contain H3K4me3 and H3K36me3. 

• Genes containing LID are enriched in both RNA Pol II 

Ser5P and RNA Pol II Ser2P. 

• LID bound genes are related to development and 

differentiation processes. 

• LID downregulation increases H3K4me3 levels, but it does 

not affect H3K4me3 distribution. 

• LID downregulation produces a weak decrease in the 

transcription of LID targets. 

• LID colocalizes with the methyltransferase ASH2. 

• LID targets are regulated by ASH2. 
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ChIP Sequencing (ChIPSeq): analytical technique to study DNA 
associated proteins that combines chromatin immunoprecipitation 
with DNA sequencing to identify the binding sites of the chromatin 
proteins precipitated with specific antibodies. 

Chromatin: complex of DNA and protein found inside the nuclei of 
eukaryotic cells. The main proteins involved in chromatin are 
histone proteins, although many other chromosomal proteins have 
prominent roles too. 

Demethylase: enzyme that carries out a demethylation reaction, 
the removal of a methyl group (-CH3). 

Drosophila melanogaster: scientific name of the fruit fly, an insect 
commonly used as a model organism in research. 

Euchromatin: Genetic material that is stained less intensely by 
certain dyes during interphase, and that comprises many different 
kinds of genes. 

Heterochromatin: Regions of chromosomes that stain darkly even 
during interphase; thought to be for the most part genetically 
inactive. 

Histone: water soluble protein that is rich in the basic amino acids 
lysine and arginine and is complexed with DNA in the nucleosomes 
of eukaryotic chromatin. 

H3K4: refers to lysine (K) number four in histone H3. When 
followed by “me” indicates that the lysine is methylated to different 
degrees (one, two or three methyl groups) depending on the 
number after the “me” (1, 2, 3). We use this type of nomenclature 
for different residues in histones. 

Imaginal disc: epithelial structure in the larvae of some insects 
that will give rise to specific structures of the outside of the adult. 

Jumonji domain: protein domain that was first defined based in 
the aminoacid similarities in the JARID1 and JARID2 sequence. 
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There are two Jumonji domains in these proteins, a JmjN, located 
more N terminal, and a JmjC, more C terminal. In some other 
proteins there is only a JmjC domain and this is the catalytic 
domain in the proteins shown to have demethylase activity. 

KDM: lysine demethylase. 

KMT: lysine methyltransferase.  

Methylation: process consistent in the addition of a methyl group 
(-CH3) to a molecule or the substitution of a group by a methyl 
group. 

Methyltransferase: enzyme that catalyzes the addition of a methyl 
group, a methylation reaction. 

Microarray: A large number of probes representing genes and 
placed on a very small surface. 

Nucleosome: basic unit of eukaryotic chromatin formed by a 
histone octamer surrounded by two turns of DNA. 

Polycomb: gene in Drosophila that defines a group of genes (PcG) 
that are involved in chromatin modification to maintain repressed 
states of expression. 

Polytene chromosome: chromosomal structure that consists of 
many copies of DNA generated by many rounds of endoreplication. 

Position effect variegation (PEV): mosaic silencing of a gene as 
a result of its abnormal juxtaposition to heterochromatin. 

Posttranslational modification: chemical modification of a protein 
after its formation. It may involve the removal of some aminoacids, 
chemical modification of certain aminoacids, or addition of small 
molecules to some aminoacids. 

Pupa: immobile stage of development, between larval and adult 
stages, when metamorphosis takes place. 
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RNA polymerase II (RNAPII): enzyme that catalyzes the synthesis 
of RNA from a DNA template. Eukaryotes contain several RNA 
polymerases, characterized by the type of RNA they synthesize. 
RNAPII synthesizes precursos of mRNAs and most of the snRNAs 
and microRNAs. 

Third instar larva: developmental stage of Drosophila 
melanogaster that precedes immobilisation to form a pupa. It is the 
last of three larval stages that characterize the development of this 
insect. 

Transcription: process by which the DNA sequence is copied to 
an RNA molecule. 

Transcription start site (TSS): position in the DNA where 
transcription begins. 

Trithorax: gene in Drosophila that defines a group of genes (trxG) 
that are involved in chromatin modification to maintain active states 
of expression. 
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