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SUMMARY

Genomic DNA is not freely accessible but it is cauied into chromatin by
wrapping DNA around a histone octamer. Basic uhittoomatin is a nucleosome.
Accessibility of nucleosomal DNA highly regulateddais orchestrated by many
proteins that combinatorially alter the positionghasing of nucleosomes by
chromatin remodeling enzymes, substitution of vdrihistones, post-translational
modification of nucleosomes and the partitioningcbfomatin into specific nuclear

locations.

X chromosomal regulation by the process of dosagepensation provides an ideal
model system to study the effect of chromatin aptjenetic factors on gene
expression. In mammals, genes on the active X ¢kad)mosome are upregulated
about twofold, with a corresponding inactivationasfe of the two X chromosomes
(Xi) ensuring equivalent sex chromosome expressiormales and females. In
Drosophila, dosage compensation is accomplished by the wiitkeoMSL complex,

which provokes a two-fold increase in the exprassad genes on the male X
chromosome. The MSL complex specifically binds t®nes that require to be
unregulated and, through the action of MOF, a hstacetyltransferase subunit
within the complex, induces acetylation of H4K16high is associated with an

increase in the rate of transcription of genes.

In contradiction to the classic view that MOF wasstricted to the male X
chromosome, it has been found recently by our thalb MOF binds to multiple sites
on the autosomes in both sexes. This suggestd/@&t has a role in transcriptional
regulation beyond dosage compensation. The workepted in this thesis shows the
purification of a novel complex of evolutionary @amved proteins, which contains
MOF. We termed the complex the NSL complex (NoneSpelLethal), as mutation
of proteins of the complex is lethal to both sexdse NSL complex is composed of
the evolutionary conserved proteins MOF, NSL1, NSN3L3, MCRS2, MBDR2,
WDS, Z4 and Chromator. These components of the bi8hplex broadly decorate
all chromosomes, and overlap with MOF on the X olosome(s), as well as on all
autosomes in males and females. ColocalizationSif Bbmplex members with MOF

occurs at the level of individual genes, with NStsaciated with the promoters of



MOF-bound genes. Analysis of total RNA from fly ém expressing RNAI against
NSLs specifically in salivary glands demonstrathat tthe binding of the NSL

complex to promoters is functional, as there istrang correlation between the
absence of NSL and a decrease in transcriptionalesrand females. Taken together,
work performed in this thesis demonstrates thatN&& complex functions as a novel

transcription regulator in Drosophila.



ZUSAMMENFASSUNG

Chromatin besteht aus DNA, die sich um Nukleosonfearumwindet. Die

Nukleosomen haben voneinander einen mittleren Aldstan etwa 200 Basenpaaren
(bp). Eine Regulation von Genexpression findett,stattem der Zugang der RNA-
Polymerase zur DNA durch Umbau der Chromatinstrugithromatin remodeling”)

und kovalente Modifikation von Histonen modulierirdv Diese Vorgange werden
durch eine Vielzahl an Proteinen gesteuert, diekambinatorischer Weise die
Position und den Abstand der Nukleosomen zueinawegmndern, Histonvarianten
substituieren, Nukleosomen posttranslationell mpiéifen und das Chromatin in

spezifischen Regionen des Zellkerns positionieren.

Der Prozess der Dosis-Kompensation (“dosage comagien¥) bietet ein
Modellsystem, um epigentische Mechanismen der Bspyasregulation zu
untersuchen. In Saugern werden Gene auf dem akkvghromosom (Xa) auf etwa
die zweifache Dosis hochreguliert, korrespondierametiner Inaktivierung eines der
beiden X-Chromosomen (Xi), wodurch eine aquivaldatpression der Gonosomen
in Mannchen und Weibchen sichergestellt wird. Drosophila wird Dosis-
Kompensation durch den MSL-Komplex erreicht, deneeiVerdoppelung der
Expression von Genen auf dem mannlichen X-Chromosewirkt. Der MSL-
Komplex bindet spezifisch an Gene, die hochreguliearden missen und induziert
mittels seiner Komplexuntereinheit MOF, einer Histoetyltransferase, die
Acetylierung von H4K16, welche mit einer gesteigarf ranskriptionsrate assoziiert
ist.

Im Gegensatz zu der klassischen Annahme, dass M@Fdas mannliche X-
Chromosom beschrankt sein solle, wurde vor kurzemeigt, dass MOF in beiden
Geschlechtern an viele Regionen auf Autosomen hiridies lasst vermuten, dass
MOF eine Uber die Dosis-Kompensation hinausgeheriRelle bei der
Transkriptionsregulation spielt. Die hier vorgektel Arbeit beschreibt die
Aufreinigung eines neuen MOF-enthaltenden Komples@sservierter Proteine, Wir
haben ihn NSL-Komplex genannt (“Non-Specific Leftafispezifisch letal), da
Mutation von Komplexkomponenten in beiden Geschiaech letal ist. Der NSL-

Komplex setzt sich zusammen aus den konservienteieiRen MOF, NSL1, NSL2,



NSL3, MCRS2, MBDR2, WDS, Z4 und Chromator. Die NEbmponenten
interagieren Uber weite Strecken mit samtlicheno@tasomen und tberlappen dabei
an vielen Stellen auf dem X-Chromosom (bzw. denhfe@thosomen) wie auch auf
allen Autosomen mit MOF, sowohl in Mannchen wie faua Weibchen. Die
Kolokalisation der NSL-Komponenten mit MOF geschieauf der Ebene
individueller Gene, wobei NSL mit dem Promotor M@&bundener Gene assoziiert.
Die Analyse von Gesamt-RNA isoliert absosophila-Linien, die eine RNAIi gegen
NSLs spezifisch in den Speicheldriisen exprimiezergt dass die Bindung des NSL-
Komplexes an Promotoren funktionell relevant isg dine starke Korrelation
zwischen der Abwesenheit von NSL und einer Abnatshee Transkription in
Mannchen und Weibchen beobachtet wurde. Diese Biggblegen nahe, dass der
NSL-Komplex eine allgemeine Rolle bei der Transtoipsregulation spielt.



1. INTRODUCTION

1.1. Chromatin
Chromatin was named by Walter Flemming, who in 1882erved the “nuclear
scaffold” within nuclei, that could be visualizeds#ly by staining with basophilic
reagents. Chromatin literally means a “coloureghteéned material’, and today we
know that it consists of the complex combinationDMA, RNA and protein that

makes up chromosomes.

Chromatin is intra-nuclear within eukaryotic ceiad present in the nucleoid in
prokaryotic cells. It can be differentiated intotdrechromatin (densely staining,
condensed, inactive) and euchromatin (lightly $tajnextended, active, generally

found close to the nuclear periphery) (Frenste85).9

The major components of chromatin are DNA and hestproteins; however, many
other chromosomal proteins have prominent roles, Tthe essential functions of
chromatin are to compact long molecules of DNA iatemaller volume to fit in the
cell, to physically protect DNA, to strengthen atmdcompact the DNA to allow
mitosis and meiosis to occur and, to provide afguat to regulate expression, DNA
replication and DNA repair when needed. By phys$jcakhieving these complex
roles, chromatin ensures a high fidelity of tra rssion of genetic information from

one generation to another.

1.2. Chromatin organization

The smallest brick of chromatin is a nucleosomer(erg, 1974). Nucleosomes are
composed of two copies of canonical (core) histor2A, H2B, H3 and H4, which

together comprise a histone octamers (Luger €t97). Core histone proteins are
small, highly basic molecules with two distinct daims: a globular compact core, and
a flexible amino-terminal tail (Fig. 1, A). Theidadpular domains are composed of
helix-turn-helix domains, which stack in the quatey structure to promote
oligomerisation. In contrast, the tail is unstruetlj protrudes from the histone

octamer and serves as a template on which areewrdttseries of post-translational
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covalent modifications, known as the histone cddg. (1, B). Nucleosome provides a
scaffold structure, around which 147 bp of DNA makgproximately 1.7 turns.
Nucleosomes are separated from each other by |DKkeY, which is generally 200 bp
long. More recently, it has become apparent thatemsome position is non-random
and is intrinsically encoded within primary DNA sece. Additionally, ATP-driven
remodeling complexes act on nucleosome positioregmilate access of proteins to

cis-acting elements on DNA (Davey et al. 2002).

A M C
I B B
| 11 |
N-terminal tail histone fold domain
B
a] ac
H2a N-SGRGKOGGKARAKAKTESSRAGL
5 10 15 20
ric  ac ac ac ac P
H2B N-PEFSKSAPAPKKGSKKAITKAQKKDGKKREKRSRK
5 10 15 20 25 30

ac p ac ac ac P
H3 N-ARTHKQTAREKSTGGKAPRKQLATKAARKSAPATGGVEK
5 10 15 20 25 30 35

P ac  ac ac ac
H4 M-SGRGKGGKGLGKGGAKRHRKVYLRD
5 10 15 20

Figure 1. A. Structure of nucleosomal histone. Amino-terminal tails of core
histones. The numbers indicate amino acid positidie post-translational
modifications are indicated (red ac = acetylatimess blue p = phosphorylation sites;
green m = methylation sites; purple rib = ADP rifdation) (Ridgway et al., 2002).

Chromatin at this initial level of a nucleosomaganization is 11 nm thick, has the
appearance of “beads on a string” and is preseanascessible, active and largely
unfolded interphase conformation (Fig. 2.). Theirattion between nucleosomes and
DNA is predominately altered hys- andtrans-effects of covalently modified histone

tails.
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Figure 2. Each DNA molecule overgoes several levels of cartipa, from a double
helix into a mitotic chromosome that is 10.000 gnskorter than its extended length
(Felsenfeld and Groudine 2003)

cis-Effects are dictated through changes in physicalpgrties of histone tails.
Modulation of either the electrostatic charge ar gaucture alters internucleosomal
contacts. Acetylation of lysines and phosphorylatd serine and threonine residues
are the most pronounced of such examples, wherniyysharges on highly basic
histone tails are neutralized or negative chargesraroduced to the histone tail; this
generates a local expansion of chromatin fiberthie relaxed state of chromatin,
promoter elements are accessible to transcriptiotofs and to the basal transcription
machinery. In addition, an accumulation of negativwarges can result on charge
patches on chromatin, which can also alter nucleaesopackaging (Dou and
Gorovsky 2000)trans-Effects result from the recruitment of modificatibinding

12



elements to the chromatin. Many proteins, usudlitpugh discrete binding domains,
have a specific affinity to particular histone nfamitions. Such recognition provides
a platform for other proteins, frequently membefdaoge enzymatic complexes, to
associate with and further modify chromatin. Foareple, a bromodomain recognizes
acetylated histone residues, and is often a pahisibne acetyltransferase (HAT)
enzymes, which in turn are associated with chram@modeling complexes, that
increase local DNA accessibility (Dhalluin et al99B; Jacobson et al. 2000).
Methylated lysine residues are read by chromodosnan similar domains, such as
MBT or tudor (Bannister et al. 2001; Lachner et2801). In this way, the addition
and removal of specific post-translational histenedifications result in concerted
regulatory effects on chromatin function. ATP-degemt remodeling complexes play
a particular physical role in regulating gene egpi@n. Their activity can result in
octamer sliding, alteration of nucleosomal struetly DNA looping, or replacement
specific canonical histones by their variants. Ehe®n-covalent modifications
change positions of nucleosomes to expose or cbri2dAd sequences, thereby
regulating their physical exposure to molecular ptaxes, such as the basal

transcription machinery (Narlikar et al. 2002).

The next level of chromatin compaction is to 30nberfs. Nucleosome are stabilized
by a linker histone H1, that associates at theyearid exit point of DNA on the core
nucleosome, and/or by chromatin associated factod) as heterochromatin protein
H (HP1) or Polycomb (PC) (Fan et al. 2005). At ttisge of organization, chromatin
is looped and compressed about approximately 5@. fleurther compaction then
results in 300-700 nm fibers that are fixed throaglkhoring to the nuclear periphery
via chromatin associated factors, such as nuckeaink. There is evidence that this
high-order geography of chromatin is associateth @istinct functional nuclear sub-
domains, such as the clustering of active chromsiti@s to RNA polymerase I
transcription factories, or around replicating DNewd DNA polymerase, or to
“silent” chromatin domains, such as pericentromeioci. The dynamics and
correlation between active or silent chromatin gpmfation with particular nuclear

positioning remains poorly defined and subjecttense research activity.

DNA is at its most compact in metaphase chromosprbeth during meiosis or

mitosis. This high condensation of DNA achieves akqdistribution of sister

13



chromosomes between daughter cells. The 10.000cfmidpaction is promoted by
hyperphosphorylation of histones H1 and H3, theioactof ATP-dependent
complexes of condensin and cohesin, and supengodriven by the activity of
topoisomerase Il.

1.3. Chromatin dynamics and regulation of gene exgssion

Chromatin is subject to many different modificaBaand changes in its structure. It is
achieved through tuned work of many regulatory giret and results in chromatin
remodeling, as well as appearing of covalent markst (Fig. 3). Following part of

the introduction is focused on nucleosome remodeaimd histone modifications.

1.3.1. Nucleosome remodeling

As discussed, DNA is wrapped around nucleosomessatieen further condensed at
several levels. However, for processes such as ggpeession, DNA repair and
replication, large molecular assemblies have to gacess to DNA. This is achieved
by dynamic alteration to the structure of chromatiat is fulfilled by several
complexes, which either do not require energy,rerdependent on ATP hydrolysis.
Energy independent processes generally act to estalmodify the amino terminal
histone tails. Energy-dependence is a propertyhodroatin remodeling complexes,
with the result of this work being the movemenhaftone octamers relative to DNA.
Chromatin remodeling is consequently used to reguéccess to specific DNA
sequences. Both mechanisms are functionally intexected, and both are required
for opening chromatin structure to achieve actoratf transcription, DNA repair and

replication (Gangaraju and Bartholomew 2007)
There are five families of ATP-dependent remodetingplexes, classified upon the

nature of their ATPase unit: the SWI/SNF, ISWI, 2INuRD, INO80, and
SWR1families (Bao and Shen 2007).
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Figure 3. Chromatin provides a structural platform thatubject to extensive post-

translational modifications: methylation, acetydati phosphorylation and

ubiquitination of specific histone residues; med#tigln of CpG dinucleotides;

exchange of histones (a); changes in the relatatipn of the nucleosomemediated
byATP-dependent remodeling complexes (b); inductidndouble-stranded DNA

breaks by topoisomerase Il (c) and the generati@ingle-stranded DNA breaks by
topoisomerase | (d) (Reid et al. 2009).

1.3.1.1. SWI/SNF family

The 11-subunit SWI/SNF complex was the first chromamodeling factor to be
discovered (Gangaraju and Bartholomew 2007). It wiastified genetically as a
regulator of mating type switching (SWI) and asuiegd for growth on nutrient
sources other than sucrose — thus SNF, sucroseernmeriting (Peterson and
Herskowitz 1992; Sudarsanam and Winston 2000%. cerevisiae, Drosophila and

humans, there are two versions of the SWI/SNF cexaRSC and SWI/SNF. RSC is

15



more abundant and is essential for the cell growttere as SWI/SNF is less present

and is not critical for the growth (Du et al. 1998)

SWI/SNF is required for telomeric silencing and $dencing transcription of rRNA

genes by RNA polymerase Il (Dror and Winston 2004is also involved at an early
step in homologous recombination, where RSC alde at the stage of strand
invasion (Chai et al. 2005; Huang et al. 2005). B8NF also participates in sister
chromatid cohesion and chromosome segregation @Hearal. 2004; Huang and
Laurent 2004) (Chang et al. 2005).

In Drosophila, the two forms of SWI/SNF are callBhP (Brahma associated
proteins) and PBAP (Polybromo-associated BAP), laotth share the same catalytic
subunit (Brahma) (Mohrmann and Verrijzer 2005).htmmans, the homologues are
known as BAF (BRG1/hBRM-Associated Factors) and PERolybromo-associated
BAF). However, there are many forms of human SWHKSWdat acquire tissue-
specific subunits (Wang 2003) or additional sub-ptaxes, where the SWI/SNF-type
remodelers become associated with other factock, @81 BRCAL (Bochar et al. 2000)
(Decristofaro et al. 2001), components of the Inistdeacetylase Sin3 complex (Sif et
al. 2001) and histone methylases (Pal et al. 26@8;et al. 2004). The action of
SWI/SNF increases nucleosome mobility, through agaping DNA loops around the
nucleosome surface by provoking a transitory g¢om of DNA-nucleosome
contacts (Aoyagi et al. 2002). SWI/SNF makes nisdemal DNA accessible by
creating loops on nucleosome surface. This doesaltet nucleosome but brings
DNA sequences into linker regions. This resultsDINA becoming accessible to

either transcription activators or to repressoran@araju and Bartholomew 2007).

1.3.1.2. ISWI family

An in vitro assay for activities allowing transcriptional farctaccess to sites in
nucleosomal arrays (Tsukiyama et al. 1995; Vargas¥Vet al. 1997) identified two
chromatin remodeling enzymes, dNURF and dCHARC,fthmding members of a
growing ISWI family. Additionally chromatin remodek belonging to this group
have been identified in yeast, humans, mousexandpus. Because of the similarity
of their ATPase subunit to the SWI2 ATPase of tiNF3 subfamily, this class of

16



remodelers became known as Imitation SWitch (ISWie ATPase of ISWI type is
characterized by the presence of a SANT (SWI3, ADN2CoR and TFIIIB B)

domain and by the absence of a bromodomain (Gruanal.e2003). There are
indications that SANT domains might be responsfblethe nonspecific binding of

ISWI complexes to DNA and their resulting preferanbiding to de-condensed
nucleosomes with exposed linker DNA over nucleosoassociated with histone H1
(Langst et al. 1999). In general, ISWI complexessanaller (300-800 kDa) and have
2-4 subunits, in comparison to larger complexes fw@mbDa) from three other

families which may contain up to 15 units.

In Drosophila, there are three complexes in the ISWI family: N{JRACF and
CHRAC. NURF (Nucleosome Remodeling Factor) wast fidentified by its
requirement to induce accessibility of thg70 heat shock promoter in the presence
of the GAGA transcription factor (Tsukiyama et B995). The complex is composed
of four subunits: BPTF/Nurf301, ISWI, Nurf-38 ancduift55 (Tsukiyama and Wu
1995). NURF interacts with the histone H4 N-terrhitaal and this interaction is
essential for its ATPase and nucleosome mobilinagictivity (Georgel et al. 1997).
The ATPase activity is stimulated by nucleosomesnoti by DNA, in contrast to the
SWI/SNF complex, where nucleosomes and DNA equitgulate ATPase activity.
NURF activates transcriptiom vivo andin vitro (Mizuguchi et al. 1997), and is
achieved by mobilizing nucleosomes along the DNisTequires the largest subunit
of NURF — NURF30L1.

ACF (ATP-utilizing chromatin factor) is another NBRmultisubunit complex. It
processively deposits histone octamers along DNAotm long periodic arrays of
nucleosomes (Ito et al. 1997; Fyodorov and Kadon2@d2). ACF is a major
chromatin assembly protein iDrosophila. Cells lacking it proceed more rapidly
through S phase due to the lack of resistance flarmomatin, as these complexes are

involved in the formation of repressive chromatin.
CHRAC (chromatin accessibility complex) is a furth®WI containing complex, that

additionally contains Acfl and two histone fold taning proteins, CHARC-14 and
CHRAC-16 (Varga-Weisz et al. 1997). Both CHARC suitgiare involved in early

17



Drosophila development (Corona et al. 2000). CHRAC can aswegate nucleosome

arrays with regular spacing.

Human orthologues of ISWI (SNF2H and SNF2L) areorporated into many
complexes (Corona and Tamkun 2004) that work imstaption initiation,
repression, elongation, termination and sister mlatadl cohesion. The smooth
functioning of these complexes are important fonyndevelopmental programmes to
be fulfilled: defined examples include muscle (deSkerna et al. 2001; Simone et al.
2004; de la Serna et al. 2005; Ohkawa et al. 20@rt (Lickert et al. 2004), blood
(Vradii et al. 2006), skeletal (Young et al. 200Bguron (Battaglioli et al. 2002;
Olave et al. 2002; Seo et al. 2005; Matsumoto .e2@06), adipocyte (Salma et al.
2004), liver (Inayoshi et al. 2006) and immune eygf cell development (Gebuhr et
al. 2003; Mudhasani and Fontes 2005).

In general, ISWI family chromatin remodeling comy@e modulate nucleosomal
DNA accessibility, by moving the entire nucleosotoeither place the DNA site into
the linker DNA region to increase accessibilitytormove DNA onto the surface of
the nucleosome, to decrease ease of access. 1SWdisity involved in establishing a

repressive chromatin environment (Gangaraju anthBrmew 2007).

1.3.1.3. CHD family

CHD-1 (chromodomain-helicase DNA binding proteirgsasolated from mouse and
contains features of both the Swi2/Snf2 family afFFase and of the Polycomb/HP1
chromodomain family of proteins (Delmas et al. 1,998ukiyama and Wu 1997).
CHD1 has a minor groove DNA binding motif (StokesdaPerry 1995). In

Drosophila it is found on polytene chromosomes, and is laedlito interbands and
puffs, which are regions of high transcriptionakiaty (Stokes et al. 1996). In

contrast to the polycomb/HP1 complex, it is notalaed to condensed chromatin.
Both the chromo- and helicase domains of CHD1 acgiired for association with

chromatin.

1.3.1.4. INO80 and SWR1 family
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INO80 and SWRL1 are both large complexes, contaifithgand 15 units, of which
four are common between both complexes. INO80 awR$ are involved in
transcription activation and DNA repair. The latgssbunits of both complexes
contain a conserved ATPase/helicase domain thativisled by a large spacer,
whereas similar domains in other members of the ZSsilperfamily (Swi2/Snf2 and
ISWI) are continuous (Shen et al. 2000). Yeastirgréacking INO80 mis-regulate
transcription and are also hypersensitive to DNAydging agents, suggesting that
INO8O regulates transcription and is involved in Akepair (Morrison et al. 2004;
van Attikum et al. 2004).

1.3.2. Histone modifications

Histones are highly conserved proteins; howeveroroatin is not a uniform

structure. Extensive post-translational modificatiparticularly to the unstructured
N-terminal tail, generates local diversity in his¢ostructure. It was initially shown
that histones carry acetyl, methyl and phosphateyg; later, histones were the first
discovered proteins substrates for ubiquitinatiBolzyk et al. 2000; Wang et al.
2004). At first, a correlation between histone pasislational modification (HPTMs)

and their role in the regulation of gene expressi@s not obvious, with, many
believing that there could not be a link betweerlemsome modification and the
transcriptional state of chromatin. However, a direonnection between gene
regulation and nucleosome modification has beerabéshed. Indeed, post-
translational modification of nucleosomes and mo®tene positioning can be
maintained through cellular division, giving rise &n epigenetic role for the

information content of nucleosomes in chromatincfion.

All histone PTMs can be divided into two groupspeledent on the size of the
covalent modification. Either small residues, sashacetyl, methyl and phosphate
groups, can be added, often in combination, toeasdmes or larger peptides, such
as ubiquitin and SUMO may be added. The influenc®TM in gene regulation

differs for each modification. They can directlyeat the conformation of chromatin,

through structural changes affecting nucleosomaven higher-order organizations.
HPTMs may also disrupt binding of chromatin or twsts associated proteins.

HPTMs also generate alternative binding surfacesj Ay so doing, provide
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interaction surfaces that can be interrogated &ysuription factors. The information
content generated by combinatorial covalent maatibms at multiple sites on each of
the four histones, known as the histone code,texpreted by proteins that interact
with each modification. The consequence of thetsations can be gene activation,
gene repression or further sequential modificatérihe local histone information
content. This results in changes in transcriptiom.the following part of the

introduction, more details of HPTMs will be given.

1.3.2.1. Acetylation

The presence of acetylayed histones correlates tvatiscriptionally active regions,
which usually have an open chromatin configurattbat is accessible to large
molecular probes, such as DNase and MNase. In tikde9@'s, the first nuclear
histone acetylation and deacetylation enzymes wagatified, providing the first
direct evidence that these enzymes play a roleanstription. The first nuclear
histone acetyltransferase was isolated fdetrahymena macronucleus (Brownell et
al. 1996), and was found to be homologous to aiquely isolated transcriptional
coactivator inS cerevisiae, Gen5. In turn, Gen5 was known to interact with
transcriptional activators. Following this, thesfihistone deacetylase (HDAC) was
isolated by biochemical purification (Taunton et 4/996). This enzyme was
homologous to the yeast transcriptional regulatgpd3p, which was defined
previously as having a cofactor role in gene exgoes Collectively, these
discoveries established a model, where DNA-bountvaors recruit HATs to
acetylate nucleosomal histones, with repressorgetiag HDACs to de-acetylate
histones. These alterations change the charge tamciuse of the nucleosome and

regulate gene expression.

Many coactivators and corepressors possess HATD&Hactivity, or associate with
such enzymes (Sterner and Berger 2000; Roth €08l); this enzymatic activity is
crucial in gene activation. HATs and HDACs are nftemponents of complexes, and
the histone-modifying activity of them is just ofenction, and others include, for
example, the recruitment of TBP (Grant et al. 1998pme nuclear hormone
receptors, for example, when bound to ligand, fiomctas DNA-binding

transcriptional activators, and when not boundtrasscriptional repressors. This is
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predominately achieved by recruiting HATs to acatyltarget chromatin regions
when liganded, and by recruiting HDAC activity wheot (Baek and Rosenfeld
2004).

There are three families of HAT proteins. They @distinguished by their targets. For
the major HAT family, GNAT, (Gcn5 related acetyhisderase), histone H3 is the
main target. CBP/p300 family is able to target bidBhand H4. Another large family,
MYST, characterized by the presence of a chromodgnmargets histone H4.
Depending on their specificity, enzymes of the MY&ibfamily are divided into two
groups: those that exclusively acetylate H4KA&ivo (MOF and hMOF) (Smith et
al. 2005), and those that acetylate all four teahlpsines on H4, such as Easl, an
essential SAS-related acetyltransferase 1 proteiyeast (Smith et al. 1998). Many
HATs contain bromodomains which reinforce their casstion with acetylated

histones (Hassan et al. 2002).

1.3.2.1.1. MYST family

A large part of the work described in this thesss related to the histone
acetyltransferase MOF from the MYST family. Thisniy was first described in
1996 and originally named so by the name of it founding members in yeast and
mammals:_MDZ, YBF2/SAS3, 3S2 and_TP60 (Borrow et al. 1996; Reifsnyder et
al. 1996). The defining feature of HATs in this fiyris the presence of the highly
conserved MYST domain composed of an acetyl-CoAlibhgn domain and a zinc
finger; some members of this family also have aod#l structural features such as
chromodomains, plant homeodomain-linked (PHD) zimgers (Utley and Cote
2003; Yang 2004). They are parts of evolutionanysesved multisubunit complexes
which play key roles in post-translational modifioas of histones and by doing this
influence on chromatin structure. Malfunctions ofY ST HATs are linked to a
number of human diseases including cancer (Avvakuamal Cote 2007). One of the
members of the MYST family is a histone acetyltfarase MOF, which is an
essential part of the dosage compensation machinddyosophila. Since the major
part of the thesis is dedicated to this procegsntxt paragraph describes this protein

in more details.
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1.3.2.1.1.1. MOF

MOF, histone acetyltransferase from the MYST famiyas first described in
Drosophila screen for mutations that affect only male fliedf{ker et al. 1997). It is

a key component of the dosage compensation con(@leitar and Becker 2000;
Smith et al. 2000), and is a catalytic subunit lwk tcomplex with an enzymatic
specificity to H4K16 residue (Turner et al. 199@)nsequently, male X chromosome
is hyperacetylated (Hilfiker et al. 1997). AlthoultOF is also capable of acetylating
MSL3 (Buscaino et al. 2003) and MSL1 (Morales e2804), its preferred substrate
is histone 4 (Akhtar and Becker 2000; Smith e2@D0), and the substrate specificity
to H4 acetylation is increased upon integration thie dosage compensation complex
(Morales et al. 2004). Solving the structure of Mf@vealed that a putative chromo
domain of it is organized by five beta strands,clibare different from the alpha+beta
fold of the canonical chromo domain, and was namebdromo-barrel domain, CBD.
The domain shares a common fold with several athesmatin-associated modules,
such as MB-like repeat, Tudor, and PWWP domain®lg&n et al. 2002), which
might mean that a chromo-barrel is an intermedsitacture in the evolution of
canonical chromo domains to these other modulegcerversa (Nielsen et al. 2002).
CBD and its adjacent lysine-rich region are engagelRNA binding activityin vivo
andin vitro, and a conserved tyrosine is important for thieraction (Akhtar and
Becker 2000; Akhtar et al. 2000; Nielsen et al.®)0@part from the CBD, MOF also
has a HAT domain, which activity is stimulated upitve interaction with MSL3
(Morales et al. 2004) and is required for speaifetylation of H4K16 (Smith et al.
2000; Akhtar and Becker 2001). Point mutation inTHAomain causes male specific
lethality (Hilfiker et al. 1997). The third domaihat MOF has is a zinc finger, a
domain known to bind DNA.

1.3.2.2. Deacetylation

There are many HDACs that remove acetyl mark otohes, with at least 10 histone
deacetylases been identifiedSncerevisiae and 19 in humans (Yang and Seto 2003;
Keogh et al. 2005). They are categorized into tigreeips that are conserved fr@n
cerevisiae to mammals. Type | and Type Il are hydrolases toatain ZA" at their

catalytic site, whereas Type lll, the Sir2-relagettymes, require the cofactor NAD
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as to achieve hydrolytic cleavage of the acetyugrdvany HDACs are found in
large multisubunit complexes that target enzymes promoters to induce
transcriptional repression. For example, Rpd3 @i of a complex which includes
the HDAC Sin3. Rpd3 is also a part of a complex thiads to open reading frames
through a chromodomain mediated association witK3®8ne. This results in histone
deacetylation, which suppresses DNA pol Il inibat{Carrozza et al. 2005; Joshi and
Struhl 2005).

1.3.2.3. Phosphorylation

Phosphorylation is a very well characterized postdlational modification

frequently involved in regulatory pathways and ignal transduction from the cell
surface, through the cytoplasm and into the nucleesulting in changes to gene
expression. Correspondingly, it was discovered tha¢n cells were stimulated to
proliferate, a set of immediate-early genes wetkiged to become transcriptionaly
active. Increased gene expression correlated wisitorte H3 phosphorylation

(Mahadevan et al. 1991).

Serine 10 of histone H3 is an important phosphtipfasite regulating transcription
from yeast to human, includirigrosophila. A high density of H3S10 phosphorylation
correlates with chromosome segregation during nsit@ad meiosis. Although
remaining rather unclear, or may be that phosphtoyl induced charge
neutralization of residues around S10H3 therebgwallg compaction to occur
(Nowak and Corces 2004).

The mechanistic role of histone phosphorylationais largely undefined. There are
currently three views on what the influence of thmedification is. In line with the

proposal for chromosome condensation, worRatrahymena has demonstrated that
the patch of negative charge induced by phosphioglanfluences nearby residues,
including linker histone H1, to decrease the affitbetween the nucleosome and
DNA. This increases the transcriptional potentiathe local chromatin environment
(Dou and Gorovsky 2002). Secondly, proteins boundhromatin can be dislodged
by phosphorylation, as shown by the lowered bindifionity of HP1 during mitosis

subsequent to mitosis-specific H2S10 phosphorylafiéschle et al. 2005; Hirota et

23



al. 2005). Thirdly, transcriptional regulation mlag influenced by recruitment of 14-
3-3 adaptor proteins to phosphorylated H2S10 (Maafltbet al. 2005).

1.3.2.4. Methylation

Histone methylation is diverse and complex and losarpresent on either lysine or
arginine residues. The consequence of methylapom transcriptional regulation can
be either positive or negative, depending on tretion of methylated residue within
the histone. A further layer of complexity is tha&ch residue can be multiple
methylated, with lysines either mono (mel), di- Zner tri- (me3) methylated;

whereas arginines can be mono- or dimethylated;etfighation can either be
symmetrical or asymettrical. As 24 lysine and args are available on H2A, H2B,
H3 and H4 in total, one can imagine that there mige combinatorial potential of
methylated nucleosomes. This diversity allows fimeing of complex and dynamic
processes, such as the regulation of gene expnessgulation (Jenuwein and Allis
2001; Zhang and Reinberg 2001; Lee et al. 2005).

The number of all theoretically possible combinasiof different methylated states in

a given protein, provided all lysines and arginioas be methylated, is:

4471

where K is a number of lysines, and R — numberghaes in the protein.

It has long been known that histones are methyldtediever the biological role of
methylation was elucidated only recently, followitge discovery of the first
methyltransferase that uses histones as subsiRatedt al. 2000). Today, many more
histone methyltransferases, along with their stesnodification on histones, have
been characterized (Martin and Zhang 2005). The noom feature of all
methyltransferases is the occurrence of a SET dgmaih the only exception being
Dotl. The SET domain contains a catalytic active 8 which the methyl donor S-
adenosyl-L-methionine cofactor binds.
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Table 1.Histone lysines.

Modified
) Effects References
residue
di-methylation occurs on inactive and active euafatic (Litt et al. 2001)
genes; (Noma et al. 2001)
tri-methylation is present exclusively on activengs; (Santos-Rosa et al. 2002
H3K4 can result in recruitment of specific factors; (Sims et al. 2005)
H3K4 is preventedh vitro, when H3K4 is methylated and| (Li et al. 2006)
H3S10 is phosphorylated, it might function to block (Zzhang and Reinberg
repressive H3K9 methylation on actively transcriigedes. | 2001)
) ] ) ) (Zhang and Reinberg
present on the coding region of active genes atitisght 2001)
to be necessary for efficient elongation of traipdsr
o . (Carrozza et al. 2005)
mono-ubiquitylation of Lys 123 of H2B represses F8K )
H3K36 ] (Joshi and Struhl 2005)
methylation;
o o _ (Keogh et al. 2005)
may repress transcriptional initiation when is gerg on ]
) _ (Zzhang and Reinberg
promoters of inducible genes.
2001)
present in euchromatic regions and in the transdrilegion
of active genes in yeast;
restricts recruitment of the transcriptional repoes and by )
] ] . ) . (Martin and Zhang 2005
enhancing their concentration at repressive chriomat
H3K79 ) ) ) ) (Huyen et al. 2004)
regions contributes to establishment and maintenahc
) ) (Okada et al. 2005)
silent heterochromatin;
yeast H3K79 lysine methyltransferasse Dotl is inedlin
the DNA repair checkpoint.
(Rea et al. 2000)
H3K9 involved in silencing chromatin; (Bannister et al. 2001)
creates a binding platform for HP1. (Lachner et al. 2001;
Nakayama et al. 2001)
(Cao and Zhang 2004)
repressive mark, present at pericentromeric (Cao et al. 2002)
heterochromatin, at the inactive X chromosome in (Czermin et al. 2002)
H3K27 mammals, and in euchromatic gene loci that coniain, (Muller et al. 2002)
case oDrosophila, polycomb response elements, PRESs;| (Kuzmichev et al. 2002)
is a binding site for a Polycomb. (Fischle et al. 2003; Min
et al. 2003)
one of the less studied modifications; (Karachentsev et al.
involved in the maintenance of heterochromatin eelt 2005)
H4K20

cycle control;
linked to DNA repair in budding yeast.

(Julien and Herr 2004)
(Sanders et al. 2004)
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The best characterized lysine sites of histone ytaibn are five on histone H3
(lysines 4, 9, 27, 36 and 79) and one on histone (Wdine 20) (Table 1.).

Modification of three of these sites (H3K4, H3K3&hda H3K79) induces

transcriptional activation, with the remainder i@ repression (for review see
Martina and Zhang, 2005). In addition to regulatairgene expression, methylation
of H3K79 and H3K20 has been shown to be involveithénDNA repair.

1.3.2.5. Deimination

Arginine methylation is reversed through four aitis: (i) the peptidylarginine
desiminase PADI4 converts mono-methylated argintoestrulline (Cuthbert et al.,
2004; Wang et al., 2004); (i) LSD1 (lysine-speciflemsethylase 1) is an amine
oxidase that demethylates H3K4mel and H3K4me2 €hal., 2004); (iii) di-
oxygenases, characterised by a JmjC domain, detatthyono- and di-methylated
histones (Trewick et al., 2005; Tsukada et al.,&20@nd (iv) the protein JIMJD2C
acts to demethylate H3K9me2 and me3 through a Rythtion reaction requiring
iron and alpha-ketoglutarate as cofactors (Clo@d.e2006).

No enzyme directly capable of demethylating meti@gaarginine was found, which
lead to a suggestion that probably there are dijpss of enzymatic reactions that
may antagonize arginine methylation (Bannister ket 2802). One of them is
deimination. It is a process by which an arginiaa be converted to citrulline via the
removal of an imine group. Deimination of monomddtgd arginine would result in
the removal of methylamine group from arginine. recent studies they have
demonstrated the presence of citrulline in histoaed identified the enzyme that
converts arginines within histones into citrullif@uthbert et al. 2004; Wang et al.
2004; Wang et al. 2004). Also, the appearance tadliohe on histones H3 and H4
coincides with the disappearance of arginine matlom in vivo. Analysis of
estrogen-regulated promoter, where arginine metibylacorrelates with the active

state of transcription, has shown that citrullippears with the promoter is shut off.
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1.3.2.6. Ubiquitylation, deubiquitylation and sumoyation

In contract to previously described post transtelanodifications of acetyl or methyl
groups, histones can also be modified with peptidesh as ubiquitin (Ub) and
SUMO. Addition of these molecules increases thesnwshistones by up to two-
thirds. Ub and SUMO are 18% identical in sequenoé, have a similar 3D structure
and mechanism of ligation to substrates, althohgir surface charges are different,
and so are the functional consequences upon ligaio substrates (Shiio and
Eisenman 2003). Histones were the first example prbteins that are
monoubiquitylated (polyubiquitylated substrates engd proteosome mediated
degredation), although the modified lysine residigeg. K119 of H2A) was
discovered several years later (Robzyk et al. 200éng et al. 2004).

Depending on the modified residue and histone, uityigtion can be, as with

methylation, either repressive or activating. H2Bonmubiquitylation activates

transcription (Kim et al. 2005) and leads to H3Kdthylation (Henry et al. 2003). A

monoubiquitylation mark on lysine 119 of H2A, inntrast, is repressive (Wang et al.
2004). Many ubiquitin interaction domains which dito non-histone ubiquitilated

substrates have been identified; however, to dht¥e are no known proteins that
bind specifically to ubiquitulated histones.

Deubiquitylation of H2BK123Ub promoted both gendéiation and heterochromatic
silencing, achieved through the action of two dédfe proteases: Ubp8 and Ubp10.
Ubp 8 is a part of the SAGA histone acetylation ptar (Sanders et al. 2002) and
acts following ubiquitylation by Rad6 (Henry et 2D03; Daniel et al. 2004). It may
look strange on the first glance, that in ordeac¢hieve the result, first the mark has to
be established, and then erased, but the sequend¢#2B® ubiquitylation and
deubiquitylation is necessary to establish thetrighiels of methylation marks on
lysines 4 and 36 of histone H3: H3K4 is dependentH@Ub (and H3K36 does not
require it) (Henry et al. 2003). Ubp10 works atesded regions and is important to
keep low levels of H3K4me and H3/H4, which are reaskof transcription repression
(Gardner et al. 2005). Small ubiquitin-related nfiedi(SUMO) is a member of a
growing family of ubiquitin-like proteins involvedn HPTM (for reviews see
(Melchior 2000; Hay 2001; Johnson and Gupta 2001).
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Histone sumoylation has a generally negative-aatag by preventing activation of

HPTMs, which can be done via two mechanisms: suateg!histone directly blocks

lysine substrate sites (which are otherwise targétacetylation), or they can also
mediate transcriptional repression through recreitimof histone deacetylases and
heterochromatin protein 1 (HP1) (Shiio and Eisen2@03).

1.4. Dosage compensation as a model of chromatirgtgation of gene

expression

Gene expression is a very complex process, hawngral levels of regulation. It is
orchestrated by many regulatory proteins, whicld leaa diverse range of events,
including chromatin remodeling, DNA and histone ifiodtions, as well as

positioning the chromatin into specific genomiciloc

One of the systems which allow study of gene exioesregulation is a dosage
compensation. Dosage compensation is a regulateghamism that ensures equal
expression of X chromosome linked genes despitdlifiierence in copy number of
the sex chromosome between males and femalesrd&ifferganisms have evolved
diverse ways of compensating unequal distributibnsex chromosomes. In the
following part of the introduction, evolution of si@age compensation and various

ways of compensation the unequal amount of geriegeba sexes are discussed.

1.4.1. Evolution of dosage compensation

Many organisms have different sexes which aremdjsished by having a different
number of sex chromosomes. The defining influeraresex determination can be
either genetic, and consequently heritable in tpecies, or external to it. In
evolutionary terms, males and females had identdalomosomes with sex
determined by environmental factors, such as teatpey. Examples of this
regulation are seen in some fish and reptile spdoay, where sex is determined by
the incubation temperature of the egg, which diyeadfects sociosexual behavior and
brain measures (Crews 2003). Environmentaly depenskx determination has an
advantage that better-adapted offspring arise undifering environmental

conditions. However, the existence of the wholecgsecan be compromised upon
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sudden changes in environment conditions. Indeedjas been postulated that
inbalance in sex distribution through the lack of temperature-independent
checkpoint might have contributed to the demiséng-extinct reptiles, notably the
dinosaurs, as a consequence of temperature dewsafiorcing production of

predominantly one sex, eventually leading extinc{idiller et al. 2004).

In contrast to environmental sex determination,efjensex determination defines
gender at fertilization. Depending on which of th® sexes is homogametic, that is,
possessing two identical sex chromosomes, two n@gmses of organisms can be
distinguished. In most mammals, males are heteregar(XY) with females being
homogametic (XX). In birds and some reptiles, artigular snakes, females are
heterogametic and have Z and W chromosomes, wheredss have two Z

chromosomes.

With time, the additional accumulation of sex-sfiecmutations and genes and
further divergence of the sex chromosomes hastleadprogressive degradation of
the sex chromosome specific to the heterogamexiq\dkin birds, Y in mammals);
this may eventially result in the disappearencethef heterogametic chromosome
(Graves 2006); Ohno 1967).

In consequence of the genetic inbalance arising ftbe loss of genes on the
heterogametic sex chromosome, there is the pokéndidifferential gene expression
occurs between males and females. Inbalanced gesage is compensated by
restricted expresssion of one of the homogamex@ckmomosomes, with a number of
dosage compensation mechanisms evolved in diffeoeganisms to deal with

unequal gene dosage between sexes (Payer and Q&g 20mmarized in the table 2.

and discussed in details further in this introducti
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Table 2 Dosage compensation in different organisms.

Birds C. elegans Mammals Drosophila
Sex )
o ZW/zZ XXIXO XXIXY XI/A ratio
determination
Xx=XY
Dosage not Xx=XO N o XY=xx
_ ) Xi inactivation o
compensation | known X repression o X hypertranscription
Xa activation
. gene by Condensins Polycomb
Mechanism MSL complex
gene Polycomb complex complex
Protein not DPY, SDCs, MIX- BED/Enx1 MSL
S
component known 1, MES proteins BRCALl
RNA not
not known XIST roxX1, roxX2
component known

1.4.2. Dosage compensation in birds

The mechanism that birds use for dosage compensiatioot entirely clear. In ZW
females, the Z chromosome dosage compensatiorcasnpiete and there are many
Z-linked genes that have higher expression levelsnales compared to females
(Ellegren et al. 2007; Itoh et al. 2007; Mishraakt2007). So far, birds are the only
example of an organism with a lack of global dosegmpensation, providing a case
of a viable system with large-scale imbalance imegexpression between sexes.

Dosage compensated genes in birds belong mostiynictional groups that differ
from those of noncompensated. It suggests, thatiiteent of dosage compensation
machinery to genes depends on how important itoismaintain regulation of
expression levels (Melamed and Arnold 2007). Sueheg are mostly localized
within the male hypermethylated region (MHR) on tHe chromosome. The
corresponding regions on the female Z chromosomecaated by the noncoding
MHR RNA and are enriched in H4K16ac mark (Teraneshal. 2001; Bisoni et al.
2005). This resembles the situationDnosophila, where the male X chromosome is
bound by noncoding roX RNA-containing MSL complex which induces H4K16

acetylation. This, in turn, leads to a transcripéibupregulation of the X chromosome
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(discussed further in this thesis). Correspondinglgimilar model could also be true
for birds, where MHR RNA recruits a histone acetyisferase, which evokes a local
hypertranscription of key genes on the single Drfosome in female. In addition to
MHR, DMRT1 also influences dosage compensation @&@ed determination
(Teranishi et al. 2001). DMRT1 resides on the Zoolwsome, resulting in a double
dose in ZZ males. The double expression of DMRT@dnads of males may induce
male-specific development (Raymond et al. 1999aiiishi et al. 2001). This could
have happened during evolution, as the MHR is adjato DMTR1 (Teranishi et al.
2001). MHR is likely to have been the first gendézome differentiated between the
sexes and therefore required dosage compensatienedtingly, DMRT1 itself is not
hyperacetylated (Bisoni et al. 2005). This could &demechanism to escape
compensation to allow DMRT1 to function as a dosa@ggeendant determinant.

DMRT1 homologues are also involved in male sex rd@tetion inDrosophila, C.
elegans and in vertebrates, including mice and humans ifiRRend et al. 1999).
Temperature-dependent sex determination in tuathelsalligators is dependent on the
expression levels of DMRTL, which is higher in nsat®mpared to females gonads,
implying that DMRT1 links environmental and genesiex-determination (Smith et
al. 1999; Kettlewell et al. 2000).

1.4.3. Dosage compensation iBaenorhabditis el egans

In Caenorhabditis elegans, like in flies and mammals, heterogametic XO erobry
become males, and homogametic XX turn into hernaaptes. Hermaphrodite
worms maintain both X chromosomes active, but i&g@e transcript levels from each
X chromosome by half, to match the expression ftbensingle X in males (Meyer
and Casson 1986). Several of the proteins (MIX-d BFY-27) that comprise the
dosage compensation complex @ elegans are similar to the conserved 13S
condensin complex, which is required for both nitaind meiotic chromosome
resolution and condensation (Meyer 2005). DCC mesbkso perform double duty
as members of canonical meiotic and mitotic conislecgmplexes, and play role in
regulating the number and distribution of crosssevaduring meiosis. These studies

provide a nice example of how the protein functcan be generalized through
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evolution, in this case, from constraining and hasg topological features of DNA

to the regulation of gene expression.

DCC in C. elegans is composed of at least eight proteins encodeddbyl, sdc-2,
sdc-3, dpy-21, dpy-26, dpy-27, dpy-28 and mix-1 (Hodgkin and Brenner 1977
Hodgkin 1980; Meneely and Wood 1984; Meyer and @ask986; Meneely and
Wood 1987; Villeneuve and Meyer 1987; Nusbaum amydn 1989; Plenefisch et al.
1989; Lieb et al. 1998). Each one of the protesn®calized to both X chromosomes
of hermaphrodites (Chuang et al. 1994; Chuang.et916; Davis and Meyer 1997;
Dawes et al. 1999). Mutations in the correspondiyemes lead to XX-specific
lethality with few exceptionsdpy-21 andsdc-1 are not essential for XX survival, and
mix-1 is essential for both XX and XO animals, as MIXs1 shared subunit between
the DCC and condensin complexes (Lieb et al. 1B@8strom et al. 2002).

DCC is recruited to the X specifically by the aatiof SDC-2 and DNA sequence.
During sex determination, the ratio between X amwsomes (X:A) is sensed by a set
of X signal elements (XSEs) and autosomal sigrenehts (ASEs), which regulate
the expression ofol-1. In XX hermaphroditesol-1 is repressed, in XO malasl-1
expression is induced, which in turn repress#s2. As a consequence, SDC-2 is
present only in hermaphrodite embryos. It is they @notein of the DCC members
that can recognize the X in the absence of allrdi@C components (Nusbaum and
Meyer 1989; Dawes et al. 1999; Chu et al. 2002).

The DCC recognizes the X through a limited numiderecruitment sites calleex

(recruitment elements on X), and spreads from théerwards (Csankovszki et al.
2004; McDonel et al. 2006; Ercan et al. 2007). Higbolution ChIP mapping of
DCC binding identified approximately 50 putatixex sites and a single 10 bp motif
that encompasses information from previously idieati motifs was found to be in
common between them (Ercan et al. 2007). Howevernat exclusive to the X, and
not all the motifs on the X are bound by the DCGe Tnotif is more clustered on the
X than other chromosomes, which suggests that teeepce of multiple motifs
provides a high-affinity binding site for the corapl(McDonel et al. 2006; Ercan et
al. 2007). DCC members are found preferentiallyrisbnear the transcription start

sites, which implies that transcription initiatianight be affected, although no
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enzymatic function is known for the DCC members;ept for the possible ATPase
activity of DPY-27 and MIX-1 (Ercan et al. 2007)ft& the DCC has been targeted
and spread, a repressed chromatin state is ekdl®/er the chromosome, thereby
maintaining the global, epigenetic regulation ofthkromosomes that is maintained
throughout the lifetime of hermaphrodites (Meye®20Ercan and Lieb 2009).

1.4.4. Dosage compensation in mammals

Classically known and most studied process in mammdosage compensation is X
inactivation in females: one of the two X chromogsnin females gets inactivated.
This process can be divided into tree steps: (i¢rdanation of the number of sex
chromosomes followed by commitment to undergo desagmpensation; (ii)
initiation of the inactivation process and spregdai silenced chromatin along the
chromosome and (iii) maintaining the inactive stafethe Xi (Avner and Heard
2001).

The initial steps in X inactivation are achieved Byc, the X chromosome
inactivation center. Prior to inactivation, detemation of the number of X
chromosomes relative to the cell ploidy has to lbhieved, with only one X
chromosome per cell eventually left functional.idthypothesized that a blocking
factor is produced in limiting amounts such thadréhis sufficient to bind only one
Xic per diploid cell. The choice which of the twenfiale X chromosomes will be
inactivated depends on the tissue. In embryonisudis, this choice is random,
inactivated can be either paternal (Xp), or mate(Xan) X chromosome. And in
extraembryonic tissues it is always paternal X ofosome that gets silenced (Avner
and Heard 2001). In consequence, in mammals, fembive mosaic of X

chromosome inactivation.

Suppression of X chromosome expression is initiated inactivation center, a locus
known as Xic in mouse and XIC in human that encoaithes X inactive specific

transcript, Xist (Morey et al. 2004). Xist is a patlenylated, spliced non-coding RNA
transcribed only from the inactive X chromosomejohht binds to and coats. This
induces recruitment of Polycomb group proteins, Bad Enhancer of Zeste, that

maintain the selected X chromosome in an inactiaeCzermin et al. 2002; Muller
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et al. 2002; Silva et al. 2003). The action of Xisbduces an inactive state that is
initially labile; however, additional epigenetic rka, such as methylation, act to
permanently silence Xi activity (Plath et al. 200Bater, additional heterochromatic
marks appear on the Xi soon after. hypoacetylatbmistone H4, methylation of
H3K27, methylation of the CpG islands, incorporatiof the histone variant

macroH2a. Late replication timing is also conferoedXi (Heard 2004).

Interestingly, X inactivation has recently been rfduin mice, during early pre-
implantation development, to be much more dynanhiant previously thought.
Paternally inherited X chromosome is initially itimated in all cells of early
embryos, but then is selectively reactivated in sbbset of cells that will form the

embryo, with random X inactivation occurring aftangds (Heard 2004).

Dosage compensation in mammals, however, is noeweath by X inactivation only.
Studies of single genes found that there are Xebihlgenes that escape the X
inactivation. Thus, it was shown that X-linkedNtus spretus Clcn4 gene is expressed
two-fold higher as compared with its autosomal @idl in Mus susculus (Adler et al.
1997). Recently, due to the development of micepatechnique, it became possible
to measure the average levels of X-linked and ames$ expressions. These studies
demonstrate that the gene upregulation on theeadtichromosome is involved in
dosage compensation along with inactivation, aedugregulation of the single active

X is independent of the process of X inactivatibigyen and Disteche 2006).

In summary, mammals have developed two compensatgrhanisms to counteract
the imbalance of X-linked genes. Genes on the @cKv(Xa) chromosome are
upregulated about twofold by a mechanism that sgithains to be fully explained,
resulting in a balance of X chromosome and autot@rpression in males. In
females, upregulation of Xa expression is countethby inactivation of one of the
two X chromosomes (Xi). This achieves a balanceXothromosome expression
between sexes, although it remains unclear whicthe$e mechanisms developed

first, or if they co-evolved (Payer and Lee 2008).
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1.4.5. Dosage compensation iDrosophila

Drosophila melanogaster, often used as a model organism to dissect epigene
regulation, provides another example of dosage eosgtion. The extensively
characterized genetics of the fruit fly makes isgible to address many questions on
the mechanisms of dosage compensation, and hagd@doan excellent model to

study epigenetic regulation.

Unlike in other organisms where dosage compensaidependent on the restriction
of X chromosome expression, the single X chromosomleeterogametic males is

upregulated two fold, to achieve equal levels ahscripts in XY males and XX

females. The X chromosome in males has no sequifieeence to that of females,

so males had to develop certain ways to a) makaggosompensation happen only in
males and not in females, b) distinguish the X sfosome from autosomes, and c)
maintain same level of gene expression comparethd@oother sex (Taipale and
Akhtar 2005).

Genetic screens irDrosophila directed to find male-specific lethal mutations
identified several genes, collectively named M3dtanding formale specific lethals
(Bashaw and Baker 1997). They act together as aggosompensation complex
(Lucchesi 1998), which binds to multiple sites ba single male X chromosome and
restores the level of gene transcripts to that exhdles. However, not all X
chromosomal genes are dosage compensated (Ghash1689; Baker et al. 1994;
Kelley et al. 1995; Legube et al. 2006). One exa&ygdl escape is the larval serum
protein LSP#. It is not compensated in males and consequeathales have higher
levels (Ghosh et al. 1989). Additionally, some geaee compensated in an MSL-
independent way. These genes are most likely cosapet by Sex-lethal, the master
sex-determining gene iDrosophila (Baker et al. 1994; Kelley et al. 1995; Cline and
Meyer 1996).

DCC includes 5 MSL proteins — MSL1, MSL2, MSL3, MLf{fmnaleless), MOF
(males-absent on the first) — and two non-codingARNMoX1 androX2 (RNA on X)
(Lucchesi 1998; Stuckenholz et al. 1999), and esfees therein; Fig. 4). The

presence of this complex on the male X chromosooneelates with the occurrence
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of acetylated lysine 16 on histone H4 (Turner efl@B2; Bone et al. 1994). H4K16 is

a distinguishing feature of the male X chromosomigriosophila.

Figure 4. The dosage compensation complex contains five ip{@®ISL1-3, MOF
and MLE) and two non-coding RNAs (roX1 and roX2heTmembers of the complex
are defined by their male specific lethality in pestive mutant flies. An additional
protein, Jil-1, is shown to interact with comporseot the DCC.

MSL1, MSL2 and MSL3 are required for the DCC comple associate with the X
chromosome (Lucchesi 1998). They appear to medbiatiing of the whole complex
to chromatin, although none of these proteins d¢orgalistinguishable DNA-binding
domain (Kelley et al. 1995; Copps et al. 1998; Gal€1998).

MSL1 provides the assembly basis for the complex, agatacts with all the other
DCC members, except MLE (Scott et al. 2000). Irtigoa between MSL1 and MSL2
occurs through amino-terminal leucine zipper liketihof MSL1 and the RING

finger domain of MSL2 (Copps et al. 1998; Scottaet 2000; Li et al. 2005).
Carboxyl-terminus of MSL1 binds MOF with its PEHBrdain, and further to the C-
terminus MSL1 binds to MSL3 (Scott et al. 2000; kles et al. 2004).

MSL2 protein has a RING finger domain and a cysteidls motif at the C-terminus
(Zhou et al. 1995). This RING domain has two zimgér clusters and mutations in it
result in disruption of interaction between MSL21aviSL1 (Copps et al. 1998). It is
through MSL2, that the DCC complex associates wighX chromosome, resulting in
a very stable interaction between MSL2 and chram@&traub et al. 2005).
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MSL3 has a C-terminus MRG domain, which is responsible mediating the
interaction with MSL1 (Morales et al. 2005). MRG ndains are thought to be
interaction platforms in large complexes that asgally chromatin related (Bowman
et al.,, 2006). MSL3 belongs to a family of proteitigat coevolved with the
chromodomain-bearing HATs (Pannuti and LucchesiO2@hd may have a function
in spreading of the MSL complex over the X chronmedTaipale and Akhtar 2005).
MSL3 interacts with roX2 in immunoprecipitation expnents and is tethered to the
X chromosome via RNA (Buscaino et al. 2003). ltalso discovered in the same
study that association of MSL3 with the X chromosois sensitive to RNase
treatment. MSL3 is regulated by acetylation by M&é-a consequence of a direct
interaction between these proteins. The interaaioM SL3 withroX2 RNA, as well
as localization to the X chromosome, are acetytasiensitivan vitro (Buscaino et al.
2003). This findings show that MOF is important oy for acetylation of the X

chromosome, but also for regulation of other DCGniners.

MOF is a histone acetyltransferase with specificity fgsine 16 acetylation on
histone H4 (Akhtar and Becker 2001). It is an int@ot enzymatic component of the

dosage compensation complex and is discussed B2k 1.1 part if this thesis.

Another protein with enzymatic activity in the DC& MLE. It has an ATP-
dependent RNA- and DNA-helicase activity in vitwith the ATP-binding domain
critical for its functionin vivo (Lee et al. 1997). Most probably, however, thatBvIL
functions in the DCC by altering the structure led hon-coding RNA, rather than by
remodeling chromatin. Its localization to the X @mosome is RNAse sensitive, and
the fact that MLE has a weak interaction with thstrof the DCC suggests that the
binding may occur througtoX RNAs (Richter et al. 1996; Copps et al. 1998).

An additional proteinJil-1, interacts with components of the DCC. While itedo
associate with all chromosomes in males and fem#les enhanced at the MSL
binding sites in males (Jin et al. 2000) with emment dependent on the MSL
complex. JIL-1 maintains chromatin in an open agunation in transcriptionally
active regions in the genome through phosphorylatb histone H3 (Wang et al.
2001). However, whether this protein plays a gdneraspecific role in dosage

compensation is not determined.
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The DCC consists of not only proteins, but alsdvad noncoding RNAs, known as
roX1 and roX2. These were discovered as male-specific RNAs @ atlult brain
(Amrein and Axel 1997; Meller et al. 1997). Althduthey differ in size (3.7 kb and
0.5-1.4 kb) and sequence, their functions of tangeMSL complex to the male X
chromosome are redundant. Most double mutants idethe very few males that do
survive exhibiting profound mislocalization of th&SL complex, and binding to a
number of ectopic autosomal sites are detectedl¢Mahd Rattner 2002; Deng et al.
2005). In contrast, males with a singl@X knockout or mutation have no known
phenotype (Meller et al. 1997; Meller and Rattn@02). Overexpression of MSL1
and MSL2 can partially compensate for the lackitifeg roX, through promoting the
assembly of the MSL complex on the X chromosomeiaaasing viability ofoX1
roxX2 mutant males. This suggests that proteins of {6€ Dave sufficient capacity to
effect dosage compensation, and tlte¢ RNAs enhance either complex assembly or
localization (Oh et al. 2003).

roX RNAs share a 30 nt similarity between themselfganke and Baker 1999).
Deletion of it — along with another ~110 nt stretaha similar sequence in the two
RNAs (the DNAsel hypersensitive sites, DHS) — rssuh no obvious phenotype
(Kageyama et al. 2001; Park et al. 2003; Stuckenébél. 2003)roX1 has a putative
stem loop at the 3’ end, which might be respondti@oX1 functions, as deletions of
other parts of the RNA of approximately 400 basassdchot affect the rescue of male
lethality by truncated RNAs in 80X double-mutant background (Stuckenholz et al.
2003). Experiments withoX2 give similar results: deletion of 17 nt from eaxftfour
regions with evolutionary conserved sequences apessing the constructs imax’
double-mutant background also does not affectebeue of male lethality (Park et al.
2008). However, it is shown that x-linked express®reduced imoX double mutant
male larvae (Deng and Meller 2006nhX RNA functions might be maintained by
their secondary structures, which so far have bddficult to be predicted

computationally.
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1.4.6. Mechanism of dosage compensation

1.4.6.1. Choosing the sex

Prior to implementation of dosage compensatiorviigtithe embryo must determine
the ploidy of X chromosomes, in order to decide thbe to implement dosage
compensation or not. Failure to reach the correcisibn results in lethality. In the
fruit fly, sex determination, including estimatipdpidy of sex chromosomes, occurs
early in the development (Cline and Meyer 1996).

Phenotypic sex is determined by the number of Xomtmsomes per nucleus: XX
embryos are females, and XY are males. Unlike immals, the Y chromosome does
not play role in phenotypic sex determination. Thgo between the number of X
chromosomes and autosomes controls both sex detion and dosage
compensation. It does so by regulating the mastgulator of sexual differentiation,
sex lethal (Sxl). Sxl is encoded on the X chromaosoamd is up-regulated by
transcription factors transcribed from the X chremme such that embryos with two
X chromosomes initiate transcription froed promoter, and embryos with a single
copy of X do not. This initial difference isxI expression is further propagated by a
positive feedback autoregulatory loop; Sx| protseif regulates its own mRNA
splicing from the promoter that is constitutivelxpeessed and in additiorsxl
regulates splicing of théransformer (tra) gene in a sex-specific manner, thus
initiating phenotypic differentiation into femaleBogether withtransformer2 (tra2),
which is expressed in both sexésa directs the splicing of theloublesex (dsx)
transcript, whose translated product represses-spaeific genes, resulting in female
sexual differentiation. In male embryos, thdex transcript undergoes alternative
splicing to result in a protein that represses ferspecific genes, thereby inducing
male sexual differentiation (Cline and Meyer 1996).

Splicing ofmsl2 mRNA is under direct control of Sxl. SxI-bindinges are located in

both the 5" and 3' UTRs of thexd2 mRNA (Bashaw and Baker 1997; Kelley et al.
1997). Normally, Sxl is present only in females,endit represses translation of the
msl2 mMRNA. Correspondingly, when Sxl is absent in fessalosage compensation is

induced, resulting in the death of females. Corelgrsectopic expression of SXL in
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males abrogates dosage compensation, resultinghén death of genetically

determined males. Ectopic expression of MSL2 indies induces DCC assembly on
both X chromosomes, indicating that all MSL compuseare induced and/or are
stabilized by the presence of MSL2 (Duncan et @062.

1.4.6.2. Targeting the X

MSL1 and MSL2 are the core components of the dosaggensation complex. Both
are required for nucleation of DCC function, andplddon of them results in
disassembly of the complex (Kelley et al. 1995; Zlebal. 1995; Lyman et al. 1997).
Other members of the complex are responsible fer dhbsequent activity of X
chromosome inactivation. After targeting and asdgnthe MSL complex spreads
throughout chromatin. As a consequence of DCC dprgahistones of genes subject
to dosage compensation become hyperacetylated Kt 644, which is linked to an

increase in gene expression.

Despite of many studies, the question of how thd_M&mplex distinguishes the X
from the autosomes is still not answered. It igesed to the X chromosome through
trans-acting factors +0X RNAs, MSL1 and MSL2 — in conjunction wittis-acting
DNA sequences. It was observed in mutants for MMBE or MOF flies, that
MSL1 and MS3 are targeted to a limited number (88}lof sites on the X
chromosome, which have been named as chromatig sitéss (Lyman et al. 1997;
Kelley et al. 1999). Not much is known about theges; they function as nucleation
sites, where the MSL complex enters and gets spaftadvards. InterestinglyoX1
androX2 genomic loci themselves are chromatin entry dibeshe assembly of the
DCC (Kelley et al. 1999; Meller et al. 2000) andstfunction is independent of their
transcription (Kageyama et al. 2001; Park et @b30The DCC initially assembles at
over a hundred entry sites on the X chromosome tlaer@after, propagates over the
entire chromosome to spread to all target genes. Sgreading, however, rarely
occurs from autosomaloX transgenes (Kelley et al. 1999), which impliesttha
chromosomal context also plays an important rdlevas also shown, that large X
chromosomal translocations are able to recruit @GQAplex even if they do not have

a previously mapped entry site (Fagegaltier anceBaRk04; Oh et al. 2004).
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Early observations were done on the polytene chsomes, which can not provide
high resolution. Development of chromatin immunegpiation technique (ChlIP)
made possible studying DCC binding to chromatinaamew level. Analysis of data
from high resolution MSL1 and MSL3 binding profileas not revealed any universal
targeting sequence, although short degenerativeieseqs have been identified
(Dahlsveen et al. 2006; Gilfillan et al. 2006), amdstill remains unanswered if
chromatin entry sites are restricted to a DNA segagor dependent on chromatin
structure. In general, summarized data from ChiP#M8Ls show that despite of
different immunoprecipitated proteins, cell typewl @&mbryonic stages, MSL share
several similar features in their profiles (Alekeaito et al. 2006; Gilfillan et al. 2006;
Legube et al. 2006; Kind et al. 2008). Interesgnghot all genes on the X
chromosome are bound by the DCC, however, theréemr@utosomal sites of clear
binding (Alekseyenko et al. 2006; Gilfillan et &006). In addition, there is no
correlation found between the expression level &l abundance (Alekseyenko et
al. 2006; Legube et al. 2006). Although many gehasare compensated are actively
transcribed, transcription by itself does not exptae MSL binding. There are many
genes that are bound by elongating form of RNAIpahd elongation factors, but are
devoid of MSLs (Gilfillan et al. 2006; Legube et 2D06). Another observation from
these studies is the MSLs distribution on the getles MSLs’ profiles indicate an
enrichment of proteins on the body and towardsetigk of the genes and affinity for
targets correlates with their dosage compensatete $Gilfillan et al. 2006; Legube
et al. 2006).

MOF profile clearly stands out from those of ottM&Ls. First, MOF has binding
targets throughout the whole genome in both malddemales; second, it also shows
a strong peak at promoters of bound genes. 3’ andhenent of the genes on the X
chromosome is MSL dependent, however promoter bgndf both X chromosomal
and autosomal genes is not (Kind et al. 2008). Tinding suggests that MOF is
involved in more general regulation at promoterboth sexes, and the MSL complex
prolongs MOF’s functioning towards the 3’ end oé tthosage compensated genes to
up-regulate male X chromosome. Discovery of 3’ biadinding of MSLs led to
looking at positioning of known epigenetic mark$ws, it was found that more than
90% of MSL targets are enriched with H3K36me3 and ia high correlation of
MSLs and H3K36me3 position on the gene (Larschah &007).
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It was recently shown in our lab, that ongoing s@iption and polymerase passage
through the gene is a prerequisite for target reitimg, whereas the type of promoter
and direction of transcription are not importantn@and Akhtar 2007). Blocking of
transcription bya-amanitin greatly reduces binding of the MSL comple X
chromosomal genes. However, transcription is nfficeent enough by itself as there
are many genes on the X chromosome that are trptisoally active, but not
recognized by MSLs (Alekseyenko et al. 2006; Gdfil et al. 2006; Legube et al.
2006). Targeting occurs independently of the neidgimig context, as it is shown that
MSLs can be recruited on X-liked genes, translatébeautosomes. Most probably,
the recruitment signal lies in the coding regiortte gene, which is exposed during

transcription.

Recent work demonstrated that MOF is bound to ptersmf numerous genes, that
the distribution of MOF is not restricted to thetaraal X chromosome and that MOF
functions on all chromosomes in both sexes. Howekew MOF is targeted to

chromatin, the distribution of it over genes an@ tfunctional implications of

association were not defined. The work presentethis thesis demonstrates that
MOF is a constituent of a novel regulatory compliexmed NSL, that is targeted to
the promoters of autosomal genes and that this ¢d¢Bhplex up-regulates expression

of targeted genes.
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2. AIMS AND OBJECTIVES

Gene expression is a highly regulated, complex gg®dhat requires to overcome
multiple levels of restriction to productively empga DNA dependent RNA

polymerases (Woolfe and Elgar 2008). Whether a geegpressed is dependent not
only on the information content within DNA, but al®n multiple epigenetic and

regulatory effects acting on chromatin, the funwiiiotemplate upon which gene
expression is regulated. These events are orctexbtoy numerous proteins, which
achieve a diverse range of events on the regulattesnents of gene promoters
including alteration of the positional phasing efclteosomes, substitution of variant
histones, post-translational modification of nusl@mes and positioning of chromatin

into specific nuclear locations.

One attractive system to study the regulation ohegeexpression is dosage
compensation irDrosophila. Dosage compensation ensures equal expression of X
linked genes in males and femalesDhwosophila, it is achieved by the MSL complex,
which specifically recognizes the male X chromos@and doubles the expression of
genes that require to be produced in equivalergldein both sexes. Through the
MOF acetyltransferase subunit, association of tifel. Momplex with the male X
chromosome induces local acetylation of H4K16. Tdugelates with an increase in
the expression of X linked genes, which the MSL pltax fine tunes to two-fold
higher than compared to females.

Recently, enzymatically active MOF-containing coexas have been purified from
Drosophila embryos, Schneider SF4 cells and from human Hedlls expressing

tagged constituents of MSL complex: MOF and MSLZ(ldjan et al. 2006). Mass
spectrometric analysis revealed a diverse speatfusmolutionary conserved proteins
associated with MSLs in flies and humans. Theskideaccomponents of the nuclear
pore complex (Mtor, Nup153, Nupl54, Nupl60 and N)p%he nuclear exosome
(Dis3 and Rrp6) and chromatin-interacting proteihat are enriched at polytene
chromosome interbands (Z4, Chromator and MBDR2) ndjen et al. 2006). In

addition, four novel and uncharacterized proteid1C35, CG4699, CG18041 and
CG10081 were found in purification of TAP tagged MOCG1135 was named
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dMCRS2 by the name of its human ortholog hMCRSZ2, @64699, CG18041 and
CG10081 were named NSL1, NSL2 and NSL3 correspghdistanding formon-
specificlethals, as P-element insertions in correspondinggaDrosophila result in
a general lethal phonotype.

The aim of my PhD project was to functionally anwdbhemicaly characterize
CG1135/MCRS2, a novel protein identified in MOF ifaation. In the course of this
project it was found out that this protein is a rbemof a distinct complex which is
composed of evolutionary conserved proteins. Toattarize it and gain further
insight into a functional role of this novel compland MCRS2 in particular, multiple

approaches were applied, including biochemicablogical and genetic methods.
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3. RESULTS

3.1. Domain structure of MCRS2

Drosophila MCRS2 protein is a novel poorly charazesl protein composed of 578
aa (63 kDa) (Fig.4). It has a fork-head associ@ttA) domain, which belongs to a
class of signaling modules able to recognize phogéted epitopes on proteins
(Hofmann and Bucher 1995; Yaffe and Smerdon 200)s domain has been found
in many regulatory proteins in eubacterial and eytdd&c genomes. They include
kinases, phosphatases, kinesins, transcriptiororctRNA-binding proteins and
metabolic enzymes, which bind to phosphopeptidestake part in many different
cellular processes, such as DNA repair, signalsttaction and vesicular transport
(Durocher et al. 2000). Mammalian homologuesDobsophila MCRS2, hMCRS1
and its splice variant, have been reported to belwed in transforming, nucleolar
sequestration, ribosomal gene regulation, signaltiatyveen telomere maintenance
and cell-cycle regulation (Song et al. 2004; Wuaékt 2009). Recently, cDNA
encoding residues 126-475 of hMCRS2 from the HetlaadDNA library has been
found in yeast two-hybrid screening assay to idgmMrfl-interacting proteins (Nrfl
[p45 nuclear factor-erythroid 2 (p45 NF-E2)-relatattor 1] is a transcriptional
activator), showing that hMCRS2 has a repressiofecefon Nrfl-mediated

transcriptional activation (Wu et al. 2009).
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dMCRS2

FHA

476 233

huran_MCRS1 i sof orml --------- MDK- == === mm e o DSQGL L DSSLVASGTASRSEDEESLAGQKRAS- - - 35
hurran_MCRS1_i sof orm@ --------- MTRGT GGT AQRGRSGPDSQGL L DSSL MASGTASRSEDEESLAGQKRAS- - - 48
mouse_MCRSL  c-me--e-- MDK- === === m e o DSQGLL DSSLMASGTASRSEDEESLAGQKRAS- - - 35
dr osophi | a_MCRS2 MEASRI TAI ASSAVSVTAPNPPTVSTI PTAAASTLI QVGVSPATTTMPTPAATTTTTTI G 60

human_MCRS1_i sofornl ---SQALGTI P----------------- KRRSSSRFI KRKKFDDEL VESSLAKSSTRAKG 75
human_MCRS1_i sof orn2 ---SQALGTI P----------------- KRRSSSRFI KRKKFDDEL VESSLAKSSTRAKG 88
nouse_MCRS1 ---SQALGTI P--------mmmmm - KRRSSSRFI KRKKFDDELVESSLAKSSTRVKG 75
dr osophi | a_MCRS2 STASSAVG STPI RNPI SNLQI EQONDQKRRSSSRTI KRKRFDDEI VEYNI AVPTNRSGT 120

human_MCRS1_i sof or ml ASGVEPGRCSGSE- - - - = = = = <=« =< = - = - - PSSSEKKKVS- - = - = <« <« <« = c oo - KA 100
human_MCRS1_i sof or m2 ASGVEPGRCSGSE- - - - = =« = <=« =< = - - - - PSSSEKKKVS- - = - = <« <« =« = c oo - KA 113
mouse_MCRS1 AGGVESGRCSGSE- - - = - = == == == == === = PSSSEKKKVS- - = - = == == === c = c - KA 100
dr osophi | a_MORS2 DANRSSRPRTTSQNYPALVGVPHTTLAPLNI PTSTPQTPLSVDSLLPGTPSTVASLSLAT 180

human_MCRS1_i sof or mL PSTPVPPS- PAPAPGL TKRVKKSKQP- = = = = === === m s mmemema e e oo o - LQV 128
human_MCRS1_i sof or n2 PSTPVPPS- PAPAPGLTKRVKKSKQP- - = = === = === - s oo me e e oo - - LQV 141
mouse_MCRS1 PSTPVPPS- PAPTPGLTKRVKKSKQP- - = = = = = = = = == = e e e e e LQV 128
dr osophi | a_MCRS2 PTTPAPLATPLPVAPI VTAVAHPKPPAVERST TSERRSRPVRPASKKAQRRNGRPMGQVA 240

human_MCRS1_i sof or ml TKDLGRWKPADDLLLI NAVLQTNDL TSVHL GVKFSCRFTL REVQERWYALLYDPVI SKLA 188
human_MCRS1_i sof or m2 TKDLGRWKPADDLLLI NAVLQTNDL TSVHL GVKFSCRFTL REVQERWYALLYDPVI SKLA 201
mouse_MCRS1 TKDLGRWKPADDLLLI NAVLQTNDL TSVHL GVKFSCRFTLREVQERWYALLYDPVI SKLA 188
dr osophi | a_MCRS2 TKDLGRWKPI DDLALI | G QQTNDLRI | HRGVKFSCKFTLQELQQRWYALL YEPAVSRI A 300

human_MCRS1_i sof or ml CQAVRQLHPEAI AAI QSKAL FSKAEEQL L SKVGSTSQPTLETFQDLLHRHPDAFYLARTA 248
human_MCRS1_i sof or m2 CQAVRQLHPEAI AAI QSKAL FSKAEEQL L SKVGSTSQPTLETFQDLLHRHPDAFYLARTA 261
mouse_MCRS1 CQAVRQLHPEAI AAI QSKAL FSKAEEQL L SKVGSSSQPTLETFQDLLHTHPDAFYLARTA 248
dr osophi | a_MCRS2 VSAI RNLHPEL VESVQRKAL YSVQEEDL L GTI KSSEQPKL EQFQEL L DKNASVFYCARTA 360

human_MCRS1_i sof or ml  KALQAHWOL MKQYYL LEDQTVQPL PKGDQ- VILNFSDAEDL | DDSKLKDVRDEVLEHELMW 307
human_MCRS1_i sof or m2 KALQAHWOL MKQYYLLEDQTVQPLPKGDQ- VILNFSDAEDL | DDSKLKDVRDEVLEHELMW 320
mouse_MCRS1 KAL QAHWOL MKQYYL LEDQTVQPL PKGDQ- VILNFSDAEDL | DDSKLKDVRDEVLEHELTV 307
dr osophi | a_MCRS2 KSLQNHWLLLKQYTLLPDQSVKPI YGTDQQPLSFSDAEDQ FEHDLNEPRDEALEVERAL 420

human_MCRS1_i sof or ml. ADRRQKRE! RQLEQELHKWQVLVDSI TG- MSSPDFDNQTLAVLRGRWRYLNVRSREI TLG 366
human_MCRS1_i sof or m2 ADRRQKRE| RQLEQELHKWQVLVDS| TG- MSSPDFDNQTLAVLRGRWRYLNVRSREI TLG 379
mouse_MCRS1 ADRRQKRE! RQLEQEL HKWQVLVDSI TG- MGSPDFDNQTLAVLRGRWRYLNRSRE! TLG 366
dr osophi | a_MCRS2 ADRRNKRNI RLLENEL SRWAVL VDSVL SPTAASEFDNQTLACL CGRHVRYLVRSKEI TFG 480

human_MCRS1_i sof or mL BATKDI\Q DVDL SLEGPAVKI SRKQGVI KLKNNGDFFI ANEGRRPI YI DGRPVLCGSKWR 426
human_MCRS1_i sof or n2 BATKDNQ DVDL SLEGPAVKI SRKQGVI KLKNNGDFFI ANEGRRPI YI DGRPVLCGSKWR 439
nouse_MCRS1 BATKDNQ DVDL SLEGPAVKI SRKQGVI KLKNNGDFFI ANEGRRPI Y| DGRPVLCGSKWR 426
dr osophi | a_MCRS2 BDAKDCNVDVDLGLEGPAAKI SRRQGT| KLRSNGDFFI ANEGKRAI FI DGTPLLSANKAR 540

human_MCRS1 i sof or nl LSNNSWVEI ASLRFVFLI NQDLI ALI RAEAAKI TPQ- - 462
human_MCRS1 i sof or n2 LSNNSWVEI ASLRFVFLI NQDLI ALI RAEAAKI TPQ- - 475
mouse_MCRS1 LSNNSVVEI ASLRFVFLI NQDLI ALl RAEAAKI TPQ - 462
dr osophi | a_MCRS2 LGHNCTVEI SGLRFTFLVNYELI NAI RQESAKTSNPLN 578

Figure 4. Scheme oDrosophila MCRS2 and alignment of its homologues in human

and mouse. Underlinedesidues are conserved amino acids in the FHA doma
(Durocher and Jackson 2002).
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3.2. Raising antibodies against MCRS2

Overall, there was very limited information of pishled literature about this protein.
As a first step towards characterization of the NB2Rpbrotein, polyclonal antibodies
against 1-319 aa of MCRS2 protein were raised s aad rabbits, in a project that
was initiated by Anan Ragab and Herbert Holz inltdi® N-terminally GST tagged
first 319 aa of MCRS2 protein were expressed in BRdsetta (EMD Biosciences)
using the pET41a vector system (EMD Biosciencelsg firotein was recovered from
inclusion bodies and affinity purified on glutath® agarose (Fig. 5; for detailed
information refer to Materials and Methods). Thiaterial was then mixed with Titre-
Max (Sigma) adjuvant and used to immunize 3 ratd Arrabbits at three week

intervals for a series of six injections.

BSA Recombinant MCRS2
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Figure 5. Purified, recombinant GST-tagged MCRS2, used faibady production,
loaded as 1, 2, 5, and 10 ul from the purificafianes 4-7), compared to 0.5, 1 and 5
png of BSA (lanes 1-3). Calculated molecular weightGST-MCRS2 is 61 kDa.
Additional bands are representing degraded protsnwell as unspecifically
copurified proteins.
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3.2.1. RataMCRS2 antibodies

Pre- and post- immunization sera of rats were ewetl for specificity against
Drosophila embryo nuclear extract and recombinant MCRS2. ®vedblot analysis
(Fig. 6B) shows that immune sera of all three rgpecifically recognize both
recombinant GST-MCRS2 and the endogenous MCRS2 fdoasophila embryo
nuclear extract. Incubation of membranes with pretme sera results in a clean
background (Fig. 6A); preimmune serum of the rah8ws in unspecific band above
75 kDa in embryo nuclear extract, which is of dedént size of the band recognized

by immune sera.
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pre-MCRS2 ratl  pre-MCRS2, a2 pre-MCRS2, 1at3 OMCRS2, ratl  oMCRS2. rat2  oMCRS2. 1at3

Figure 6. A. Western blots ofDrosophila embryo nuclear extract (NE) and
recombinant MCRS2 protein, probed with pre-immuoenf three rats. (*) indicates a
nonspecific recognition of a band above 75 kDaDirosophila embryos nuclear
extract by the pre-immune serum of ratB2.Western blots oDrosophila embryo
nuclear extract (NE) and recombinant MCRS2 profgiabed with immune sera from
three rats. (**) shows a recognized band above MZRRe from a cytoplasmic
contamination of a nuclear extract. Western blasanperformed by Anan Ragab (A)
and Herbert Holz (B).

3.2.2. RabbituMCRS2 antibodies

Similarly, pre- and post- immunization sera of rnéblvere evaluated for specificity
againstDrosophila embryo nuclear extract and recombinant MCRS2. rEliit a-

MCRS2 anti-sera (Fig. 7B) recognize specificallynoecombinant GST-MCRS2 and
the endogenous MCRS2 froBrosophila embryo nuclear extract. Unlike the anti-

sera, preimmune sera does not recognize speaifieips (Fig. 7A).
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In conclusion, antibodies against MCRS2 were gdedrand characterized in three
rats and two rabbits. All of them are able to speally recognize MCRS2 in
Drosophila embryo nuclear extract and can be used for maltiplochemical

applications.
At the same time, antibodies against a number offeprs, identified in MOF TAP

purification, were raised in the lab, allowing fuet immunochemical characterization

of MCRS2 and its potential interactors.
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pre-MCRS2. CDA pre-MCRS2, CHH OoMCRS2, CDA oMCRS2. CCH

Figure 7. Western blot oDrosophila embryo nuclear extract (NE) and recombinant
MCRS2 protein, probed with (A) pre-immune sera friovo rabbits — CDA and CCH,;
and (B) their corresponding post-immune sera.

3.3. Immunoprecipitation analysis reveals biochemal partners of MCRS2

MCRS2 was found as one of the proteins purifiedhwiP-tagged MOF. In order to
address if the interaction of MCRS2 and MOF can tsproduced, an
immunoprecipitation experiment using newly produ@dibodies against MCRS2
was performed. In addition to MOF antibodies, westdot membranes were probed
with antibodies against proteins, which were foumdhe MOF TAP purification.
Surprisingly, MSLs were not coimmonuprecipitated MZRS2 (Fig. 8, lane 4). In
order to compare MCRS2 interacting proteins to ML complex, an additional
immunoprecipitation experiment using MSL1 antibsdieas done and the membrane
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was probed with the same set of antibodies (Fitar& 6). Again, none of the MSLs
were found in the immunoprecipitate of MCRS2. Amastger proteins, that were
tested for the presence in MCRS2 immunoprecipitagge Mtor and NXF1. Mtor has
also been identified in the MOF TAP purificationpwever, immunoprecipitation
with MCRS2 showed that it is not residing in onenptex. NXF1 was used as a

negative control protein, which was not preseI@F TAP purification.

The experiment shows that MCRS2 coimmunopreci@tt®F, NSL2, NSL3, WDS
and MBDR2 in Drosophila embryo nuclear extracts, whereas MSL1
coimmunoprecipitates only MSL3 and MOF (Fig. 8,dah versus 6). These results
indicated that MOF exists in two separate complexase complex is the MSL
complex, and another one groups MCRS2 and NSLseXperiment was performed
together with Herbert Holz.

50



@
A A
NCRgZ
Input = 2 E
= = =
5% 1% 0.5% _
o
_—— -_— dMCRS2
-—— -
MBDR2

NSL-3

-
- ;'J NSL-2

e =

MOF

— MSL-1

-~ e MSL-3
!'— i Mtor
- g P et

123 4567

Figure 8. Western blot analysis of MOF interacting proteilmmunoprecipitation
was performed with MCRS2 and MSL1 antibodies ugdngsophila embryos nuclear
extract (lanes 4 and 6), corresponding pre-immeng was used as a negative control
(lanes 5 and 7), eluates were resolved by SDS-PAGI probed with MCRS2,
MBDR2, NSL3, NSL2, MOF, MSL1, MSL3, Mtor and NXFhtibodies.

3.4. Purification of a novel MCRS2 containing compax

The results of coimmunoprecipitation experimentegdgd a subgroup of proteins,
distinct from the MSL complex, which were interactiwith MOF. In order to
identify all the interacting partners of MCRS2, dam affinity purification of N-
terminally TAP-tagged MCRS2 was performed. To ftaiié these analyses, a stable
Drosophila SL2 cell line was established that expresses Tajged MCRS2. The
scheme of MCRS2 tandem affinity purification (TABR)xhown on figure 9.
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Figure 9. A. Schematic representation of TAP-MCRS2 protein.R&2 is tagged
with TAP tag, which consists of two units of proté\, separated by a TEV protease
cleavage site from a calmodulin binding site.

B. Sequential affinity purification of TAP MCRS2. @hpurification is performed
under conditions that do not disrupt complexes aoiig the tagged protein. It is
achieved by (1) retaining the TAP-tagged proteirigih beads, washing non-binding
proteins from the beads and then (2) releasingctiraplex from the beads by
digestion with TEV protease. The resulting eluatsubjected to (3) a second round
of purification on beads covalently coated withneatlulin. After (4) elution the
resulting material is highly enriched in the TABdad protein and in the components
of complexes containing the TAP tagged protein féethfrom (Puig et al. 2001)).
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3.4.1. TAP-tagging of the MCRS2 protein and generan of stable
Drosophila SL2 cell line

The full-length open reading frame of MCRS2 proteias cloned into the multiple-
cloning site of the pBSactshort-N-TAP vector. Exgsien of the tagged protein is
driven from a shortened Actin5C-promoter, whichuits in low-level ubiquitous
expression of TAP tagged MCRS2. A stabl®sophila TAP-MCRS2 producing SL2
cell line was established by co-transfecting theSa&short-N-TAP-MCRS2
expression plasmid and the pUC-NEO resistance neGeneticin was used for the
selection, with a range of concentrations betwe@&nadd 1.2 mg/ml. Selection was
monitored by the complete death of mock transfectdts and colony formation of
stably expressing cells in cells transfected witla selection vector. Heterogeneous
populations of transfected cells were then usedidove cell lines which were
evaluated for MCRS2 expression (Fig. 10). For thisole cell extracts from in the
same amounts were loaded on a acrylamide gel aruketl in western blot with PAP
(anti-TAP) antibodies for the expression of the TAigged MCRS2. The result
showed no difference in cell lines establishedegith 1.2 or 0.8 mg/ml of geneticin,
the lower concentration of 0.8 mg/ml was used tal#sh and maintain stable cell
line. Probing with antibodies against MCRS2 antibedrevealed a low level of
expression of TAP-MCRS2 as compared to endogenmisip, as it can be hardly
detected in the cell extract. This, however, préetuforcing the formation of aberrant

complexes through over-expressing MCRS2 and ishafrefit.

The expression of TAP-MCRS2 was checked in the wiwall extract. However,

fractionation of cells into nuclear and cytoplasmitracts (for the procedure, refer to
Materials and Methods part of this thesis) indidateat MCRS2 is predominately
present in the nucleus (Fig. 11, line 1 versus.4t3yas therefore prudent to perform
tandem affinity purification from nuclear extracteparations, thereby reducing

contamination with cytoplasmic proteins.
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Figure 10. Expression of endogenous and TAP-tagged MCRS2ruh@and 0.8
mg/ml of geneticin treatment in transfected SL2Asgetomparing to the wild type
control (WT). Whole cell extracts from identicalllceumbers (5x1€) are loaded in
each lane. Western blots were probed with perogidasi-peroxidaséPAP, Sigma)
diluted 1:2000 for detection of the proteirrégion within the TAP tag, anedMCRS2
antibodies for detection of both endogenous andedgVICRS2. TAP-MCRS?2 is
expressed in the stably transfected cell lineshasvs on membranes probed with
PAP antibodies, but at a low level as comparednttogenous MCRS2 and can be
hardly detected.
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Figure 11. Nuclear localization of MCRS2. The presence of MB2Rin nuclear

(nuclear extract, NE) and cytoplasmic (cytoplasmixtract, CE) fractions was
determined by western blotting. The blot was alsabed for the cytoplasmic protein
tubulin, to establish that fractionation had beehieved.
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3.4.2. Optimization of the purification procedure

Prior to isolating TAP tagged MCRS2 containing ctemps from the stable cell line,
conditions were established to determine that tlezquures used to isolate the
complex would function. Figure 9 shows the efficggrof TAP-MCRS2 binding to
IgG beads. Nuclear extract from TAP-MCRS2 expreagsgll line was incubated with
lgG beads, after which washed beads were boiledirs loading buffer and
supernatant loaded on a gel (Fig. 12, lanes 3 anNuclear extract from wild type
SL2 cells was taken as a negative control andedeatthe same way (Fig. 12, lanes 4
and 6). The results show, that despite very lowwarhof TAP-MCRS?2 in the starting
material that prevents easy visualization of taggestein, TAP-MCRS2 efficiently
binds to 1gG beads.
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Tnput, ~ IgG beads, Supernatant,
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TAP WT = TAP WT TAP WT
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fe — 5 «— WMCRI2

50 ‘\ Tg+ light chains

Figure 12.1gG binding of TAP-MCRS2. The western blot is pedbwithaMCRS2
antibodies. Because protein concentrations of istannaterials of nuclear extract
from TAP-MCRS2 cell line and wild type SL2 cells meenot equalized, endogenous
MCRS2 protein is not detected in the input of TARGRIS2 extract, but is present,
however in very low amounts, in the supernatardraftcubation of the extract with
IgG beads due to the lager volume that was loab&ddr the extract loaded as input,
comparing to the 10% of the extract after incubatath IgG beads). TAP-MCRS2 is
specifically enriched on 1gG beads (100% of eldtech beads material is loaded).

Next, the efficiency of TAP-MCRS2 binding to calmdich beads was determined.
Nuclear extract from TAP-MCRS2 expressing cellsvall as from the wild type SL2
cell line were incubated with calmodulin beads.efftards, beads were boiled in

SDS loading buffer and 100% of material was loadedn acrylamide gel (Fig. 13,
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lanes 3-6), together with 10% of input (Fig. 13da 1-2) and 10% of supernatant
after incubation of calmodulin beads (Fig. 13, Bri&9). The binding of TAP-
MCRS2 to calmodulin was not very efficient and cbuiot be increased by
modifications to the protocol (changing salt corications in buffers, trying different
amounts and batches of calmodulin beads), indigdtiat it would be necessary to
start with a large amount of material to produddicgant protein for determination of

protein constituents of the complex by mass seqngnc
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Figure 13. Verification of the binding of TAP-MCRS2 to calmdlth beads. Western
blot is performed with PAP antibodies. 10% of staytmaterial from both extracts
(TAP-MCRS2 cell line and a wild type SL2 cells) wlasded as an input sample.
Washed calmodulin beads were boiled in SDS loabuidter and 100% of material
was loaded. To check how much unbound to calmodhdads TAP-MCRS2 is left in
the nuclear extract from TAP-MCRS2 cell line, 10% tbe supernatant after
incubation with calmodulin beads was loaded as.\i&iperiment is done in duplicate

with two different batches of calmodulin beadsitalfthe one that is better in binding
TAP-MCRS2.

3.4.3. Biochemical purification of the NSL complex

Proteins, associated with MCRS2, were isolated frarolear extracts from the cell
line, stably expressing TAP tagged MCRS2. For éB&R purification, 2x18 cells
were required to prepare 1 ml of extract with agprately 6 ug/ul concentration of
proteins. Nuclear extract from wild type SL2 cellas subject to the same procedure,
and used as a mock control for TAP purificationifiad eluted material was run on a

gel and silver stained (Fig. 14, lanes 3-4). Idemtiion of proteins was done by
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excision of specific to TAP MCRS2 purification bandperformed by Sven
Fraterman, EMBL-Heidelberg), and by analysis oBltatomplex elutions (Adrian
Cohen, NCLMS, Netherlands).

Mass spectrometric sequence analysis of elutedsbeskaled that MCRS2 (bait)
associates with NSL1, NSL2, NSL3, WDS and MBDR2K[€a2). None of these

proteins were present in material obtained fromaggéd control mock purification

from wild type SL2 cells. Interestingly, all of the proteins were purified together
with MOF (Mendjan et al. 2006), and there were movmroteins found in TAP

MCRS2 purification.
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Figure 14. Silver stained gel of FLAG/HA purification of NSL(lanes 1-2) and TAP

purification of MCRS2 (lanes 3-4); WT indicates m®mponding mock purifications.

1.5 ml of nuclear extract from each cell line idisvith the concentration of 6 pug/ul,
and 50% of the purified eluted material was loaded gel; the rest of the material
was left for subsequent mass spectrometry analysis.

At the same time, sequential FLAG/HA purificatiohruclear extract from a stable
cell line expressing TAP-FLAG-HA-NSL1 was performad the lab by Philipp
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Gebhardt. It also resulted in isolating the sameog@roteins — NSL1 (bait), NSL2,
NSL3, WDS, MCRS2 and MBDR2 - as well as MOF, Z4 @fdomator. Thus, the
existence of the complex was confirmed by the mation performed of another

tagged member of the complex. For the control, mpuakification from nuclear

extract of wild type SL2 cells was used (Fig. Bhds 1-2).

Table 3.Proteins identified in TAP-MCRS2 purification.

Number of
. Mascot score .
Acession | Mass experiments :
Name (Number of Domains
number [Da] eptides) present
Pep (out of 6)
NSL1 | gi|]24647245 170587| 48 (12) 4 coiled coil, PEHE
NSL2 |gi[23172607 57054 | 202 (3) 3 t""g C/H-rich
omains
NSL3 | gi|17862340 114582 38 (12) 4 a/b hydrolase fold
forkhead-
MCRS2 | gi|16767858 63840 127 (5) 6 associated domain
(FHA)
CHAP1, 2 3 Tudor
MBDR2 | gi|45551883 120748 53 (8) 4 MBD1, ZnF, PhD
finger
WDS | gil6946677| 39530 241 (5)* 4 seven WD40
repeats

*number taken from another experiment

3.4.4. NSL complex composition

Results of purifications as well as those of imnpunegipitation show the existence of
a novel complex composed of the evolutionary coreskmproteins: MOF, NSL1,
NSL2, NSL3, MCRS2, MBDR2, WDS, Z4 and Chromator. IM@oteins are not
present in these purifications, indicating thatythee not a part of the same complex.
The new complex has been named the NSL complexthendext section describes

its members.

NSL1 is a novel protein of 170 kDa, composed of 1570N&L1 has a putative coil-
coiled domain and a PEHE domain at its C-termimudrosophila, the only other
protein with a PEHE domain is MSL1 (Marin 2003).stJlike MSL1, NSL1’s
interaction with MOF might most probably be via PEHE domain, as it was shown
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to be true for human homologues: PEHE domain of liNi&teracted directly with
hMOF in a GST pulldown (Mendjan et al. 2006).

NSL2 is a novel protein of 127 kDa, composed of 1200 that is evolutionary
conserved from flies to humans. It is ubiquitouphgsent in mice and iXenopus
laevis embryos from stage IV onwards (Shim et al. 200@tdMet al. 2003). The
protein has no pronounced domain structure, witlugece analysis only revealing an
evolutionary conserved region that is rich in ciysteand histidine motif (Taipale and
Akhtar 2005).

NSL3 is a novel protein of 114 kDa, composed of 1066 laaontains ano/p-
hydrolase domain (Taipale and Akhtar 2005), thione of the largest and oldest
structural domain superfamilies that share a comfalshand catalytic triad (Nardini
and Dijkstra 1999). In NSL3, only thg-hydrolase common fold is retained; the
catalytic triad is not. NSL3 may not have enzymattvity, but could possibly retain
the ability to recognize substrates. Additionalduonal and structural studies would

be necessary to determine more conclusive answers.

MBDR?2 is a poorly characterized protein composed of 1881120 kDa). It contains
DNA-binding, two Tudor and methyl binding (MBD) dams, as well as C2H2-type
zinc-finger and a PHD finger (Taipale and Akhtaf2) This suggests that MBDR2
might have a spectrum of functions. MBD domaingdiim methylated DNA and are
involved in transcriptional repression in mammasrd 2002). InDrosophila, the
function of DNA methylation is not clear as, in geal, DNA methylation happens
much more seldom than in mammals (Lyko et al. 2000yor domains have been
shown to bind methylated arginine residues in Satgims involved in splicing, and
methylated H3K79 in yeast (Huyen et al. 2004). Tudomains share similarity to
chromodomains, which also can bind methylated vesidLachner et al. 2001).

WDS is the smallest protein in the complex, with 0884 amino acids (39 kDa). It is
an evolutionary conserved protein, present frairabidopsis thaliana to mammals.

WDS belongs to the WD protein family and contaiegess WD40 repeats (Hollmann
et al. 2002). These repeats are modules involvedatein-protein interaction and are

present in a variety of chromatin-associated corgde(Cao et al. 2002). The
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mammalian ortholog, WDRS5, binds specifically to dimylated H3K4, and is also a
constituent of H3K4-specific methyltransferase ctarps (Wysocka et al. 2005).
Methylated H3K4 inDrosophila, as well as in other organisms, is linked to
transcriptional activation (Zhang and Reinberg 3003imilar to MBDR2, the
presence of WD40 repeats suggests possible fusatioWDS inDrosophila, namely
enhancing transcription from male X chromosome byging MOF to dosage
compensated genes to induce local hyperacetylanmhincrease gene expression.
WDS is ubiquitously expressed Drosophila at all developmental stages and is

essential for viability.

Z4 is a 105 kDa protein of 996 aa. Z4 has 7 zincdisg similar to the insulator
binding protein CTCF, which is a protein involved organizing chromosomal
domains (Eggert et al. 2004). Z4 is essentiaDiarsophila development and acts in a
dose-dependent manner on the development of setissales. It is involved in

chromosome compaction and higher-order chromatirctstre formation (Eggert et
al. 2004). Z4 mutant flies loose their band/intexdbgattern on chromosomes, with
the interband chromatin exhibiting an overall depantion of chromosomal material.
Z4 mutants also have dose-dependent defects otoposifect variegation. Z4 can be
immunoprecipitated with Chromator, suggesting ttiett both proteins might be
responsible for the chromosome higher-order straaluring interphase (Eggert et al.
2004).

Chromator/Chris consists of 926 aa and has a molecular weightoafKDa. It is
essential, and is ubiquitously expressed in DrosagRath et al. 2004). Like MOF
and MSL3, it also contains a chromodomain. Chromabcalizes on polytene
chromosomes together with the interband-bindingtgimoZ4 (Gortchakov et al.
2005). During mitosis, Chromator detaches from ¢heomosomes and aligns in a
spindle-like structure. The C-terminal half of Chmator, lacking the chromodomain,
is sufficient for both nuclear and spindle localiaa. Chromator is an essential
protein; RNAI depletion of Chromator in SL2 cellsduces abnormal microtubule

spindle morphology and chromosome segregation tfefRath et al. 2004).
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3.5. NSL1 directly interacts with MCRS2 and MOF

In order to dissect the interactions between thé Ni®teins, baculovirus expression
system was used. Constructs with tagged (FLAG o}, 48 well as untagged NSL1,
MCRS2 and MOF were expressed in baculovirus syst@opurification of the

proteins revealed that stable interaction of NShfh be detected with MCRS2 and
MOF (Fig. 15, lanes 1-2), which resists 200 mM .s#ltshowed that interaction
between NSL1-MCRS2 and NSL1-MOF is direct and prebetween these proteins
also when there are no other NSL complex membersept. Interestingly, presence
of a tag can influence the result of copurificaioifhus, by reciprocal tagging of
MCRS2, NSL1 and MOF, it was observed that N-teriniagging of NSL1 decreases
the interaction of this protein with both MOF andCRS2. This difference most
probably comes from the sterical obstructions ttegs bring to the proteins,

preventing protein interactions.
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Figure 15 Reconstitution of NSLs interaction using baculosiexpressed proteins.
NSL1 interacts with (1) MCRS2 and (2) MOF upon ibation of protein extracts.
After purification via corresponding tag, protemgre run on a gel and Coomassie
stained. Experiment is performed by Herbert Holz.
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3.6. NSLs bind to multiple sites on chromatin

Next, thein vivo localization of NSLs was investigated by immunastay salivary
gland polytene chromosomes Dfosophila male and female larvae with antibodies
directed against MCRS2, MBDR2 and NSL1. As it iswsh on the figure 16, these
proteins broadly decorate all chromosomes, conmgisautosomes and sex
chromosomes. Merge images show an overlap of th&eips with each other on
many binding sites.

MCRS2Male NSL1Male

MCRS2Male MBDR2Male

MCRS2Fem MBDR2Fem

Figure 16. Colocalization of MCRS2, MBDR2 and NSL1 on wildpty male and
femaleDrosophila 3¢ instar larvae on polytene chromosomes. Confocatascopy
is performed on polythene chromosomes Sfilstar wild typeDrosophila larvae
immunostained with MCRS2 MBDR2 and NSL1. DNA isuatized by Hoechst.

The NSLs were found in the MOF TAP purification (Mfgan et al. 2006). In
addition, immunoprecipitation experiments discussdmbve indicate interaction
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between MOF and NSLs. NSL1 purification also re=iilin identifying MOF in
elutions. Genome-wide MOF profiling analysis catdria the lab (Kind et al. 2008)
revealed many sites of MOF binding on autosomesa# therefore interesting to see
if NSL proteins coreside with MOF on same chromossmFor this reason,
immunostaining oDrosophila salivary gland polytene chromosomes with antib®die
directed against MOF and MCRS2 was performed. Asvehon the figure 14, it
reveals many overlapping positions of both prot@nsall chromosomes, with MOF

being enriched on male X chromosome.

In contrast to MSL complex, which localizes to tmale X chromosome, the NSL
proteins are widely binding all chromosomes in rmaad females. Immunostaining
with MSL1 protein (Fig. 17), a member of the MSLngaex, shows a specific
recognition of the male X chromosome, and MCRSistg on male X does not
completely overlap with that of MSL1, representititgir presence in different

complexes.
Altogether, these data raise the possibility ofaaditional function of the MOF

protein inDrosophila, independent of MSLs and, thus, dosage compemnsatitch it

performs together with NSL complex.
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MCRS2Male MOFMale

MOFFem
MCRS2Fem

MCRS2Male MSL1Male

Figure 17. Colocalization of MCRS2 and MOF oBbrosophila 3¢ instar larvae
polytene chromosomes in males and females. As aat@f a binding specificity,
coimmunostaining of MCRS2 and MSL1 is shown. Coafoenicroscopy is
performed on polytene chromosomes &t Bistar wild type Drosophila larvae

immunostained with MCRS2, MOF and MSL1, and addaity stained with Hoechst
to visualize DNA.
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3.7. The NSL complex binds to promoters of MOF targt genes

The immunostaining of polytene chromosomes predeat®mve provides a global
picture of NSL proteins binding on chromosomes.gém a higher resolution of the
binding sites of the complex on chromatin, a chrimenmunoprecipitation (ChIP)
analysis was performed. Antibodies against MCRSBDR2, NSL1 and MOF, in
conjunction with their corresponding pre-immune aseserving to control the

experiments, were used for ChIP experiments.

For this analysis, chromatin was prepared froffi iistar larva glands from
Drosophila wild type male and was used for the consistenagsilts obtained from
the immunostainings. Besides, it was interestinget® the binding profile of the NSL
complex in the differentiated tissue. Sheered fddetayde cross-linked chromatin
gave fragments ranging in size from several thodiggnto tens of bp, with a small
peak at 200 bp (Fig. 18, A; for a detailed protooblchromatin preparation and
chromatin immunoprecipitation see Materials and Rdds). To immunoaffinity
isolate chromatin associated with particular congmts, sheared chromatin was
incubated with antibodies of interest or with thearresponding pre-immune sera,
immunocomplexes were recovered on protein A/G segleabeads and DNA was
then purified. Quantitative PCR on Gprk2, a gersealvered through whole genome
analysis of sites bound by MOF (Kind et al. 2008ps used to determine the
proportion of material that could be recovered tmyniunoaffinity purification (Fig.
18, B). Primers were designed to probe the occypah®OF, NSL1 and MCRS2 on
the promoter region, body of the gene and 3’ enthefcoding sequence. The reason
for such a combination of primers comes from thalists in the lab, where it was
shown that MOF has a bimodal distribution on theegewhere it is bound to. On X-
linked genes MOF is present through out the gerie twio peaks: on promoter and 3’
end. On autosomal genes MOF binds only to promoltevgas interesting to compare
profiles of NSLs binding with that of MOF. As a wisof the experiment, NSL
complex proteins were observed specifically boundromoter of Gprk2 gene, with a

high percentage of input recovery.
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Figure 18. (A) Chromatin isolated from salivary glands. Foltedyde crosslinked
chromatin was sheared, the crosslinking reversedl the resulting material was
treated with RNAse A and proteinase K prior to safian on a 0.8% agarose gel. (B)
Chromatin immunoprecipitation performed ddrosophila wild type male larva
glands using MOF, NSL1 and MCRS2 antibodies witbpeetive preimmune sera.
The quantity of purified DNA was determined by réate gPCR with three primer
pairs spanning the promoter, middle and end ofapek2 gene. Results are presented
as a percentage of input material used (primeresemgs are listed in Materials and
Methods).

In parallel, same set of experiments was performigtdl the chromatin from SL2 cell
line, as it was interesting to see if there arded#inces in NSL binding profile in
undifferentiated cells of embryonic origin. In ctusion, same profile was observed
for the NSL binding between salivary glands and 8&fs, and it was found out that
the proteins were present on the promoter regioM©f-bound genes, as shown on
the figure 19 on the example of Gprk2 gene. Howewebromatin from salivary
glands gave much higher levels of recovery, it tha@sefore decided that further ChiP

experiments would be performed only with chrométam larval salivary glands.

Having the material and established the condititors ChlP, more genes were
checked for the presence of the NSL complex. Tloation in relation to gene
structure was determined using gPCR to scan thdrpab promoter, gene body and
3’ end of transcripts. Genes known to be bound yFRVvere chosen as primary
targets, on the X chromosome and on autosomesrdaegoto ChlP-chip data
produced in our lab (Kind et al. 2008). For negatoontrols, genes not bound by

MOF genes were also characterized (Table 4).
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Figure 19. (A) Chromatin isolated from SL2 cells. Formaldehydmsslinked
chromatin was sheared, the crosslinking reversadl tae resulting material was
treated with RNAse A and proteinase K prior to safian on a 0.8% agarose gel. (B)
Chromatin immunoprecipitation performed on maledaglands ofDrosophila wild
type using MOF, NSL1 and MCRS2 antibodies with eesipe preimmune sera. The
qguantity of purified DNA was determined by real émgPCR with three primer pairs
spanning the promoter, middle and end of the Ggekie.

Table 4. MOF-bound and not-bound genes looked at NSL coxriplealization.

Genes bound by MOF X chromosomal genes
X chromosomal Autosomal not bound by MOF
CG6506 CG4245 CG6398
CG4406 CG9536 OdsH
CG32560 Secb Runt
Dspt6 HBS1
Rb NSL3
rox2 Gprk2

The results of gPCR performed on ChIP purified mafteare summarized in the
Figure 20. The data presented is an average of digeriments that used five
independently prepared chromatin samples. It shtbas within this restricted data
set, MOF associates over the entire transcribedmeyf X chromosomal genes, but is
present only at promoter regions of autosomal geagepreviously described (Kind et
al. 2008). NSL1, MCRS2 and MBDR2 are present on ghme genes as MOF,;
however, in contrast to the profile of MOF on thebdomosome, they recognize only

promoter regions, independently of the chromosdawation of the gene.
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Figure 20. ChIP analysis from larval salivary glands usingjlaodies against MOF,
NSL1, MCRS2 and MBDR2. Preimmune sera is used rasgative control for each
antibody. Immunoprecipitated DNA was amplified l@alktime PCR with primer sets
indicated in the material and methods. Each gerevaduated at promoter region,
middle of the transcribed sequence and at the @' Bercent input is determined as
the amount of immunoprecipitated DNA relative tpuh DNA. The data presented is
an average result from five biologically indepertdexperiments. The standard
deviations of the replicate results are shown aw &ars.

The ChIP analyses performed on these selected getiesited, as firstly requiring
prior knowledge of which genes are targeted byi@ddar complex, and secondly,
only a limited number of genes can be characterigedeal-time quantitative-PCR.

To see if the promoter binding is a general phemamgethe comprehensive, genome-
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wide determination of binding sites for the NSL qoex will be obtained massively
parallel sequencing of DNA enriched for associatiath NSL components (ChlP-

seq). This work is in progress.

3.8. NSLs and transcription regulation

Results of ChIP with MCRS2, MBDR2 and NSL1 reveatbdt NSL complex
members are localized on promoters of autosomakara@&hromosomes. In addition,
the polytene chromosome staining suggests thae thez plenty of sites on the
genome where they bind on both X and autosomes. @nthe most obvious
guestions that arise is whether the NSL complarvslved in the regulation of gene
expression. To address this question, fly linesresging RNAi were used. In
collaboration with Sunil Jayaramaiah Raja, using ARNnediated depletion of
MCRS2, MBDR2 and NSL3 in salivary glands, it waswh that expression of many
target genes is affected by depletion of the NShhmonents and that, as anticipated,
expression is downregulated when the NSL complewmspromised (Fig. 21).

Several genes, based on the MOF presence, as sveiramosomal location, were
used in this study. Two groups of genes were chosethe X chromosome: MOF
bound Ucp4a, Dspt6, Par6, RB, CG2967, CG6506, &ad406; not bound by MOF
CG14788 and CG12065. Similarly, two groups of ammosl genes were chosen:
MOF bound Gprk2, CG9536, Sec5, PI3K92E, Eyg, N3 2, NSL3 and MCRS2;
not bound by MOF — MBDR2 and Nrv2. The efficiendykaock down was around
80% for MCRS2, MBDR2 and NSL3, as shown on thergg®0. It was found, that
irrespectively of the gene location and the geneepression of MOF bound genes is
downregulated more than two fold upon RNAi knockdooi the NSL components
comparing to the control. Interestingly, the expemt also shows that expression of
NSL proteins themselves is effected by the knockrdof each other.
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Figure 21. Expression analysis of X chromosomal (Ucpd4a - dB5%2 and
autosomal (Gprk2 — NSL2) genes upon MCRS2, MBDR2 [d6L3 knock down in
salivary glands, in male and femalzrosophila 3¢ instar larvae. CG14788 and
CG12065 are autosomal genes not bound by MOF; MBDRIR& Nrv2 — X
chromosomal not bound by MOF genes. Expression afyn"MOF target genes is
downregulated more than two fold upon RNAI knockdooi the NSL components
comparing to the control.

These results suggest that the NSL complex membetrsas transcriptional co-
activators on MOF target genes. Upon depletion €iR%2, MBDR2 or NSL3
components of the NSL complex, the expression segélmany X chromosomal as
well as autosomal genes in both males and femakesealuced. The complex is
involved in regulation of a wide number of gened @B effect is likely to be more
general than the MSL complex, whose activity istrreted to the male X-

chromosome.
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3.9. NSLs affect each other’s stability

Decreased RNA levels of the NSLs upon MCRS2 knankrdwere then compared to
the protein levels of the respected genes. For RIAI mediated knock-down of
MCRS2 in SL2 cells was performed and the level mbdk down was checked in
Western blot by probing membranes with MCRS2 anlikb MCRS2 knock down
was compared to the EGFP knock down. As shown erigiare 22, the efficiency of
the MCRS2 knock down is around 90%. Analysis of ¢eBular levels of MBDR2,
Z4, Chromator, MOF and WDS by western blot deteedithat these components of
the NSL complex are reduced when MCRS2 is deplettylar levels of tubulin are
unaltered by RNAI treatment (Fig. 22). Additionaladysis of other members of the
NSL complex in the MCRS2 knock down on (data natvam shows that among
other effected proteins are NSL2 and NSL3.
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e |

M
100% 40% 15% _ 15% 40% 100%

- MCRS2

- 8 MEDR2

— . mm 74
"— — u Chromator
ey

- -\ (OF

. v
?“' SN DS

A bl Tubulin

Figure 22. RNAi mediated depletion of MCRS2 reduces the imlatar level of
other components of the NSL complex. SL2 cellstegated with EGFP or MCRS2
dsRNA with components of the NSL complex then anedlyby western blot. Tubulin
is used as a control protein whose stability shoutd be affected by sSiRNA
treatment.
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To show that effect of MCRS2 knock down is spedifiche NSLs, it was compared
to the one of MSL1. As shown on figure 23, theaddincy of MCRS2 knock downs
was around 80%, while the one of the MSL1 was alncosnplete. Probing same
membranes with MBDR2 antibodies, it was shown thateffect of MCRS2 knock
down is specific to the NSL complex, as indicatgdibcreased levels of the MBDR2
protein, and it does not influence protein level$isL1. MSL1 protein levels stay
unchanged upon MCRS2 knock down; reciprocally, MER®tein level is also not
affected in the MSL1 knock down cells (Fig. 23).
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Figure 23. RNAiI mediated reduction in MSL1 and MCRS2 does infitience each
others protein levels, suggesting that MSL and N&tplexes operate independently
of each other. Control cells are treated with EGFRRNA. Tubulin is used as a
control protein, unaffected by siRNA treatment.

72



4. DISCUSSION

In Drosophila, dosage compensation is achieved by the MSL comptemposed of
the MSL1, MSL2, MSL3, MOF and MLE proteins togetlmath noncoding RNAs —
roxX1 androX2. It achieves dosage compensation by specificatigibg to the male
X chromosome and inducing global hyperacetylatibiéK16, which is associated
with transcriptional activation. Recently, a conii@t between the dosage
compensation complex and a new group of proteirssfaand through purification of
MOF containing complexes, isolated frobrosophila embryos, aDrosophila cell
line and a human cell line (Mendjan et al. 2006)thi the same study, isolation of
MSL3 co-purified a similar set of interaction pasts, although several proteins
identified in the MOF purification were not founchen MSL3 was used as bait. The
interconnection between proteins classically bekieto be involved only in dosage
compensation with the range of nuclear and trapsonal processes was reinforced
by the observed evolutionary conservation of comg@mponents between fly and
human, despite differing mechanisms of achievingade compensation in these
organisms. Collectively, the functional connectidregween MOF and a large set of
proteins suggest that it has functional roles imegeegulation beyond dosage

compensation.

4.1. Purification of a novel complex, termed the NScomplex

Several proteins that purify with MOF, but not wMSL3, had not been previously
characterized, those include MCRS2, NSL1, NSL2 &fsl 3. Immunoaffinity
purification of MCRS2 co-precipitated MOF, MBDR2SN2 and NSL3 from nuclear
extracts, whereas no interaction of MCRS2 with MSirIMSL3 was detected. It
suggested that there are different complexes WME&E is residing. Tandem affinity
purification MCRS2 showed that, indeed, there isowel complex consisting of
several proteins, namely NSL1, NSL2, NSL3, MBDRal anDS, in addition to
MCRS2. All of these proteins had been previouslgnidied in purification with
MOF. Surprisingly, no MSL constituents, apart fravtOF, were co-isolated with
MCRS2. Parallel purification of NSL1 revealed a @ex with the same components
as when MCRS2 was used as bait, although, in addiMOF, Chromator and Z4

proteins were also co-purified. Chromator and Z4ewadready known to co-purify
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with MOF. Collectively, the data from complexesidefl by purifications of MCRS2
and NSL1 show that a distinct complex exists. Ttogel assembly of proteins, the
NSL complex, contains MOF, NSL1, NSL2, NSL3, MCR®BDR2, WDS, Z4 and
Chromator. The connection of MOF with another camrpbuggests that it has

additional functions beyond dosage compensation.

Experiments to directly probe interactions betw®L complex members, using
baculovirus-expression, showed that NSL1 copurifieith MOF and MCRS2 in the
absence of other complex members. This suggesatdhi interaction between these
proteins is specific and direct. In addition, MCR&&s found previously in our lab,
by yeast two-hybrid technology, to interact with MOagain indicating a direct
interaction between MCRS2 and MOF.

4.2. Similarities between the MSL and NSL complexes

An interesting similarity between the MSL and NShmplexes is that both of them
have a component with a rare PEHE domain in theicture: these are the NSL1 and
MSL1 proteins. They are the only two proteinddirosophila that have this domain,

and it is shown, that interaction of them with M@¢curs though this domain.

To address the functional significance of the MCR&&ein, studies of the complex
in conditions of depleted MCRS2 were carried ottwas found, that upon RNAI
mediated knock down of MCRS2 in SL2 cells, protieivels of MCRS2, MBDR2,
Z4, Chromator, NSL2 and NSL3 are decreased. Thessults suggest
interdependency between protein components of e ddmplex, which is reflected
in their stability. Depletion of MCRS2 severelyedfs the amount and localization of
other NSL complex members, indicating that MCRS8hhbe a central component
of the NSL complex, perhaps through nucleating dempssembly.

Interestingly, MCRS2 exhibits a similar effect dve tNSL complex, as MSL2 has on
the MSL complex. MSL2 is a crucial component of M8L complex. It is present
only in males, as in females translationnsdi2 mRNA is inhibited (Kelley et al.

1997; Gebauer et al. 2003; Grskovic et al. 200&kB®nn et al. 2005). Without this

protein, the dosage compensation complex is na@nasied. The mechanism of the
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effect of MCRS2 on the NSL complex still needs & discovered. It could be that
MCRS?2 is involved in controlling the expression ather NSLs, or it provides a
platform for the complex assembly, or there areeothechanisms that we still do not

know.

4.3. NSL complex colocalizes with MOF on chromatin

Staining of polytene chromosomes shows that MSktegme bind multiple sites on the
male X chromosome and colocalize with MOF. Howetleg, MOF staining pattern is
slightly different: while being enriches on the m& chromosome, MOF has a broad
distribution over all chromosomes in both sexesn(Kiet al, 2008). These data
suggested that MOF has an additional function,tdpam the dosage compensation.
Immunostaining of polytene chromosomes with antib®dagainst NSL complex
members indicated that NSLs bind to all chromosoimea broad pattern both in
males and female. Interestingly, the chromosomainisig patterns of the NSLs
overlap at many sites with that of MOF on X chroomsg, as well as on all

autosomes both in males and females.

The staining of the chromosome squashes providedhia information concerning
the localization of the NSL proteins towards MO# ofrder to gain resolution of NSL
binding sites at the level of individual transcigoal units, chromatin

immunoprecipitation experiments using antibodiesiragf the NSL proteins and MOF
were performed. To do so, a set of MOF bound gemesjded by the MOF profiling

done in the lab (Kind et al. 2008), was used. Chiedormed to determine the
binding of NSL1, MCRS2, MBDR2 and MOF show an asstoan of these proteins
with promoters of MOF bound genes. In addition, MBiRds the 3’ end of the X
chromosomal genes. Other data from the lab haversiioat the binding of MOF at
the 3’ end of the genes correlates with the MSlding. NSL colocalize with MOF at
promoter regions and is absent from the 3’ end,hasiging that MOF function with

NSL is independent of MSL.

Subsequent comprehensive, genome-wide determinatiomding sites of the NSL
complex will be obtained by massively parallel smmring of immunoaffinity

purified DNA using antibodies against NSL compose(@hlP-seq). As NSLs are
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present on genes where MOF is bound, and that MSécated with a considerable
number of genes, it is likely that a strong cotieta indicated by overlapping

regions, will occur between MOF and NSL targetsbromatin.

Preliminary experiments from our lab indicate thmding of MOF binding is

reduced upon RNAiI mediated depletion of MCSR2. Tasllt is very interesting as it
shows that the NSL complex contributse towardsetang MOF to target gene
promoters. Our lab has previously shown (Kind e2@D8) that H4K16 acetylation is
downregulated upon the reduction of MOF. It woukdtherefore interesting to test
whether the level of H4K16ac mark on target geseaffected in NSLs knock down
cells. Reduced level of this mark could be an exgtian for the downregulation of
expression of MOF bound genes, as H4K16ac is linlceén increased rate of

transcription. These experiments are currently nmdg.

4.4. NSL complex is involved in transcription reguhtion

The fact that NSLs are localized on the promotdrsmany genes prompted an
evaluation of the transcriptional changes of gendgect to regulation by NSL. To
address this question, total RNA from the salivglgnds of fly lines specifically
expressing RNAI targeting NSL components in salivglands were isolated and
subject to reverse transcription with subsequeat-trme quantitative analysis by
gPCR using gene-specific primers. The depletiolNSL. components results in a
strong decrease in transcription of NSL-bound geimesnales and females, on
autosomes as well as on the X chromosome. The ssiprelevels of non-bound
genes are not reduced, indicating that this deerisaa direct effect of the absence of
the NSLs. Altogether, these data strongly sugdest the NSL complex functions
generally as an activator of transcription. Thealdrpolytene chromosome staining of
NSLs implies that many chromatin regions are oy the NSL complex, which
is likely to be involved in regulation of a wide esprum of genes. A better
understanding of the proportion of genes regulatethe NSLs and their nature will
be derived by genome-wide profiling of binding sit®f the NSL complex members
in comparison with expression data, derived eittnem expression arrays or by

massively parallel sequencing. Comparison of ttia &tam wild type and MOF and
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NSLs mutants will facilitate the understanding loé involvement of these complexes

in the global regulation of gene expressionosophila.

4.5. Mechanism of targeting to promoters

An important question to answer is how the NSL clamps targeted to responsive
promoters. One alternative is that the complexirectly binding the chromatin.
Among the NSLs there are several proteins, whiah lma potentially involved in
targeting the complex. One of the proteins, whidwyrbe involved in targeting the
NSL complex to promoters, is MBDR2. MBDR2 has salénteresting domains,
among which are Tudor and methyl binding (MBD) daoma(Taipale et al. 2005).
Tudor domains share similarity to chromodomains,ctvhalso bind methylated
residues (Lachner et al. 2001). In yeast, Tudor alosnhave been shown to bind
methylated H3K79 (Huyen et al. 2004). MBD domainsdkio methylated DNA and
are involved in transcriptional repression in marsm@®ird 2002). InDrosophila,
however, DNA methylation happens much more seldbam tin mammals and the
function of it is not very clear (Lyko et al. 2000lBDR2 has however the potential

to recognize modified chromatin and target the M8mplex to it.

Another protein with a potential of binding to chratin is WDS. It belongs to the
WD family and contains seven WD40 repeats (Hollmahml. 2002). It is known,
that these repeats are involved in protein-proigi@raction and are present in many
chromatin-associated complexes (Cao et al. 2002. thammalian ortholog of this
protein, WDRS5, binds specifically to dimethylate@K# and also is a constituent of
H3K4-specific methyltrasnferase complexes (Wysaatkal. 2005). Methylated H3K4
is associated to transcription activation (Zhand Reinberg 2001). Therefore, WDS
can be potentially one of the proteins in the NSmplex that specifically recognizes
H3K4 methylated chromatin of promoters and bringe tomplex to regulate
transcription of the target genes by, for examplenging MOF to induce local

hyperacetylation and increase gene expression.

It was proposed, that the MSL complex recognizeésesdegenerate sequences at 3’

end of genes, which leads to the binding of it ¢hromatin. It would be interesting
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to know, if there is a similar kind of a sequenisattthe NSL complex is recognizing

at the promoter regions, with a subsequent bintding

Another alternative is that the NSL complex carblamught to promoters not only by
direct binding of its members with chromatin, bhirough an interaction with
components of transcription machinery or with ragpdy proteins present on
promoters. These interactions are most probabhsigat, and reflecting an inherent
instability, no such proteins have been purifiethwhe NSL complex. An interesting
issue is a possible interdependency between MOM&1id in binding to chromatin.
From the MSLs studies it is known that, although MRinding is compromised on
the body of genes upon MSL1 knock down, the assoni@f MOF to promoters is
not affected in these conditions (Kind et al. 2008)is suggests that binding of MOF
to promoters is independent of MSL. It would besiesting to investigate whether
MOF binding to promoters is also independent ofNise. complex, or MOF requires
an assistance of the NSL complex to associate pvidimoter regions. For this, ChIP
with NSLs antibodies using chromatin derived fror8LId and MOF mutant flies or

from MOF RNAI mediated knock down cells will pro@dn answer.

4.6. The model of the MSL and NSL complexes functio

Dosage compensated genes are upregulated throaghction of histone acetylase
activity of MOF within the MSL complex. Consequentienes associated with MSL
have local hyperacetylation of H4K16, which pronsogene expression. Components
of the MSL complex bind all over the coding sequerad compensated genes,
peaking at 3’ end. MSL1 and MSL2 recognize 3’ regiof target genes probably
through degenerate sequence elements (Dahlsvesdn 2806; Gilfillan et al. 2006;
Kind and Akhtar 2007). This leads to the recruitm@MSL3, which stabilizes the
MSL1/MSL2/chromatin interaction. Binding of MSL3 td3K36me3 might be an
event that brings MOF to the body if the gene (than et al. 2007). However, in
contrast to other components of the MSL complex, AMi® also present on the
proximal promoter region of genes, on all chromossnand in both males and
females. This binding is independent of the MSL ptax (Kind et al. 2008). The
profile of H4K16ac correlates with the binding ofO% on autosomes and on the X

chromosome. On the X chromosomal genes, H4K16akspaathe 3’ end of genes
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(Kind et al. 2008). The work presented in this iheshows that the NSL complex

coresides with MOF specifically at the promotersra@ny genes (Fig. 22). Since the
depletion of the NSL proteins resulted in the doegulation of target genes, the NSL
complex might likely be implicated in the gene waation of the tested genes. An
open question is whether this gene regulationrisctlieffect of the MOF acetylation,

or is the result of the function of the NSL protimo answer this question, the
binding of MOF in the NLS proteins knock down baakgnd and vice versa has been
investigated. However, the efficiency of the knaldwn was not enough to provide a

clear answer, and this work is still in progress.

Autosomes X chromosome

H4K16AC H4K1E6AC

Figure 22. The differential distribution of the NSL and MSloraplexes on genes.
The NSL complex, in association with MOF, recogeizgene promoters and binds
them. This induces H4K16 acetylation of proximalompoter regions, thereby
increasing the transcriptional potential of the gge@n the male X chromosome, the
NSL complex works in conjunction with the MSL corap)] which then spreads itself
and MOF over the body of the gene, thereby provgkieneral acetylation of male X
chromatin. This correlates with an increase of dcaiption from the male X
chromosome and results in dosage compensation.

4.7. Evolution conservation of the NSL proteins
Interestingly, the NSL proteins are conserved betwisvo very evolutionary distant

organisms: fly and human. First experiments shotied they might also reside in
one complex together in human cells, as they satgeip the same fractions of a
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nuclear extract after gradient centrifugation (Mancet al., 2006). This conservation
indicates that NSLs are important for cell functiohlthough they have been
identified in the dosage compensation studies, thegy involved in general
transcriptional regulation, in addition to X chrosemal genes dosage compensation.
Correspondingly, in man, hMOF is linked with candernormal human cells, about
60% of total histone H4 is monoacetylated, mostllysine 16, while this acetylation
is frequently lost in cancer (Munks et al. 199I)®F is responsible for the specific
acetylation of H4K16 and its depletion leads tdbgloreduction of H4K16ac in HelLa
cells (Taipale et al. 2005). In addition, hMOF dsptl cells have an impaired DNA
repair response following ionizing radiation (Tdgaet al. 2005). hMOF is
responsible not only for H4K16 acetylation, butalso able to acetylate the tumor
suppressor protein p53, and this modification & ptediates the behavior of p53 in
response to DNA damage (Sykes et al. 2006). It estggthat hMOF has a role in
transcriptional regulation, cell proliferation, f@ifentiation and the DNA repair
response (Smith et al. 2005; Taipale et al. 200Bpwledge that NSLs are associated
with hMOF in mammalian cells brings new directiotts the study of the NLS
complex in mammalian system, as well as hMOF itdels possible that NSLs are
also binding genes in mammalian genome and regthaie transcription together
with hMOF.

In summary, the work described in this thesis aefia novel MOF containing NSL
complex. This complex consists of a number of efvohary conserved proteins. Its
members colocalize ddrosophila polytene chromosomes. ChIP analysis reveals that
the complex binds to promoters of MOF target genas, this binding is functional,

as it depletion of the complex members by RNAi ragzi knock down leads to a
decrease in the expression of X chromosomal anosantal target genes. Thus, the
NSL complex is a novel gene expression regulatbichy in Drosophila, provokes
general transcriptional upregulation of a large hanof genes.
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5. MATERIALS AND METHODS

5.1. Biochemical methods

5.1.1. MCRS2 antibodies production

Polyclonal antibodies against MCRS2 protein wergedin rats and rabbits. For this
purpose, N-terminally GST tagged MCRS2 (1-319 aadgin was expressed in BL21
Rosetta (EMD Biosciences) using the pET41a vegtsiesn (EMD Biosciences). The
protein formed inclusion bodies, which were cokelctand solubilized in 7 M
guanidine HCI, 20 mM tris, pH 8.0, 10 mM DTT; urded in 7M urea, 20 mM
sodium acetate pH 5.2, 0.2 M NaCl, 1 mM EDTA, 0.M®MSF, 0.2 mM-
mercaptoethanol, 1 mM DTT; and refolded back byydia against urea free buffer:
50 mM Tris HCk pH 7.5, 150 mM NacCl, 1% Triton, GriM PMSF, 1 mM DTT. The
protein was affinity purified on glutathione agagosThis material was then
formulated with Titre-Max (Sigma) adjuvant and ugedimmunize 3 rats and 2

rabbits at three week intervals for a series ofrgections.

Table 1.Usage oitMCRS2 antibodies in different applications.

Animal Bleed Western IF IP (ul) ChipP
Ratl final 1:1000 1:200* 4 -
Rat2 final 1:1000 - 4 -
Rat3 final 1:1000* - 4* -

Rabbit CDA | final 1:1000 1:200* - 4*
Rabbit CCH| final 1:1000 1:200 - 4

IF — immunofluorescence;

IP — immunoprecipitation;

ChIP — chromatin immunoprecipitation;

* - best antibody to use for a given purpose.
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5.1.2. Coimmunoprecipitation (ColP)

For coimmunoprecipitation experiments (Fig. 5 ie fResults part), nuclear extract
(25 mg/ml) from wild-typeDrosophila embryos was used. The protocol for the

experiment is as follows.

1. Mix 100 pul extract with 600ul IP150 buffer forepcleaning with protein G beads
(Sigma) for 30min at 4°C to remove unspecific rdsimding proteins.

2. Mix the supernatant with 4 ul of the respectargibody serum or preimmune
serum for 1 hour, rotating at 4°C.

3. Wash 4 times with 700 ul IP150-buffer each wash.

4. Resuspend the beads in 50 pl of 4xSDS-loadiffghkeep at 95°C for Smin.

5. Use 40ul of the supernatant on a SDS-PAGE foars¢ion and subsequent western

blot analysis with the corresponding antibodies.

IP150 buffer

HEMG150 (25 mM Hepes, 150 mM KCI, 0.2 mM EDTA, 128 MgCl,, 10%
(vol/vol) glycerol)

0.5% Tween-20

0.2 mg/ml BSA

0.2 mM PMSF

0.5mM DTT

complete protease inhibitor (Roche).

5.1.3. Western blot

SDS-PAGE gel, transfer

1. Run the gel with constant current or voltageu@isunning time under 50 mA

constant is about 1.5-2.5 hrs).
2. Transfer for 1.5 hrs at 120 constant voltagenvatice block, stirring. Bigger
proteins might take longer to transfer.

3. Immerse membrane in blocking buffer for one hmuovernight, 4°C.
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Reagents for gel

30% bis/acrylamide mix (i.e., 29.2% acrylamide ab@% N,N’-methylene-bis-
acrylamide)

1.5 M Tris, pH 8.8

1.0 M Tris, pH 6.8

10% sodium dodecyl sulfate (SDS)

10% ammonium pesrsulfate (APS)

TEMED (N,N,N’,N’-tetramethylethylenediamine)

5X running buffer:

30.28 g Tris (FW 121.1)
144.13 g glycine

10 g SDS (or 10 ml 10% SDS)
ddH20to 2 L

4X Protein Loading Buffer

10 ml 1 M Tris pH 6.8;

20 ml 20% SDS;

20 ml glyceraol,

0.2 g bromophenol blue;

1.234 g dithiothreitol (DTT; FW 154.2);
5ml beta-mercaptoethanol.

Store in 0.5 ml aliquots at -20°C for 6 months.

Incubation with primary and secondary antibodies

1. Incubate membrane with the primary antibody locking buffer for at least an
hour at room temperature or overnight at 4°C.

2. Wash three times 5 min each with washing bf&S containing 0.1% Tween?20).
3. Incubate the membrane with HRP-coupled secondati{pody at a dilution of

1:20.000 for 45-60 min at room temperature.

4. Wash three times 5 min each with washing byf&S containing 0.1% Tween20).
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5. Treat the membrane with ECL solutions (Amershant) expose to X-ray film.

5.1.4. Coomassie staining protocol

The gel must be fixed prior to staining by a nondifng, precipitation procedure
such as the ethanol (or methanol)-acetic acid ndettidhe protein is not fixed in the
gel as a separate step from the staining, theiprotd be washed away and results

will be compromised.

1. Soak the gel in the gel-fixing solution for 1Ame purpose of this step is to
washing the SDS-containing gel buffers out of the g

2. Cover the gel with the gel-washing solution, andtinue to fix the proteins in the

gel by incubating overnight at room temperaturénvgentle agitation. The gel should

be covered during this process to avoid contanonadind to prevent the evaporation
of the solution.

3. Cover the gel with the Coomassie stain. Staergél at room temperature for 3 to 4
hr with gentle agitation.

4. Cover the gel with the destain solution andvalitbe gel to destain with gentle

agitation. Change the destain solution severaldir@®ntinue the destaining until the
protein bands are seen without background staimiitige gel.

5. Equilibrate the gel in the storage solutiondbteast 1 hr. The gel should return to
its original dimensions during this process.

6. Store the gel in the storage solution as nedtiesight be convenient to carefully

transfer the gel to a heat-sealable bag for lohgy@n-storage.

Reagents
Gel-fixing solution Add 500 ml of USP-grade 95% (v/v) ethanol to 300of water.
Add 100 ml of acetic acid and adjust the total woduto 1000 ml with water. The

final concentrations are 50% (v/v) ethanol in watéh 10% (v/v) acetic acid.
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Gel-washing solutionAdd 500 ml of methanol to 300 ml of water. AddOh@l of

acetic acid and adjust the total volume to 1000 with water. The final

concentrations are 50% (v/v) methanol in water i@Bo (v/v) acetic acid.

Stain Dissolve 0.4 g of Coomassie blue R350 in 200 M@ (v/v) methanol in
water with stirring as needed. Filter the soluttonremove any insoluble material.
Add 200 ml of 20% (v/v) acetic acid in water. Theal concentration is 0.1% (w/v)
Coomassie blue R350, 20% (v/v) methanol, and 10% &cetic acid.

Destain Add 500 ml of HPLC- grade methanol to 300 matter. Add 100 ml of
acetic acid and, after mixing, adjust the totalwmoé to 1000 ml with water. The final

concentrations are 50% (v/v) methanol in water iBo (v/v) acetic acid.

Storage solutionAdd 25 ml of acetic acid to 400 ml of water. Aftaixing, adjust the

final volume to 500 ml with water. The final contextion of acetic acid is 5% (v/v).

5.1.5. Silver staining

Gel-separated proteins are most commonly detectddjaantitated by dye binding,
utilizing the property of some dyes to bind to pros non-specifically, making the
proteins optically detectable and quantifiable. Gafethe most commonly used

procedures is silver staining.

Protocol of silver staining:

1. Fix gel with destaining solution (45 methand :acetic acid : 45 water) on a
shaking table for 20-30 mins.

2. Rinse with water (20-60 mins, or overnight). Gdga water several times to remove
acid completely and to avoid background.

3. Sensitize gel for 3 mins with 0.02% sodium thiléste (prepare fresh: 0.1 g sodium
thiosulfate in 500 ml water).

4. Discard solution and rinse the gel with two aesof water, 1 min each.
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5. Incubate gel in chilled 0.1% silvernitrate, (paee fresh: 0.2 g silvernitrate in 200
ml water) in the cold room fOr 20-40 mins withobhibking, covered with alufoil.

6. Discard/collect solution and rinse the gel viwtlo changes of water, 1 min each.

7. Develop the gel with 0.04% formaldehyde, 2.5%ina carbonate (prepare fresh:
12.5 g natrium carbonate, 150 ul 37% formaldehys®) ml water). Replace

developing solution when it turns yellow.

8. Quench developing solution when sufficient stggns obtained by discarding the
solution and adding 1% acetic acid.

9. Store silver stained gel at cold, or dry.

5.1.6. Destaining silver gels

Silver particles bind to the proteins and thushititheir hydrolysis. All silver stained
gel bands cut out for the purpose of in-gel digesshould be destained. It is done
prior to performing the in-gel digest, but afteciskon of the bands from the gel.

1. Add 5 ml of 50% sodium thiosulfate and 7.5% puta hexacyanoferrate per 150
ml water.
2. Use table shaker and incubate gel until no ertsible anymore.

3. Rinse well with water, of possible, overnighhatige water several times.

5.1.7 Flamingo staining

Since not all proteins can be visualized by sistaining, other staining reagents can
be used. One of them is Flamingo staining (BioRédd)s a novel dye that was

developed from a class of dyes that are minimdlpréscent at low pH in the

absence of protein, but acquire strong fluorescancthe presence of denatured
protein. Flamingo staining is fully compatible wigeptide mass fingerprinting by

MALDI-MS.
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Protocol of the Flamingo staining:

1. Fix the gel o/n with 40% ethanol and 10% acatid
2. Incubated in 1:10 diluted Flamingo staining (®&al) solution for 3 to 5 hours.
3. Incubate for 10min in a 0.1% Tween-20 solution.

4. Scan on a PharosFX scanner (BioRad).

5.1.8. SL-2 nuclear extracts

Nuclear extract fromDrosophila SL-2 cells was used for TAP purification of
MCRS2.

1. Harvest 0.3x10cells.

2. Pool cells, in falcon tubes and pellet by cémggation 2000rpm, 10 min, at cold.

3. Rinse cells, in cold PBS (5-10 ml), respin 269® for 10 min.

4. Dounce 50 times on ice using the 1.5 ml pesfjee(B).

5. Centrifuge 10 min at 4500 rpm (SS34 or eppencentrifuge).

6. Discard the supernatant.

7. Wash pellet in 5 ml of buffer B (in corex 15 tabes), spin at 4500 rpm for 10 min.
8. Resuspend in 1 ml of buffer B.

9. Create a sucrose gradient layer by carefullintayhe resuspended nuclei on 1 ml
of better B+0.8 M sucrose in corex tubes.

10. Spin in HB4 swing out rotor 10 min, 4000 rpm.

11. Resuspend the nuclei pellet in 800ul of b0 (i.e. 150 mM KCI).

12. Precipitate with 4 M ammonium sulphate (pH832y.l//ml of resuspension, rotate
for 1 hour at cold.

13. Ultracentrifuge 1 hour using Ti55, 16200 rpnSdv40, 26000 rpm.

14. Take the supernatant and precipitate with Jumel of ammonium sulphate

(pH8.0) for 30 min, at cold.

15. Spin in corex tubes or eppendorf, 12000 rpnmB0

16. Resuspend pellet in 40 pl of buffer C.

Buffer B: 15 mM Hepes, pH 7.6; x mM KCI; 5 mM Mg£10.1 mM EDTA; 0.5 mM
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EGTA; 1 mM PMSF. B10=10 mM KCI, B150=150 mM KCI.

Buffer C. 25 mM Hepes, pH 7.6; 50 mM NaCl; 5 mM Mg(0.1 mM EDTA; 1 mM
DTT; 1 mM PMSF, PI cocktalil.

5.1.9. NuclearDrosophila embryos extract

Nuclear extract fromDrosophila embryo (0-12 hr collections) was used for

coimmunoprecipitation experiments.

1. Suspend embryos in 1 ml NU-I buffer.

2. Homogenize in a 60 ml glass homogenizer withotomdriven Teflon pestle (up to
30 g at the time). One slow stroke at 2000 rpnofedd by 5 strokes at 1500 rpm.

3. Pass homogenate through a single layer of mita¢Calbiochem) supported by a
funnel over a GSA sentrifugation beaker. Use a pewee of miracloth for every 30 g
embryos. Wash with 2 ml NU-I buffer per g embry@stectly add to the beaker
further 3 ml NU-I buffer per g embryos (total 6 ofl NU-1 buffer per g embryo for
the spin).

4. Spin in GSA rotor (HB4 for smaller preps) for rhins at 8 K.

5. Pour off cytoplasm, watch the nuclei pellet. @/gde of the tubes with tissue to
remove lipid.

6. Resuspend pellet in 3 ml of NU-I buffer per gbeyos, leaving behind the much
tighter yellow yolk pellet (use dounce with a logssstle to fully suspend). This step
is optional.

7. Spin again 15 mins at 8 K in a fresh beaker.

8. Pour off the supernatant, wipe sides agairecessary.

9. Nuclei extraction: resuspend nuclei (again awaitk pellet) in 1 ml NU-II buffer
per g embryo using a dounce with loose pestle. Meashe volume of the
resuspended nuclei.

10. Place into ultracentrifuge tube(s) and add ¥dl0me of 4 M ammonium sulfate
to tubes and mix vigorously. The solution will bemvery viscous.

12. Rotate the tubes in the coldroom for about #m

13. Spin in a cooled untracentrifuge for 1 hr: T&@0Ti70 rotor at 35 krpm.
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14. Remove supernatant with a 10 ml pipet by plugdhe pipet tip well below the
upper lipid layer and removing steadily. Leave hdhihe bulk of the lipid which
interferes with subsequent ammonium sulfate pretipn.

15. Measure volume of supernatant and place ibi@aiier on ice.

16. Add to the supernatant 0.3 g per ml of finelgumd ammonium sulfate in small
aliquots over a 5 min period while stirring. Leastaring for further 10 mins.

17. Spin in precooled Sorvall at 15 krpm for 30 rf#$34 rotor or equivalent)

18. Pour off the supernatant, drain well and dry sides of the tub with kimwipe
wrapped around a spatula.

19. Resuspend pellet by adding 10 pl of HEMG40gembryo, then mixing into a
paste with a pipet tip. Add 180 pl HEMG40 per g eyoband resuspend fully by
pipetting up and down through a 5 ml pipet. Dialggginst 3x1 liter of HEMG40
until the conductivity is equal to HEMG 100 (HEMGL®80 mM KCI).

20. Spin out the precipitated protein for 5 miraimeppendorf centrifuge at 10 krpm
in an HB4 (SS34) rotor.

21. Snapfreeze supernatant in liquid nitrogen awdesat -88C. Expect 4-5 mg
nuclear protein per g of dechorionated embryo. dmotoncentrations in Bradford

assay are usually between 15-20 mg/ml.

NU-1 buffer. 15 mM Hepes-KOH, pH 7.6; 10 mM KCI; 5 mM Mg{l0.1 mM
EDTA, pH 8.0; 0.5 mM EGTA; pH8.0; 350 mM sucrose.

NU-1I buffer: 15 mM Hepes-KOH, pH 7.6; 110 mM KCI; 5 mM Mg£D.1 mM
EDTA, pH 8.0.

HEMGXx: 25 mM Hepes-KOH, pH 7.6; x mM KCL; 12.5 mM Mg{0.1 mM EDTA,
pH 8.0; 10% glycerol. HEMG 40 = HEMG + 40 mM KCI

5.1.10. TAP-tagging of the MCRS2 protein

The full-length open reading frame of MCRS2 protewas subcloned into the
multiple-cloning site of the pBSactshort-N-TAP warc(a gift from Elisa Izzaurralde).

This pBluescript-derived vector has an N-termin&lPTtag that can be fused to the
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protein of interest. Expression of a tagged proeuriven from a shortened Actin5C-
promoter with efficient termination of transcriptioconferred by a 3 BgH1
terminator sequence. The Actin5C-promoter drives-level expression of TAP
tagged MCRS2. This results in complex formationhwitAP-tagged MCRS2 under
conditions similar to those of endogenous MCRSZ&sgion, to preclude forcing the
formation of aberrant complexes through over-exgngs MCRS2. The MCRS2
coding sequence was subcloned from pFastBac-Flag8%5ldy digestion witlecoRl
(5") and Spel (3’). Both ends were blunted with Klenow polymsea(NEB). The
acceptor vector, pBSactshort-N-TAP, was prepareckebiyiction digest witiBamHl,
followed by blunting. Analytical digests were pearfeed with ECORI and BamHI to
confirm the presence and orientation of the indére resulting construct was named
pBSactshort-N-TAP-MCRS2.

5.1.11. Generation of stabl®rosophila SL2 cell line

A stable Drosophila TAP-MCRS2 producing SL2 cell line was establisheyg
cotransfecting the pBSactshort-N-TAP-MCRS2 expmsglasmid and the pUC-
NEO resistance vector. Transfection was facilitabgd Effectene (Qiagen), used
according to the manufacturer’s instructions. Tfactson with only the expression
vector was performed in parallel. Following tramsien, cells were incubated for 24
hours, after which the medium was exchanged. Sefeatith geneticin (G418,
Invitrogen) was initiated 48 hours after transfewcti with a range of antibiotic
concentrations, between 0.8 and 1.2 mg/ml of gemetiused. Selection was
monitored by the complete death of mock transfectdts and colony formation of
stably expressing cells in cells transfected witle selection vector. Heterogeneous

populations of transfected cells were then usetktore cell lines.

5.1.12. Tandem affinity purification (TAP)

The TAP purification protocol (Rigaut, 1999) wasapted for Drosophila embryo

nuclear extracts (Sascha Mendjan).
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1. Spin down extracts immediately after thawingnak speed for 15min.

2. Dilute nuclear extract is in IgGBB150 to aboutdml protein concentration, and
spun down at rpm max for 15min.

3. IgG beads (Roche) should be tested by boilintk®DS LB for I1gG release. If they
release IgG (fat coomasie band at 50kDa) crosstivk beads with dimethyl-
pimelidate. Beads are equilibrated in IgGBB150 keefanding.

4. Diluted extract is bound to IgG beads at 4°Cliotlh30min max.

5. Save supernatant (for binding control) and waedds 3x with IgGBB150 and 3x
with IgGBB200 (identical to IgGBB150 but with 200MnKCl). The last 2 washes
should be 5-10’ each and at room temperature RT.

6. Resuspend beads in TEV cleavage buffer CB15GhVace in CB150 without
TEV at RT, before you add the CB150+TEV.

7. Cleave at 1% for 2h rotating slowly in an appropriate tube3¢2/4 full).

8. Take off the supernatant, spin it down at maeedpfor 5’ 4C, and save the beads
(freeze). Add Bl of 1M CaCk per 1ml of cleavage supernatant.

9. Dilute cleavage supernatant in calmodulin bigdaffer CalBB150 in a 1:3 ratio.
Equilibrate calmodulin beads in CalBB150 beforedioig. Bind for 2h at 4C.

10. Spin down beads and save the supernatant figiredintrol). Wash beads (each
wash 5-10min) 2xCalBB150 af@, 2xCal150 at RT, and 2xCalBB200 at RT. Final
wash is in CalBB150 (with Tris pH7.6 instead of ldepthis final change to the Tris

buffer system is because of the subsequent PAGEatrs also Tris based).

11. To avoid presence of non-specifically boundtens, as well as to result in
purifying a complex for further biochemical anabjselute proteins with CalEI150 for
15’-30’ at #C rotating/shaking. If the non-specific bindinglasv, proteins can be
directly eluted by boiling in 1xSDS (with beta-maptoethanol, no DTT).

IgGBB150 buffer:(25mM Hepes pH7.6, 150mM KCI, 5mM MgCI2, 0.5 mM EB,
20% glycerol and 0.5mM DTT, 0.2%Tween20, 0.4mM PMS&®Bmplete protease
inhibitor (Roche).
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IgGEI150 buffer:(20mM Tris pH7.6, 150mM KCI, 5mM MgCI2, 0.5 mM EBT
20% glycerol and 0.4mM PMSF, 200ng/ml FLAG peptid¢l00 elution volume
RNAsin (Promega) if RNA is co-purified.

CB150 buffer:(20mM Hepes pH 7.6, 150mM KCI, 0.5mM EDTA and OMTT,
0.1% Tween20, 0.4mM PMSF, 10microg/ml TEV and 1/AM@ume of RNasin
(Promega) if RNA should be co-purified.

CalBB150 buffer:(20mM Hepes/10mMTris pH7.6, 150mM KCI, 2mM Mg-Aat,
1mM Imidazol, 3mM CaCl2, 20% glycerol and 10mM batarcaptoethanol,
0.2%Tween20, 0.4mM PMSF, Complete protease inhibito

CalEI150 buffer(10mM Tris pH7.6, 150mM KCI, 2mM Mg-Acetate, 1mmhidazol,
3mM EGTA, 20% glycerol and 10mM beta-mercaptoethartbdmM PMSF,
RNasin).

5.1.13. Identification of purified proteins by massspectrometry

Both excision of specific to TAP-tagged MCRS2 paation bands (performed by
Sven Fraterman, EMBL-Heidelberg) and analysis t#ltoomplex elutions have been
done (Adrian Cohen, NCLMS, Netherlands).

5.1.14. Chromatin fromDrosophila SL-2 cells

1. Fix 40 ml almost dense cell culture (4%tells / ml) with 4 ml of fixation mix (7.1
ml Paro fix solution (50mM HEPES, 1mM EDTA, 0.5mNMGEA, 100mM NacCl) +
2.9 ml FA (37% stock)).

2. Incubate 8 mins at RT.

3. Stop with 2 ml 2,5M glycine, 10 min on ice, spimins cold.

4. Wash pellet in 40 ml Paro Pinse 1 (10mM tris pH8nM EDTA, 0,5mM EGTA,

0,25% triton X 100), incubate 5 mins on ice, spin.
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5. Wash pellet in 40 ml Paro Pinse 2 (10mM tris pi@&M EDTA, 0,5mMEGTA,
0,2mM NaCla), incubate 5 mins on ice, spin.

6. Resuspend in Ripa buffer in the appropriates@aication volume (400 pl).

7. Sonicate 3 times 15sec.

8. Spin at high speed for 10 mins, cold.

9. Use supernatant (can store at -80). Take 25100 of the chromatin for an IP.

5.1.15. Chromatin from Drosophila third instar larvae salivary glands

Chromatin fromDrosophila embryos was prepared according the protocol dpeelo
by Orlando et al (Orlando et al, 1997).

1. Dissect male Il instar larvae salivary glandl® pairs per ChIP) 2. Fix for 15 min
at room temperature in 1mL of fixing solution (50nHMEPES pH 7.6, 100mM NaCl,
0.1mM EDTA pH8, 0.5mM EGTA pHS8, 2% formaldehydej, @ wheel.

3. Centrifuged at 2000rpm for 1min.

4. Wash once in PBS-0,01%Triton X100-0,125M glycine

5. Wash for 10 min in 1mL of buffer A (0,25% Tnit X100, 10mM EDTA pHS,
0.5mM EGTA pH8, 10mM Tris pH8).

6. Wash for 10 minutes in Buffer B (200mM NaCl, 1Mniris pH8, 10mM EDTA
pH8, 0,5mM EGTA pHB8). Can freeze in N2 and keepaieeks.

7. Resuspend the glands in 500 ml of sonicatiofebtOmM Tris pH8, 1mM EDTA
pH8, 0.5mM EGTA pHB8). Transfer in the specific talfer sonication.

8. Sonicate 3 times 10s using a Branson Sonifiér gdwer 2, with a microtip.

9. Sonicate 8 min (8 times pulse 30s, paused fsr [8Qh) using a Bioruptor (Cosmo
Bio).

10. Adjust the samples to 0.5% sarcosyl (add 5opdiL of extract).

11. Incubate on a wheel for 10 min at room tempeeat

12. Centrifuged at 14000rpm for 10 min.

13. Dialyze at 4°C ON against 5% glycerol, 10mMsTpH8, 1mM EDTA pHS,
0.5mM EGTA pHS8.

14. Perform chromatin immunoprecipitation using |506f chromatin, according to
Orlando et al, 1997.
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5.1.16. Chromatin immunoprecipitaion, ChIP

(adapted from J. Muller lab)

1. Thaw an aliquot of chromatin and use the appaitgpamount for the ChiIP

2. Adjust the volume to 500ul with ice-cold dialydbuffer (4% glycerol, 10mM
TrisHCL pH 8, 1mM EDTA, 0.5mM EGTA)

3. Adjust to RIPA conditions by addition of TritoAB0, sodium deoxycholate, SDS
and NacCl.

4. Add 40ul of the 50% (v/v) ProteinA Sepharose $PAuspension (100mg Protein
A Sepharose CL4B, Sigma, equilibrated in 1ml RIRAfdr for 30-60min; this will
swell the beads with RIPA up to 500 pl volume. Spovn 30 sec and take up to 1 ml
new RIPA buffer). RIPA Buffer: 140mM NaCl / 10mM i$fHCI| pH8,0 / 1mM
EDTA / 1% TritonX100 / 0,1% SDS / 0,1% sodium dechxglate, 1ImM PMSF (on
ice); add PMSF immediately before use).

5. Incubate the chromatin with the PAS for 1h & 4¥ith gentle mixing, then spin
down for 30sec at max speed. This acts as a prexestep to reduce non-specific
binding to protein A sepharose.

6. Remove the chromatin to a new tube and add 2ebtge appropriate antibody and
control (preimmune serum).

7. Incubate overnight at 4°C with gentle mixingriBummunocomplexes by adding
40ul 50% PAS suspension (100mg Protein A Seph&ad8, Sigma, equilibrated in
1ml RIPA buffer for 30-60min. Spin down and takeinpmew 1ml RIPA buffer) and
incubate for 3h at 4°C with gentle mixing. Usediiktd tips during the ChIP.

8. Wash complexes 5 times with 1ml RIPA for 10 reich, once in LiCl buffer
(250mM LiCIl / 10mM Tris-HCI pH 8,0 / 1mM EDTA / 0% NP-40 / 0,5% sodium
deoxycholate; prepare it well in advance so that4@Fhas time to get dissolved
properly) and twice in TE (10mM Tris-HCI pH 8,0rhM EDTA). Carry out all steps
at 4°C using 1ml wash buffer and always spin at s@eed for 30 sec to pellet PAS
before removing the supernatant.

9. Add DNase-free RNase A (in approx. 50 ul TE &gffo the PAS complexes up to
50ug RNase A/ml, and incubate for 30min at 37°C.

10. Adjust the samples to 0,5% SDS, 0,5mg/ml Pnat® K (premix SDS and
Proteinase K in at least 40 ul buffer TE) and iratatovernight at 37°C, followed by

6h at 65°C to reverse the cross-link.
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11. Phenol/chloroform extract the sample with agdinvol phenol, 20 sec vortex, 1
Vol chloroform, 20 sec vortex, 2 min max speed KGkigation. Take the upper phase
and add 2 Vol chloroform, 20sec vortex, 2min cénge. OR, if you use Phase Lock
Gel Heavy® tubes, spin down gel in tubes (maximymes 30 seconds), put liquid
from Proteinase K into tube, add one volume V loémmol (take it from the lower

phase), stir vigorously (around two minutes), adeé golume V of chloroform, and

stir vigorously again. Centrifuge at 16000g (magespin microfuge) 5 min. Add then
two volumes V of chloroform, stir vigorously, andaan spin down at top speed five
min. Take phase that is on top of gel.

Precipitate the upper phase by adding 1l 20mglyobgen (as carrier), 1/10 volume
(V', the new volume you got after extraction) SMOwc pH 5.2, add 2,5 V' ethanol.
Put at —80°C for 30min before centrifuging at 4% 20min at full speed. Wash
pellet in 1ml 70% ethanol, turn tube, centrifuge4& 3 min max speed, discard

supernatant, air-dry and resuspend in 500u| H2@eSt —20°C.

As an option to step 11, one can use MinElute cakif@uagen) for to purify DNA

after RNase A, proteinase K treatments and reveosslinking.
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Table 5.Primers used for gPCR in chromatin immunopredijita

Position
Name Forward primer (5’-3") Reverse primer (5'-3") relative

toaTSS
CG4406-5' ACAGCTGGCGAGGATCAG TCGATACTCGAGGCGTTG +60
CG4406-mid | CCAACTCCTGGCTGGTTATC GGCAGCAATGTGCTCATCTA +570
CG4406-3' TTGAAGGGCTTTTTGGTCAC TTGAAGGGCTTTTTGGTCAC +1280
CG6506-5' AGGGCCCGATAAGTAAACAA | GCCCCAGTGCTCTGTTTG +60
CG6506-mid | CAGCTGGTCCCACTGGAG ATTCCTGGCCAGCACCTT +850
CG6506-3' GCAATGGAAATGGCAATG TGAAGTTATCCCCGCAATTT +1270
Rb-5’ AAAAATCATCAGCACGGAAA | ATTGCTGGCCGAGTTCTG +300
Rb-mid TGCCCGCCAAGTATTTCT CGCTGGCATGTTCAGGTA +2340
Rb-3’ CTCCAAAAGCCTCGTGCT CCATGGATCCAATGACCA +3840
dSPT6-5 CGCTCACAAACTCTTCGTTT ACACCTACCTCCGATTCCTC +110
dSPT6-mid CGAGGCGATAGTTGTACCAG CATAGGGACTGCTGTTGGAC +2663
dSPT6-3’ TACAATGTCACTGGGACGTG CGAGGACATACCCCGATTAT +6454
Sec5-5’ GCCAAGATTTCACCACTGAC ATGCGGAAAAACTGATCAAA -60
Sec5-mid ACTCCCATTGGCGATAAACT TGGTGTGCTGATCAAATGTC +1350
Sec5-3’ TGAGACTGCCAAGTGAGTGA | CAGCGCTTCCATGAAGTAGT +2780
CG9536-5' AGACCACCCGGTTCCAGT CACCGATCGCTTCTCCTG -30
CG9536-mid | CGGAGAGCTTCACGTTCG CCCGCAAACAGCAATTGTA +2780
CG9536-3' CCAGCTGCCCATCACAAC CACCTTGACCCGGAACAT +2040
OdsH-5’ CAGTGTCAGCAAAAGCATTG GATGAACCATGGGGATGTT +10
OdsH-mid TCTGGGGCAGAATGATTGTA CGCTATACGACCCTCCATTA +20770
OdsH-3’ GTTGAACCGGAGTACGTGA GAGGGTCTTATTCTGCATCG +22750
Gprk2-5’ CTTGTTTTGCGAGCCTTTTC CAGAACACACACACGCACAC +220
Gprk2-mid GTCGCTTCTTGGATGTCGAG CTGCGAGTTGTTGCTGTTGT +48540
Gprk2-3’ TTGCCCATTGGGTATGCT TTTGCAAAAGCGCACTCC +54540
roxX1-prom GTGTATTTTGCAATTGGA CGCATTCATGCAGTTCCC +48540
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5.2. Cytological methods

5.2.1. Immunofluorescence on SL-2 cells

SL-2 cells are grown on cover slips at a density al( cells ml-1. After 1 wash in
PBS, cells are fixed in 3.7% Formaldehyde in PBS+iif RT and blocked in
solution 1 (5% BSA, 0.1%Tween, 0.1% Triton in 4XCGSor 1 hour at RT or o/n at
4°, Cells are incubated with primary antibody difanti-MSL-1, anti-MSL-2, anti-
MSL-3 and anti-MOF: 1/500; anti-MLE: 1/250) in st@n 1 for 1 hour at RT. After
washing 3X 10 min in 0.1% Tween, 0.1% Triton, 4XC5%ells were incubated in
secondary antibody and Hoechst, diluted in solufipfor 1 hour RT. After 3X 10
min washes in 0.1% Tween, 0.1% Triton, 4X SSC cslis were mounted on a slide

with a drop of Fluoromont-G.

5.2.2. Immunostaining of polytene chromosome.

Preparation of 3rd instar larvae

1. Add a large drop of live baker's yeast on tothefdried medium.

2. Let the flies lay eggs just to the point wheaevhe will hatch under uncrowded
conditions (<100 larvae/bottle).

3. Grow larvae at 1€.

4. For salivary gland preparations use 3rd instavae that are still crawling and have

not started to pupate, yet.

Chromosome squashes

1. Dissect two pairs of salivary glands in PBS.

2. Fix glands (3.7% Paraformaldehyde in H20 forif) in poly-lysine treated slide.
3. Cover glands with a SIGMA-cote treated covap.sli

4. Tap the coverslip with a pencil until cells dm®ken up. Hold the coverslip and
spread extensively the chromosomes. Remove excestivé by pressing slides
(coverslip down) onto blotting paper.

5. After freezing slides in liquid nitrogen flickfaoverslip with a razorblade.
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6. Wash slides two times for 15 min. in PBS sloslaking the rack.
7. Proceed with the immunostaining or keep theesli(lp to one week) in 100%
Methanol or Ethanol (for EGFP staining).

Immunostaining

1. Stored slides are washed 2-x 15 min. in PBSckBfor 1 hour in blocking solution
at room temperature.

2. Add 20 pl to each slide of affinity purified prary antibodies (i.e. rabbit
polyclonal antibodies; dilutions 1:50 to 1:500 indking solution need to be adjusted
for each individual primary antibody). Cover witbverslip and incubate for 1h at
room temperature in a humid chamber.

3. Rinse in PBS

4. Wash 15 min in PBS, 300mM NacCl, 0.2% NP40, 012%en20-80;

15 min in PBS, 400mM NacCl, 0.2% NP40, 0.2% TweeBa0-

(If background problems persist, NaCl conc. candiged to 500mM)

5. Shake rack thoroughly during washing procedure.

6. Rinse in PBS

7. Add 20 pl diluted secondary antibody (fluoresdabeled like Cy3- Anti-Rabbit
IgG (Fc) (Dianova), or Anti-Rabbit 1IgG (Fc) HRP Gogate, Promega Kat. Nr.:
W4011, 1:100 dilution) + Hoechst (1:3000 dilution)blocking solution. Cover with
coverslip and incubate for 40 min. at rt. in hurdihmber.

8. Rinse in PBS.

9. Wash 15 min in PBS, 300mM NacCl, 0.2% NP40, 012%en20-80;

3-15 min in PBS, 400mM NacCl, 0.2% NP40, 0.2% TwékeaQ;

10. Shake rack thoroughly during washing procedure.

Rinse in PBS.

11. Mount the chromosomes in 10ul Fluoromont G.

5.2.3. Confocal microscopy

For cells and polytene chromosomes, images werturegpwith an AxioCamHR

CCD camera on a Leica SP2 FCS spectral filterlesdocal microscope (Leica
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Microsystems) using 63x PlanApochromat NA 1.32iwimersion objective and the
Leica Confocal Software V2.61.

5.2.4 Double-stranded RNA interference

RNA interference was performed essentially as dssdrbefore (Clemens et al.
2000) with the few modifications. S2 cells were wnoat 25°C in Schneider’'s
Drosophila medium (Gibco) supplemented with 10%dbbovine serum and a mix
of 100 U/ml penicillin and 100 mg/ml streptomycim\itrogen). Gene-specific
dsRNAs were amplified by PCR from corresponding éBNusing T7-tailed
oligonucleotides. Products were about 300 (for MER8EBDR2 and EGFP) or 600
(for MOF, MSL1) nucleotides long. The resulting P@rRoducts were transcribed
using the T7 RiboMAX Express Large Scale RNA PraiucSystem (Promega). A
total of 6x16 S2 cells were incubated with 45pg dsRNA per $xadlls, additional
4519 dsRNA were added on day 2 and harvestedmaétays.

Table 6. Primers used for RNAI mediated knock down.

Name Forward primer (5’-3’) Reverse primer (5’-3")
T7-MOF TTAATACGACTCACTATAGGGAGA TTAATACGACTCACTATAGGGAGACGA
ATGTCTGAAGCGGAGCTGGAACAG AGTCGTCAATGTTGGAACCAC TG
TTAATACGACTCACTATAGGGAGAGCG TTAATACGACTCACTATAGGGAGACGC
TI-MeRS2 TCTAGAGACCAGGAAGGTGAAGCGCAGA | GAATTCCCTCCGAGTTCGACAACCAGACA
T7-MBDR2 TTAATACGACTCACTATAGGGAGAGGCC | TTAATACGACTCACTATAGGGAGA
GTCCTCTTCGCCATACTCGCAGATGCA GCTCTCAGCGTCGTCCCATTTTGTCAGAT
T7-MSL1 TTAATACGACTCACTATAGGGAGA TTAATACGACTCACTATAGGGAGA
ATGTCTGAAGCGGAGCTGGAACAG CGAAGTCGTCAATGTTGGAACCACTGCC
T7-EGEP TAATACGACTCACTATAGGGAGG TAATACGACTCACTATAGG
ATGGTGAGCAAGG GAGGATCGCGCTTCTCG
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