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Introduction

1 Introduction
1.1 Chromatin organization

In eukaryotes, the genome is organized into chriomathich consists of histone
proteins, chromatin-associated proteins and DNAe Basic repeat unit of chromatin is
the nucleosome, within which 146 base pairs of Didfe wrapped around a
histonoctamer composed of two copies each of thtomes H2A, H2B, H3 and H4
(Kornberg, 1974; Luger et al., 1997). Not all, bubst eukaryotes have another histone
called H1, which serves as a linker histone (Goaldé Ura, 2008). Chromatin forms
higher order structures. “Beads on a string” refera structure in which non-condensed
nucleosomes are repeated every 200+40bp and thboig 10 nm in widtliFigure 1).
The nucleosomal array is proposed to be furthedeonsed in a 30 nm fiber, with six
nucleosomes per turn. Higher-order chromatin fadis achieved with the help of
superordinate proteins.

Chromatin compaction is necessary to adapt theafizee DNA molecule to nuclear
dimensions. The Drosophila genome, for exampl@bisut 180 Mbp in size and has
four chromosomes. Since one base pair correspand4t x 1 meters, a DNA
molecule can be of considerable length. Chromatimpgactions allows the structured
packaging of DNA of several meters in length in fem. This is furthermore important
to enable the correct distribution of chromosomasng mitosis.

On a global scale, chromatin is organized in hetm@matin and euchromatin.
Heterochromatic domains display a closed chromeimformation in comparison to
euchromatic domains, where the chromatin strudgtuneore open (Grewal and Moazed,
2003). This can be experimentally demonstrated Inyicease assay: euchromatin is
more accessible to nuclease than heterochromatiallrdth and Elgin, 1995).
Furthermore, heterochromatin contains few activédgnscribed genes, whereas
euchromatin is rich in actively transcribed gen&dencing in heterochromatin is
established and maintained with the help of hetemuatic proteins that bind to
nucleosomes, for example HP1 in Drosophila (McBtysral., 2006).

A phenomenon called position effect variegation \(PEh Drosophila illustrates the
properties of eu- and heterochromatin (Ebert et 2006). Euchromatic genes, for
example the white gene, which is responsible fer tad eye colour of Drosophila,

become silenced when their position is changed feomto heterochromatic regions.
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Introduction

Although the sequence of the gene is unalteredexizession is modified by its
position within the chromatin. Phenotypically, #dent of silencing varies between the
clonal populations that give rise to the insect poond eye, thus leading to a
variegation in eye colour.

As a consequence of chromatin compaction, chromsitienerally repressive and has
to be opened up to allow access for transcriptieplication, recombination and repair
(Ehrenhofer-Murray, 2004). In the next paragraphwill be discussed how dynamic

changes in chromatin structure can be achieved.
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Figure 1: Chromatin forms higher structures. (Modified attedish, 5" edition.)
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1.2 Histone modifications, histone variants and chromah remodeling
complexes

Chromatin structure can be altered by three mesh@nihistone modifications, histone
variants and chromatin remodeling complexes.

Histones are small basic proteins and can carritrposlational modifications, namely
acetylation, methylation, phosphorylation, ubiglation, sumoylation and ADP-
ribosylation (Ehrenhofer-Murray, 2004). The majpribf these modifications are
positioned at the N-terminal tails of histones,hwihe exception of ubiquitylation,
which is found at the C-terminal part of H2A and B42However, it is becoming
increasingly evident that histones can also caosttpanslational modifications in the
core region (Zhang et al., 2003).

Histone acetylation is introduced by histone atetgsferases (HATs) at theNHs"
position of lysine residues of the N-terminal histctail. An overview of the sites of

histone acetylations on different histones is giveRigure 2.

Ac Ac
I |
H2A SGRGKQGGKARAKAKTRSSR
1 5 9 20
Ac: Ac Ac Ac
H2B PEPSKSAPAPKKGSKKAITKA
5 12 15 20 21
IAc |Ac |Ac r\c
H3 ARTKQTARKSTGGKAPRKQLATKAARKSAPA
1 9 14 18 23 31

|Ac IAC |Ac fﬂ\c

H4 SGRGKGGKGLGKGGAKRHRK
1 5 8 12 16 20

Figure 2: Sites of histone acetylation (Carrozza et al., 2003
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Histone acetylation is reversible, with histone ai#glation being faciliated by histone
deacetylases (HDACS). In euchromation, histoneyéat@in is enriched, whereas in
heterochromatin, histones are hypoacetylated. Gé#pnehistone acetylation is thought
to open up chromatin structure by neutralizingdnst charge, which weakens DNA-
histone and nucleosome contact. This reduces chimmampaction and faciliates
access of DNA-binding factors (Workman and Kingsth®98). The biological effects
might also result from read-out of histone modifimas by superordinate proteins. It is
proposed that histone modifications form a histooge and can serve as a platform for
recruitment of other multi-protein complexes witmétions in transcriptional activation
or repression (Turner, 2002).

Another way to modify chromatin structure is by angoration of histone variants.
Examples for histone variants are CenH3 (Cid insbphila, Cse4 ir& cerevisiae),
which is enriched in centromeric regions, and vagaof H2A, H2A.X and H2A.Z
(Kamakaka and Biggins, 2005). In Drosophila, theperties of H2A.X and H2A.Z are
unified in H2Av. When DNA double-strand breaks (DS&ccur, H2A.X/H2Av is
phosphorylated at the site of DNA damage. Thisesens a signal for the recruitment of
the DSB repair machinery (Kinner et al., 2008)hdts been demonstrated that H2Av
localizes to centromeric heterochromatin (Swamiaatét al., 2005). Furthermore, there
is evidence that the Remodeling and Spacing FaRf&F governs silent chromatin
formation via replacement of H2Av (Hanai et al.08Q Interestingly, a role for H2Av
in chromatin architecture has recently emerged: WA enriched at the 5’ end of
genes, and genes that possess H2Av are likelyu® dévgperienced a transcription event
(Mauvrich et al., 2008).

Chromatin remodeling machines are essential fongbs and dynamics of chromatin
structure. These remodeling factors do not afféwt biochemical properties of
nucleosomes. Instead, they use the energy from #&TBlide nucleosomes along a
particular DNA sequence, alter DNA-histone intei@atd, ease histone exchange or
even enable complete removal of histones at a fspdocation (Becker and Horz,
2002). As chromatin remodeling factors need thegnfom ATP-hydrolysis, they all
have an ATPase subunit and therefore can be groagexding to the sequence of this
subunit. The Swi2/Snf2 superfamily of chromatin celalers is divided into four
classes: SWI/SNF, ISWI, CHD and INO80. In yedst, tNO80 complex and the RSC

complex, which belongs to SWI/SNF, can also function DSB repair.
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1.3 The MYST family of HATs

HATSs are divided into five families: Genb-related\Hs, p300/CBP HATSs, the general
transcription factor HATs, nuclear hormone receptdated HATs and the MYST
family of HATs (Carrozza et al., 2003). The MYSTnfdy is named for its founding
members_NDZ, Ybf2/Sas3,_8s2 and_p60. These proteins are grouped because of
their sequence similarities in that they sharewcsirally similar catalytic HAT domain
(Sanjuan and Marin, 2001). MYST HATs are involveda wide range of cellular
functions and are highly conserved from yeast todms(Figure 3).

The MYST family can be further subdivided into #rsubgroups (Utley and Cote,
2003): The first contains proteins carrying a PHiiyér (MOZ and MORF), the second
contains a zinc finger motif (HBO1, Sas2), and tthied, comprising Esal, dMOF and
Tip60, contains a chromodomain, which in dMOF h&ARbinding capacity (Akhtar et
al., 2000).

In Drosophila, there are five MYST HATs. The prapes of the MYST HAT dMOF
have been well characterized. dMOF is a catalyyicattive subunit of the Dosage
Compensation Complex (DCC) in Drosophila (Buscahal., 2003). In order to ensure
equal expression of X-chromosomal genes in male fanthle flies, the male X-
chromosome is hyperacetylated by dMOF, which iscifipefor H4K16 acetylation.
Recent work demonstrated that MOF also has a fumcih gene regulation on
autosomes (Kind et al., 2008).

Another MYST HAT in Drosophila, Enok, plays a ralemushroom body formation in
the drosophila brain (Scott et al.,, 2001). The Dpbdla homologue of HBOL1,
Chameau, is a dominant suppressor of position teffaciegation and enhances
silencing of Hox genes by the Polycomb group pratelnterestingly, overexpression
by Chameau partially rescues telomeric silencingsas? knock-out mutants ir&
cerevisiae, suggesting that Sas2 and Chameau might have aeuivfunctions
(Grienenberger et al., 2002). Furthermore, therevislence that Chameau and the
histone deacetylase dRpd3 act as antagonistic toogacf dJun and dFos, modulating
JNK-dependent transcription during metamorphosBriosophila (Miotto et al., 2006).
The proposed Drosophila MYST HAT CG1894 is of unknofunction and has not
been further characterized. The properties of dTipdl be discussed in detail in the

following paragraphs.
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Sc Sas2

Dm CG1894
Hs MOF (Dm mof

Ce K03D10.3

Figure 3: Phylogenetic tree of MYST histone acetyltransfesag®anjuan and Marin, 2001)

1.4 The MYST HAT dTip60 is part of a multiprotein complex

Tip60 was first identified as a protein interactwgh the Tat protein from HIV, and
hence was namedal interactive_potein, 60 kDa (Kamine et al., 1996). Like many
other HATs, Tip60 is part of a multiprotein compldXable 1) whose basic
composition is evolutionarily conserved (Doyon kf 2004). Remarkably, the Tip60
complex in human and Drosophila unites two disticlmtomatin-modifying activities,
histone acetylation and chromatin remodeling (Sapmtet al., 2006; Squatrito et al.,
2006). These activities are found in two separatepiexes in the yeaSaccharomyces
cerevisae, the HAT complex NuA4 and the ATP-dependent chrimaemodeler
SWR1.

14
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In vitro, the Tip60 complex preferentially acet@atnucleosomal H2A and H4 (lkura et
al., 2000). Next to the Tip60 enzyme itself, theAdupart of the Tip60 complex
contains the scaffolding protein TRRAP, actin alne actin-related protein BAF35a as
well as several proteins containing motifs commaon miany chromatin proteins
(Sapountzi et al., 2006). The proteins Mrgl5 andXicontain a chromodomain, and
ING3 contains a PHD finger, motifs that in some teats recognize methylated
histones. Furthermore, DMAP contains a SANT domaing Gas41 a YEATS domain.
Other components are Epcl and Epcl-like, whicthamologous to Drosophila E(Pc),
and FLJ11730, which is homologousSocerevisiae Eaf6. All these components have
equivalents in the respective fly and yeast comggeSapountzi et al., 2006). A similar
complex has been identified geneticallydnelegans (Ceol and Horvitz, 2004).

The chromatin-remodeler portion of the Tip60 comptmmprises p400/ Domino,
which is a SWI2/ SNF2-like ATPase, and the RuvRlitelicase proteins RuvBL1 and
RuvBL2 (lkura et al., 2000), whose homologs in [msla are called dPontin and
dReptin, respectively (Gallant, 2007). It furthesntains the bromodomain protein
Brd8, which may bind acetylated histones, and Ylvhich is homologous to the yeast
SWR1 component Vps72 (Sapountzi et al., 2006). INgtahe Tip60 complex from
Drosophila (dTip60) co-purifies with H2B and thestoine variant H2Av (Kusch et al.,
2004). When incorporated into nucleosomes in viplepspho-H2Av is the preferred
substrate of the dTip60 complex and is acetylatdgsme 5 (K5). The dTip60 complex
catalyzes replacement of acetylated phospho-H2Avubgnodified H2Av via its
chromatin remodeler moiety (Kusch et al., 2004ugtthe dTip60 complex is involved
in a concerted acetylation-remodeling reaction timaty be required to reverse the
phospho-H2Av mark imposed by DNA damage. In agregmeith this, Tip60
complexes play a role in DNA damage repair in s@verganisms (Squatrito et al.,
2006). More generally, this acetylation-remodeliactivity may reflect the general

activity of the Tip60 complex in transcriptionalti@ation.
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Table 1: Components of the Tip60 complexth sapiens, D. melanogaster andS. cerevisiae. (Sapountzi
et al., 2006). The asterisk (*) denotes subunithefdistinct SWR1 complex in yeast.

”

H. sapiens D. S. cerevisiae Proposed function
complex melanogaster | complex (NuA4)
complex

TIP60 dTip60 Esal Acetyltransferase

TRRAP dTral Tral PIKK domain

Actin Act87E Actl ATPase, cytoskeleton

BAF53a BAPS55 Arp4 Actin related, DNA repair

P400/Domino Domino Eafl/Swrl* SWI2/SNF2-like ATPase

RuvBL1 dPontin Rvb1* Helicase/ ATPase

RuvBL2 dReptin Rvb2*

Mrgl5 dMrgl15 Eaf3 Chromo domain, senescenc

MrgX

MrgBP dMrgBP Eaf7

Epcl E(Pc) Epll Transcription control,
silencing

Epc-like Protein Transcription regulation

ING3 ding3 Yng2 PHD finger domain, growth
inhibitor, apoptosis

Brd8/ TRCp120| dBrd8 Bdf1* Bromo domain

YL-1 dyL-1 Yps72* Chromatin remodeling

DMAP dDMAP1 Eaf2 SANT Domain, DNA
replikation

Gas41l dGas41l Yaf9 YEATS Domain, cell viabili

FLJ11730 dEaf6 Eaf6

(H2A.X/ H2Av H2A/H2A.Z* Histone

H2A.Z)

(H2B) H2B H2B*

Ly
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1.5 Some Tip60 complex components can have functionsteide of
the Tip60 complex

Several of the Tip60 complex subunits are parttbeocomplexes or have functions
independent of TipGOPontin and Reptin are associated with other coxeglé-igure
4), for example the Ino80 chromatin remodeling compaled the Uri complex (Gallant,
2007). The Uri complex probably contributes to toatrol of gene expression via the
E3-ubiquitin ligase SCEP? and its association with RNA polymerase Il and Bra
complex (Adelman et al., 2006). Furthermore, Reptilrosophila is a component of
the PRC1 complex (Qi et al., 2006), whereas Pgntinifies with the Brahma chromatin
remodeling complex (Diop et al., 2008). Reportemegassays demonstrated that Pontin
and Reption antagonistically influence the transatibn potential of the [3-catenin-
TCF complex, which is central to Wingless signalif@auer et al., 2000)Their
residence in several complexes may explain thedaganistic effects. Also, the
scaffolding protein TRRAP is present in severakotHAT complexes, notably several
Gcenb-containing complexes (Robert et al., 2006).

Tip60
YL-1
SRCAP Epel 1RGN
H2A.Z
Arp6 Mrg15  MrgBP
DMAP1 _ _
ZnF-HIT1 Eal6. | Adin
Gas41
Ingd  H2AX
ihosg Baf53a ~ Hz2B

HDAC1,2

p-Catenin
NFRKB  MCRST Stapi URops|  Par
FLJ90652 SCF o hCur1
Cult Kisot
! - o
mhpe hPaf1

Figure 4: Components of transcription-associated complexascibntain Pontin and Reptin. (Source:
(Gallant, 2007)
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1.6 Genetic interactions of dTip60

Recently, consequences of mutations of Reptin éhdole in association with the
dTip60 complex have been evaluated in flies (Qilet2006). A P-element insertion in
the Drosophila Reptin gene led to dramatic reductad Reptin mRNA levels.
Genetically, this Reptin mutant interacted with anis of Polycomb Group (PcG)
genes in a way that indicated that Reptin and Pohxinteract in the same pathwiay
vivo. Furthermore, the study demonstrated that Reptansuppressor of position-effect
variegation and contributes to the generation &nsichromatin at many loci in
Drosophila. Since Reptin has coresidency in moam thne protein complex and can
function independently of the dTip60 complex, thathars asked whether the
phenotype and the proposed function of Reptin epeddent on other dTip60 complex
components. It was shown that P-element-based imsgain the dTip60 complex
components Enhancer of Polycomb, Domino and dMRIBd30 identical phenotypes
as mutations in Reptin. This suggests that Repgira gart of the dTip60 complex
promotes the generation of silent chromatin.

Other work in Drosophila showed that dTip60 is eiséon a cellular and multicellular
level (Zhu et al., 2007). Transient transfectionStf2 cells with a vector that caused
dTip60-RNAI led to morphological defects and lettyalOn an organismal level, strong
knock-down of dTip60 with the UAS/Gal4 system waparted to lead to lethality in
the pupal stage. Further characterization of dTiggdression levels revealed that it is
differentially expressed during development: dTipGA@RNA levels peak at
embryogenesis and are relatively low i i2star. In the adult fly, dTip60 mRNA levels
peak again. Taken together, these findings highlihle importance of dTip60 for
viability in Drosophila melanogaster.

1.7 Functions of Tip60

Among the many roles of histone acetyltransferagesge activation is probably the
most widely recognized. HATs are generally thoughactivate gene transcription by
loosening chromatin compaction and by creating inmpaites for the bromodomain
moieties of transcription factor complexes throutysine acetylation, therefore
facilitating access of the transcriptional machyney the DNA (Ehrenhofer-Murray,

2004). In agreement with this notion, the Tip60 ptew is recruited to promoters by
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DNA-binding factors and acts as a transcriptiorahctivator in several contexts. For
example, Tip60 serves as a co-activator for nudieamone receptors (Gaughan et al.,
2001), c-myc (Patel et al., 2004) and KB-(Baek et al., 2002). The co-activator
function in some instances is mediated by histarety#ation in the promoter region
(Taubert et al., 2004), whereas in other casef0Tgretylates the transcription factor
itself and thus modulates its activity, resulting gontext-dependent transcriptional
outcomes (Sapountzi et al., 2006). As an exampp&dracetylates p53, which helps to
distinguish between the cell-cycle arrest and agaptunctions of p53 (Legube et al.,
2004; Sykes et al., 2006; Tang et al., 2006).

Interestingly, Tip60 is not exclusively involved gene activation, but also has a role in
gene regulation as a co-repressor. While this nmyrequire its HAT activity, Tip60
interaction with the DNA binding factors STAT3 aKdF4 serves to recruit the histone
deacetylase HDAC7 to gene promoters, which causes tepression (Ai et al., 2007,
Xiao et al., 2003).

The cooperation of Tip60 with some transcriptiontéas seems to be highly context
dependent in that it serves as a co-activator mescases, whereas in others it is a
transcriptional repressor. Myc recruits Tip60 taarhatin via the TRRAP subunit
(Frank et al., 2003) and interacts with Pontin,sthregulating cellular growth and
proliferation by gene repression (Bellosta et aD05). Moreover, Tip60 not only
interacts with myc, but can also counteract myc aadaplo-insufficient tumour
suppressor by modulating oncogene-induced DNA-damagsponse during
lymphomagenesis in both mouse and humans (Gortimil.e 2007). These findings
imply complex, context-dependent roles of the Tip6@mplex in transcription,
precluding a simple prediction for Tip60 function.

On a physiological level, there are indicationsttA@60 might be involved in
Alzheimers disease. Tip60 forms a complex with A|®@iich is a cleavage product of
the amyloid-I3 precurser protein APP (Cao and Sydk@dl). Tip60, AICD and the
transcriptional protein Fe65 stimulate acetylatéon co-activate genes that are linked
to apoptosis and neurotoxicity (Kinoshita et aQp2). However, in other cases, Tip60
is not necessary for this transcriptional activatamd can serve as a co-repressor for
Fe65 (Sumioka et al., 2005).

Interestingly, there are two more examples indigatthe formation of a complex
between Tip60, its complex components and protealjy cleaved intracellular

domains of transmembrane proteins, one interagb@ariner being the low density
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lipoprotein receptor related protein (Kinoshitaaét 2003), the other being the Notch
intracellular domain NICD (Gause et al., 2006). Tdw®peration between Tip60 and
NICD might be mediated by the subunit TRRAP, anerghis evidence that another
HAT, dGCNS5, is recruited (Gause et al., 2006). Agalip60 function is highly
context-dependent, since other data indicate tip@0Tinhibits Notch signaling (Kim et
al., 2007).

As a result of its roles in transcriptional regidat and double-strand break repair,
Tip60 is also involved in several physiological eeses on an organismal leveldn
elegans, a genetically defined Tip60 complex regulates-Rasliated vulval induction
in cooperation with a chromatin remodeling complerying histone deacetylase
activity (Ceol and Horvitz, 2004). In Drosophildhet dTip60 complex components
Reptin, Domino, Mrgl5 and Epcl promote the genematf silent chromatin in that

mutations in these genes suppress position-eftgztgation (Qi et al., 2006).

1.8 Aim of this work

The aim of this work was to gain insight into th@gerties of dTip60 in flies and its
function in gene regulation. First, we were intégdsin the consequences of dTip60
reduction in flies. To this end, we constructedTgp@0 knock-down line in flies using
the Gal4/UAS system. We found that a strong knamk#d of dTip60 was lethal,
whereas a moderate modulation of dTip60 proteielieled to the formation of ectopic
veins in the wing. Next, we evaluated the functadrdTip60 in imaginal wing discs.
RNAI knock-down of dTip60 in imaginal wing discsdléo an increased H3K27me3
and increased apoptosis. We further charactertzedotcalization of dTip60 and found
that in Drosophila embryos, dTip60 was located Ire tnucleus. On polytene
chromosomes, dTip60 localized to regions withinitiierbands.

In order to investigate the role of dTip60 in geregulation, we performed genome
wide transcription analysis on dTip60-RNAi treat8t2 cells. dTip60 significantly
regulated approximately 10% of all genes in Drodaphwhich illustrates its
physiological importance. We asked whether gendl defined biological functions
were enriched among those regulated by dTip60, fandd that indeed, chromatin-
related functions were highly enriched. The efigctiTip60 was validated for a subset
of genes using gPCR. Surprisingly, our findings gasy that the histone

acetyltransferase dTip60 has repressive as wedctigating function. This raised the
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question whether this regulation was directly adirectly mediated by dTip60. We
performed chromatin immunopurification and founattkiTip60 protein was directly
located at promotor regions of repressed genesgestigg a direct role in gene
repression.

We hypothesized that dTip60 might act in cooperatigth an HDAC. Comparison of
the gene expression signature of dTip60 with tHaHDACSs revealed a significant
correlation with the expression signature of HDAChis suggests that the dTip60
complex might recruit an HDAC1-containing complexregulate gene expression in
the Drosophila genome.
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2 Material and Methods

2.1 Organisms

2.1.1 E. coli strains

Table 2: E. coli strains used in this work

Name Description

TOP10 F mcrAA(mrr-hsdRMS-mcrBCyp80lacZAM15 AlacX74 recAl
ara\139A(ara-leu)7697 galU galK rpsL (StrR) endAl nupG
(chemically or electro-competent; Invitrogen)

DH50, F- ¢80dlacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(rkr,
mk+) phoA supE4%- thi-1 gyrA96 relAl (chemically competent;
Invitrogen)

BL21 (DE3) F- ompT hsdS(rs'mg’), dem’ Tet gal A(DE3) endA Hte &rgu ileY
leuw Cani].

2.1.2 Drosophila stocks

Table 3: Drosophila lines used in this work

Fly line Description
Oregon R Wild-type
Da-Gal4 Homozygous, located on 2nd chromosome

T80-Gal4/CyO Heterozygous, balanced over CyO, &xtan 2nd chromosome

En-Gal4 Homozygous, located on 2nd chromosome

wite Hemizygous

dTip60-RNAI Hemizygous

All fly strains were obtained from the laboratorfyRyof. Saumweber (HU Berlin) with
the exception of dTip60-RNAI, which was generated this work (se€.4). Further
lines of dTip60-RNAI were obtained by P-element iitinétion (se€2.5)
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2.2 Media and growth conditions

2.2.1 Media and growth conditions for E. coli

E. coli strains used for plasmid amplification aexpression of recombinant protein
were cultured according to standard procedures §8zok et al., 1989) at 37°C in
Luria-Bertani (LB) medium supplemented with eitif90 pg/ml ampicillin oder 50
pg/ml kanamycin. For transformation, SOC medium wsed. For plates, 20 g/l agar

was added to liquid media.

LB 10 g/l caseinpeptone, 5 g/l yeast extract, INg/CI
SOC 2 g/l tryptone, 500 mg/l yeast extract, 10 mECN 2.5 mM KClI,
10 mM MgCl2, 10 mM MgSO4, 20 mM glucose

2.2.2 Cultivation of Schneider SL2 Zellen

Schneider cells (SL2) were derived from a primarigure of Drosophila embryos aged
20-24h (Schneider, 1972). Cells were cultured 4C26 InsectExpress Sf9-S2 Medium
(PAA). Unless noted otherwise, the medium was spphted with 10% fetal calf
serum (FCS, from PAA). Cells were split (1:1) atdeonce per week.

To assay cell viability and number, 50 pl cells evenixed with 50 pl trypan blue

solution (0,4%; Sigma) and counted in a Neubaugniiiog chamber.

2.2.3 Drosophila husbandry

Fly strains were maintained in cylindric plasti@algi with foam plugs and incubated at
room temperature or as indicated. Instant Formdkat ZCarolina Biological Supply

Company) was used as medium, and yeast was adftedhdy prepared medium.
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2.3 Molecular cloning

Molecular cloning was performed according to staddarocedures (Sambrook et al.,
1989). Kits for plasmid purifications were purchdgem Qiagen or Macherey-Nagel.
Enzymes and respective buffers from NEB, PromegaStratagene were used.

Plasmids used in this work are listedliable 4, oligonucleotides are listed Trable 5.

Table 4: Plasmids used in this work.

Plasmid Description

pOT2- LD31064 Contains full-length dTip60 cDNA; OpBiosystems
pUAST pUC Gal4 UAS; (Brand and Perrimon, 1993)
PUAST-Tip60 RNAI for details seEigure 7

pPET15b N-terminal His-Tag, Novagen

pPET15b-Tip60 A His- tagged Tip60 fragment, AS 304
pET15b-Tip60 B His- tagged Tip60 fragment, AS 3@sl1
PET15b-Tip60 full His- tagged Tip60 fragment, AS-3841
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Table 5: Oligonucleotides used for molecular cloning, taggamd generation of dsRNAs

(fw = forward, rv = reverse)

Name

Sequence (5’ to 3’ direction)

dTip60 sense fw

CCC GCG GCC GCA CAA GCG CTT GGA CGAG GG

dTip60 sense rv

CGC CTC GAG GCC CTC GAACTT GGA CBAC G

dTip60 antisense fw

CGC GGT ACC GCG GAG AGA CGG CACA AAC AGG

dTip60 antisense rv

GCC CTC GAG GCC CTT GCG CTG ATACGG AGG C

dTip60 A fw GCG CGC CAT ATG CCC GTC AGG ATG CAC AAACG

dTip60 A rv GCGCGGATCCTCTCACAGGCATTCCCTGCTCTTCTT

dTip60 B fw GCG CGC CAT ATG GAG AGG CAC CTG TCC AAGGC

dTip60 B rv GCG CGG ATC CTC TCATTT GGA GCG CTT GGzCA
GTC TTT GGG

dTip60 full fw dTip60 A fw

dTip60 full rv dTip60 B rv

dsl fw TTAATACGACTCACTATAGGGAGAAACAAGCGCTTGGA
CGAGTGG

dslrv TTA ATA CGA CTC ACT ATA GGG AGA GCG ATG CCT
GCC CAG CTC GAT

ds2 fw TA ATA CGA CTC ACT ATA GGG CCT ACA ACT CCG
CAG ACAG

ds2 rv TA ATA CGA CTC ACT ATA GGG GAA CTC TGT CAT
TAC GTAGAAG

ds3 fw TTA ATA CGA CTC ACT ATA GGG AGA TCC TAT CGA
TCG TAC TGG GC

ds3 rv TTA ATA CGA CTC ACT ATA GGG AGATCA TTT GGA
GCG CTT GGA CCAGTC

Aur fw TAA TAC GAC TCA CTATAG
GGATACGATTGGAGTCCCCGGGAC

Aur rv TAA TAC GAC TCA CTA TAG
GGAGCTGTAGGTGCTCTCCGTGCTG

eGFP fw TAA TAC GAC TCA CTA TAG GGA GAC CTG GTC GAG
CTG GAC GGC GAC

eGFP rv TCT CCC TAT AGT GAG TCG TAT TAC GCG CTT CTC

GTT GGG GTC
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2.4 P-element transformation

For dTip60-RNAi in flies, two dTip60 fragments weaenplified from genomic DNA.
The sense fragment spanned the base pairs 191-02#2, the antisense fragment
spanned the base pairs 250-1275. The fragments wlereed in the P-element
transformation vector pUAST (Brand and Perrimon93)9in sense and antisense
orientation to generate the vector pUAST-Tip60-RN#hich was injected intw1118
embryos to establish a homozygous transgenic IBermline transformation was

performed as described previously (Gortchakov.eRaD5).

2.5 P-element mobilization

As a genomic source of transposase for P-elemenbilizadion, the strain
P[ry+ A2-3]99B was used (Robertson et al., 1988).

FO: X .+ . A2-3,Ki Plw" Tip60-RNAi] = +  +
: Y T+ »TM3,.Sb Plw TipBO-RNAi] * + & +
~ Plw* Tip60-RNAi] | + | A2-3,Ki w o+ o+

F1: 7 y 7 v W+ o+

w Plw* Tip60-RNAi]  + w o+ o+

F2: vl — —_—

Y ? + 1+ w T+ 7+
_ w _ P[w’ Tip60-RNAi]  + w . P[w*Tip60-RNAi] | +
F3: - — X — —
Y 1 + T+ W ! + ' +

Briefly, males carrying the transposas2-3 were crossed to females homozygous for
the P-element with the sequence for dTip60-RNAi.the F1 generation, both the
transposase and the P-element are present, wlaids te relocation of the P-element in
the germline. Therefore, flies carrying the P-elatren the autosome will be present in
the F2 and are selected by the following crossestatyng advantage of the X-

chromosomal position of the white-gene and theiptesviocation of the P-element.
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2.6 Antibody generation

A full-length dTip60 cDNA vector (LD31064) was obitad from Open Biosystems.
Three dTip60 fragments were amplified from LD310&dd cloned into pET15b
(Novagen). dTip60-) corresponded to amino acid88@®- dTip60-B corresponded to
amino acids 305-541, and dTip60 full correspondedamino acids 30-541. The
recombinant His-tagged fusion proteins dTip60-A aTdp60-B were purified using

Talon beads (Clontech) according to the manufactuiestruction. The respective
eluate was further purified by seperating the pnstdy SDS-PAGE, and the gel was
stained with 1M ice-cold KCI. The band representthg respective dTip60 fusion
protein was cut out and the protein was electredlfitom the band. A small sample of
purified dTip60-A and dTip60-B was assayed on SI&E and stained with

Coomassie BlueHigure 5). dTip60-A and dTip60-B were used for immunizatioh

animals, and polyclonal dTip60-specific antibodiese raised in guinea pig (Pineda).

kDa Marker dTip60 A kDa dTip60 B

62— 62—
49— 49—
37— 37—

Figure 5: Samples of purified recombinant fusion proteinsp&0-A and dTip60-B as used for
generation of a dTip60-specific antiserum.
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2.7 Preparation of cell extracts, SDS-PAGE and Westerblot

For E. coli extracts, cells were induced with 1 mM IPTG faethhours and collected
by centrifugation. Cell pellets were resuspendetOid pul Lammli buffer (Sambrook et
al., 1989) and incubated for 10 min at 96°C.

Western blot analysis on Kc nuclear extracts wasopeed as described previously
(Eggert et al., 2004). Proteins were separated (86 $DS-polyacrylamide gels and
blotted to nitrocellulose membranes, blocked amdivated with anti-dTip60 (1:5000)
or preimmune serum (1:200) as primary and goat-@aitiea pig IgG (peroxidase
conjugated, 1:5000, Sigma) as secondary antibody.

SDS-PAGE and Western blot analysis was performedrdag to standard procedures
(Sambrook et al., 1989).

2.8 Immunohistochemistry

2.8.1 Whole-mount fluorescent staining of Drosophila embyos

Whole-mount fluorescent staining of Drosophila eyolsrwas essentially performed as
described previously (Kesper et al., 2007). Brieiynbryos were collected for 0-24
hours, washed in 0,7% NaCl and dechorionated wgitation in 50% bleach/ 0,7%
NacCl for 4 min in an eppendorf tube. After five \was with 0,7% NaCl, embryos were
fixed for 30 min in 1ml fixing mixture (500 pl hepte, 450 ul PBS, 50 pl 37%
formaldehyde). The lower phase was removed and yesbwere devitellinized by
addition of 1 ml of methanol and vigorous shakiiyghand. Embryos were washed with
ethanol and either stored at -20°C or immediategdufor experiments.

Embryos were rehydrated by washing with 70% ethanoubation in 50% ethanol for
5 minutes, and another 5 min in 30% ethanol. Nexibryos were washed with PBST
(1 x PBS, 0,1% Triton X 100) three times for 10 nainroom temperature with mild
agitation. After blocking for 30 minutes at roormigerature with 5% heat inactivated
goat serum (Dianova) in PBT, embryos were incubatét anti-dTip60 (1:400 in
PBT) or preimmune serum (1:200, PBT) as a contelmight at 4°C without agitation.
After brief washing with PBT, embryos were inculthtgith goat anti-guinea pig Cy3

(1:200, Dianova) as a secondary antibody for 2 fi@irroom temperature. Embryos
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were washed four times for 10 min with PBT and niedron slides.
Images were taken using a Zeiss Axiovert 200 meops and electronically processed

with the MetaMorph program (Molecular Devices).

2.8.2 In situ staining of Drosophila embryos

For in situ staining of Drosophila embryos, a digexin-labeled RNA antisense probe
specific for dTip60 mRNA was generated from a DN#nplate corresponding to base
pairs 250- 813 of dTip60. This DNA template carreed7 promotor on its 3’ end. T7
transcription was carried out with DIG RNA labelingix (Roche) according to
manufacturer’s instructions. As a control, a digexiin-labeled RNA sense probe was
generated from a DNA template corresponding to Ipages 250 - 1116 of dTip60 with
a 5’ T7 promotor. After the synthesis of digoxigetabeled probes, the DNA template
was digested with DNase | and the RNA probe wasipitated with LiCl and the pellet
was resuspended in@.

Embryos were washed, dechorionated, fixed and elémized as described2(8.1).
Rehydration was carried out in 50% methanol in RBi@ embryos were post-fixated
for 10 min in 3,7% formaledhyde in PBT. Next, emdsywere washed five times in
PBT for five min, in 50% hybridisation buffer (50l formamid, 25 ml 20 x SSC, 0.1
ml 10% Tween 20, ad 100 ml aqua dest.) in PBT amd ahother 10 min in
hybridisation buffer only. Prehybridisation was re@dl out in hybridisation buffer at
70°C for at least one hour. Digoxigenin-labeled RNdbe (1:1000 in hybridisation
buffer) was added and incubated at 70°C overnightbroys were washed once in
hybridisation buffer for 30 min, once in 50% hyhsiation buffer/ PBT for 30 min and
four times in PBT. Incubation with anti-digxigenialkaline phosphatase coupled
antibody (1: 2000, Roche) in PBT was carried out doe to four hours at room
temperature. Embryos were washed three times fonigdn PBT and three times for 5
min in freshly prepared reaction solution (100 mksTpH 9,5, 100 mM NacCl, 50 mM
MgCl, ). Colour reaction was performed in BM purple Albstrate solution (Roche)
until sufficient staining was visible. Colour reiact was stopped by washing with PBT

and embryos were mounted on sildes.
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Table 6: Primers used for generation of in situ probes

Name Description Sequence (5’ to 3’ direction)

250 fw dTip60 antisense CGC GGT ACC GCG GAG AGA CGG CTC ACA
probe for in sity AAC AGG

HFA rv hybridisation TAA TAC GAC TCA CTA TAG GGG AAC TCT
GTC ATT ACG TAG AAG

dsT fw dTip60 sense TTA ATA CGA CTC ACT ATA GGG AGA AAC

. .. 1 AAG CGC TTG GAC GAG TGG
probe for in situ

hybridisation GCG CGC GAA TTC CCC TGG TAT TTC TCA

CCC TAT CCG

813 rv
(control)

2.8.3 Fluorescent staining of polytene chromosomes

Polytene chromosomes were prepared from wandehimd instar larvae and were

essentially fixed and stained as described (Eggeral., 2004). Briefly, polytene

chromosomes were first fixed in 3.7% paraformaldiehyor 30 s, then refixed in a

solution of 50% glacial acetic acid and 3.7% foredlyde for 4-5 min and squashed.
Polytene chromosomes were incubated with anti-dTi@g85000) and goat anti-guinea
pig Cy3 (1:200).

2.8.4 Staining of imaginal wing discs

Wing imaginal discs were dissected from wanderhigdtinstar larvae and fixed with
4% formaldehyde for immuno-labeling following stand procedures. Primary
antibodies: guinea pig anti-dTip60 (1:400), mouseti-angrailed/invected 4D9
(Developmental Studies Hybridoma Bank, Universifylamwva), rabbit anti-trimethyl-
Histone H3 (Lys27) (1:500, upstate). Secondarybaxliies: goat anti-guinea pig Cy3,
goat anti-mouse, goat-anti rabbit (all three 1:90@nova). Cell death was analyzed by
acridine orange (Invitrogen, USA) vital staining @sscribed (Kramer and Staveley,
2003).
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2.9 dTip60 knock-down in SL2 cells

Three double-stranded RNA (dsRNA) correspondindifferent parts of dTip60 cDNA
were synthesized: dsl1 corresponded to base pdks 897, ds2 to base pairs 603 -
1116 and ds3 to base pairs 1321 - 1618. As a megeadintrol, a dsRNA for eGFP was
used, and as a positive control, RNAi knock-dowrs viperformed with a dsRNA
against the kinase Aurora B (Muller et al., 2006)a first step, a DNA template was
synthesized by PCR using primers that added adnacription site to both the 5" and
3’ end. Transcription of these DNA templates by Tifepolymerase led to the formation
of dsRNA. For this synthesis, the MEGAscript Kitndion), which contains a T7
polymerase, was used according to the manufacsurestruction. dsRNAs were
precipitated with LiCl, and RNA concentration wasasured photometrically and
visualised by agarose gelelektrophoresis.

10° SL2 cells were incubated with 10 pg dsRNA in 1 salum-free medium with
Pen/Strep (50 U/ ml) with agitation at room tempam for 10 min and for 50 min at
26°C without agitation. 2 ml medium with Pen/Staapd FCS to a final concentration
of 10% were added. Cells were harvested at thecateli timepoints and RNA was
extracted using the NucleoSpin RNA 1l kit (Macherdyagel).

2.10 Genome-wide gene expression profiling

Expression profiling was performed in two sepalzthes on three independent pairs
of dTip60 RNAI- and eGFP-treated samples using i#jrix GeneChip Drosophila 2.0
arrays. Two batches were assayed by ImaGenesr{Batie batch was assayed by Dr.
Klein-Hitpal3 (Institut fir Zellbiologie, Universitsklinikum Essen), who performed
analysis of all three batches. RNA was amplifiedheled and hybridized according to
manufacturer’s instructions and scanned in a Geipe8000 scanner with G7 update.
Array images (CEL files) were processed to deteensignals and detection calls
(Present, Absent, Marginal) for each probeset ugiagAffymetrix GCOS1.4 software
(MAS 5.0 statistical algorithm). Scaling across @ibbesets to an average intensity of
1000 was used to compensate for variations in theuat andguality of the cRNA

samples and other experimentahriables of non-biological origin. Pairwise
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comparisons of treateekersus control samples was carried out with GCOS1.4, Wwhic
calculates the change as a Signal Log Ratio (B3siand the significance of each
change in gene expression (change p-value) basad\iltoxon ranking test.

Probesets exhibiting a significant increase or else (0.002) were identified by
filtering using the Affymetrix Data Mining Tool 3.0To limit the number of false
positives, further target identification was resed to those probesets that received at
least one present detection call in the treatedtifobpair. The list of reliably measured
probesets resulting from batch one (1 replicatdéeaas combined with the four target
lists resulting of a cross-comparison of batch Payw (2 replicates each). 1485
probesets representing 1390 genes, which exhilmitedase or decrease change calls in
>4 of the 5 comparison were identified and defined@nsistently regulated targets.
Microarray data have been deposited at NCBI Generdssion Omnibus
(http://www.ncbi.nlm.nih.gov/ged/

2.11Quantitative real-time PCR
cDNA was synthesized from total RNA using the SQoeipt III kit (Invitrogen). Real-

time PCR was performed using real master mix (5€yinontaining Sybr Green and

analyzed in a Rotor Gene 3000 (Corbett). Samplee wycled 45 times for 15 sec at
94°C, 30 sec at 56°C and 40 sec at 68°C, and thealGe for each reaction was

determined. For expression analysis, the differendg between treated and untreated
samples was determined, with both samples nornthtizeactin expression. For ChIP

analysis, a standard curve of input samples wad tesealculate the amount of DNA

precipitated relative to the input DNA. The primersed for quantitative PCR analysis
of expression levels are given ifable 7. For semiquantitative PCR of dTip60

expression levels, the same primer pairs as fontgfjative PCR were used. Primers
specific for ORF were used for quantitative analysfi ChIP experiments and are given
in Table 8
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Table 7: Primers used for quantitative PCR (QPCR) in theybafdhe gene (5’ to 3’ direction).

QPCR Forward Reverse

Fz2 CAGCAAAGAAAGAGCCCAAG CCGACACATTGGTATGGTGA
CG14273 TGACGTTTGGCAAATTGAAA GGAGCCAGGAGCACTATTTG
CG8942 | CACGATGGCTATCAGCTCAA ACCCATCCCATCGTATTCAA
CG5397 | GAGCGAGGACGATGGTAGAG | GTGGGAGTCAGGACACTCGT
Drip GCCAGGATATCAAGGGATCA AAGCAGGTGCGGACATTTAC
Mthl2 CAGCATCCGCAAAGTGAAG CGGGAATAAGTAATCCCTCGTAG
CG10131] ACATCCTGGAGAGCCAGTTG GATGGCATAAAGGTGCTCGT
Ac3 CGTTCTGATAAACCGGCACT TAGCCGCTAATTGGTTCGAG
CG16888 GATTGAGTTGCATCGGGAAC TCAGCTTCATTCGATTCGTG
Nvy GCAGTACGTGACCAACAACG ATACCCCGTATTCCCCGTAG
CG11899 CTGCAGTGGCTCTGAACTTG GCGACAGAAAATTGGAGGAC
His4r CATCGTAAGGTGCTTCGTGA GGAGGTTAGAGGGCGTGCTT
dTip60 CAGAGGACTACAACGTGGCC CTGGTTCAGGTTCTGCAGCG
Actin GCTCCTCGTTGGAGAAGTCCTA| GTACTTGCGCTCTGGCGGGGC

CGAGC

Table 8: Primers used for gPCR at open reading frames (ORFs)

ORF Forward reverse

CG5397 GGCCGCAAAAGTTTAGCTTAC CCAAGATCACCACCGAAAGT
Prom

Drip Prom | GAGTGCGCGCTAACTCAC TGCTCGCAATTAACCTTCG
CG8942 GTCGAGTCCTCAACGGATGT CACCTGCGATCGGTTACAA
Prom

background CAATGATCCTGCATTGTAACCA | TGATGGCAATTGAAACCATC

33




Material and Methods

2.12 Chromatin Immunoprecipitation (ChIP)

ChIP was performed according to standard protaabls et al., 2003). Briefly, 10SL2
cells were crosslinked with 1% fomaldehyde for 1ih rat room temperature. Cells
were harvested by centrifugation and incubatedlf®omin in SDS lysis buffer (1%
SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 8,1) with intaittent agitation. The cell
lysate was sonicated for 30 cycles (10 sec. orse80off) and the average length of the
resulting DNA fragments was assayed to be appraeimaS00 bp by agarose
gelelectrophoresis. After centrifugation, lysatesveiluted tenfold in IP buffer (0,01%
SDS; 1,1% Triton X-100; 1,2 mM EDTA; 16,7 mM TrisaH pH 8,1; 16,7 mM NacCl;

1 mM PMSF; Roche complete proteinase inhibitor).

ChIP was performed using 6 pl dTip60 antiserum @npmune serum on 300 pl
precleared chromatin solution with 35 pl of 50 %wpashed protein A sepharose beads
at 4°C for two hours. 150 pl cell lysate was setless input. Protein A sepharose
beads were collected by brief centrifugation andlvea five times with low or high salt
buffer (0,1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mMis-HCI, pH 8,1, low 150
mM NacCl, high 500 mM NacCl), and finally with lithia wash buffer (0,25M LiCl, 1%
NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mMsIHCI pH 8,1). Protein-
DNA complexes were eluted by adding 250 pl of eltbuffer (1% SDS, 0,1M
NaHCGQ;) for 15 min at room temperature. To reverse fodehyde crosslinks, 20 pl 5
M NaCl was added to the eluates and input, andoted at 65°C for 4 hours. Next, 10
pl of 0,5 M EDTA, 20 pl of 1 M Tris-Cl (pH 6,5), dr2 pl of 10 mg/ml proteinase K
were added and incubated at 45 °C for 1 hour. Rhedharoform extraction was
performed and DNA was precipitated with ethanol.AOpellets were dissolved in 30 pl

of ultrapure HO for further experiments.

2.13Bioinformatics

For GOstat analyses of differentially regulated egeproducts, the software at
http://gostat.wehi.edu.gBeissbarth and Speed, 2004) was used.

Two batches of gene expression data were compaitbadtive help of bioinformatics:

one group contained genes up- or downregulated dpm®60 loss as determined in this

work. The other group contained gene expressionasiges of HDAC1 or HDAC3
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RNAIi and TSA treatment as determined by (Fogliettal., 2006). We asked if there is
an overlap of respective subgroups based on flyhasgbers. We evaluated whether
this overlap is significant, with 13966 currentlgfehed as the totality of Drosophila
genes by Flybase. P-values were determined ussigF$ exact test as implemented in

the statistical software R, version 2.7.1.
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3 Results

3.1 Phenotypes of dTip60 knock-down in Drosophila

3.1.1 Use of the Gal4/UAS system for RNA interference iflies

The observation that dTip60 is a histone acetydfienase suggests a function in gene
regulation. In order to investigate dTip60 functiarthe organismal context, we sought
to characterize the consequences of the loss qf60Tin flies with the help of the
Gal4/UAS system (Brand and Perrimon, 1993). Thitesy makes use of P-elements,
which are class Il transponsons specific for Drédlapand allow the random insertion
of genetic information in the genome. Flies ared¢farmed with a P-element that
contains the Gal4 Upstream Activating Sequence (JASenetic marker (e.g. a gene
that influences the eye colour) and the desiredetierelement. This element is
transcribed when the Gal4 protein is present, whictds to the UAS and activates
transcription. Gal4 is a yeast-specific protein enelxpressed as a transgene in a variety
of Drosophila fly lines under the control of diverpromotors that are active in a
defined tissue or at a defined point of time duridgvelopment. The GAL4
transcriptional activator protein has a relativelgh basal activity, but modulation of
this activity as a function of temperature is pbksiMcGuire et al., 2004). In short,
crossing a UAS line to a Gal4 line leads to exposssf the genetic information of
interest in the F1 generation, with the temporal spatial expression depending on the
properties of the Gal4 line chosen.

The Gal4/UAS system can be used for RNAI knock dara gene of interest by
constructing an inverted repeat containing parthef DNA of the gene of interest.
Transcription of this inverted repeat leads to fation of a double-strand RNA
(dsRNA), which is then degraded by the RNAI machjrend leads to downregulation
of the respective ger{€igure 6).
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Figure 6: Mechanism of RNAIi knock-down induced by the Gal4& gystem.

3.1.2 Strong knock-down of dTip60 led to lethality, wher@s moderate

knock-down caused developmental defects in the wing

In order to characterize dTip60 loss in flies, vemgrated a dTip60-RNAI line using the
Gal4/UAS system. Flies were transformed with a @hlden dTip60 RNAI construct,
and one transgenic line was obtained. The positbrthe sense- and antisense
fragments of this construct relative to the dTigdNA are given inFigure 7. The
transgenic line, which carried the P-element ingeron the X-chromosome, was
further used to obtain eight autosomal P-elemesgriions through mobilization of this
P-element by crossing it to a line expressing pasase. All lines showed the same
phenotypes described here, indicating that thectsffef dTip60 knock-down were
independent of the chromosomal localization of Frelement. Flies with the Gal4-
dTip60 RNAIi P-element were homozygously or hemizngyp viable, fertile and did

not show signs of abnormal development.
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intron-exon-border
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60bp 189 bp 1413 bp 1626 bp
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191 222
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Figure 7: Overview of dsRNA constructs used for constructibthe UAS-Gal4 RNAI fly line (UAS
sense and antisense) and RNAi in SL2 cells (d€,dis3). Arrows indicate intron-exon-borders of
dTip60 cDNA.

In order to induce dTip60 RNAI expression, we ceasshe insertion line to different
Gal4 driver lines. Knock-down of dTip60 under thentol of the daughterless
promoter (da-Gal4), which is an early and ubiqustalriver line (Gortchakov et al.,
2005), caused pupal lethality at 29°C. This efteas reproduciable with the T80-Gal4
driver line at 29°C (Table 1), which is a late araiquitous driver line (Negeri et al.,
2002). This indicated that dTip60 is essential,alvhivas consistent with previous work
(Zhu et al., 2007).
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Table 9. Phenotypes of dTip60 RNAi knock-down in flies

Cross (F0) Gal4 expression line Phenotype (F1)
da-Gal4 x da = daughterless promotpr 29°C: 100% lethal
dTip60-RNAi | (early and ubiquitous 25°C: few escapers
expression) 22°C: no effect
T80-Gal4 x T80 promotor 29°C: >90% lethality
dTip60-RNAI | (late and ubiquitous 27°C: little lethality
expression) survivors ~100% ectopic wing vein

25°C: no lethality

ca. 50% ectopic wing veins

en-Gal4 x en = engrailed promotor 29°C: no lethality

dTip60-RNAI | (early expression in part of ca. 50% ectopic wing veins
the posterior imaginal wing
disc)

At 27°C, only little lethality was observed in tH@&0 cross, and more than 90% of the
survivors showed ectopic veins parallel to (Edgure 8). These ectopic veins varied in
length, with most of them of medium length. Theteafoccurred at a similar position
close to the posterior crossvein. This effect wk® abserved, although at lower
frequency, using a Gal4-driver line under the aantf the engrailed promotor (en-
Gal4) at 29°C, which is expressed early in the gromt part of the wing imaginal disc.
At low frequency, a bulge close to L3 was obserweooth en- and T80-driven dTip60-
RNAI. Occasionally, the formation of ectopic veimsother regions of the wing was
observed parallel to L1, L2 and I(Bigure 9). A further decrease of temperature led to
reduced lethality in da-Gal4 driven dTip60-RNAieli and reduced the formation of
ectopic veins in T80-Gal4 driven dTip60-RNAi flies.
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Figure 8: Downregulation of dTip60 by RNAI resulted in defedh the Drosophila wing. a) Wild-type
wing with longitudinal veins L1 — L5 indicated abyl wing from a representative fly with dTip60-RNAi
driven by T80-Gal4. Magnification of the area ardwb in wild-type (c) and dTip60-RNAi (d).
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Figure 9: Position, length and frequency of ectopic wing setaused by dTip60-RNAI driven by T80 or

en.
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3.1.3 Knock-down of dTip60 in the imaginal wing disc ledto apoptosis and
enrichment of H3K27me3

We further evaluated the effect of dTip60-RNAI iretwing imaginal disc. In order to
enhance the wing phenotype, we combined dTip60 Kadoevn with Gal4-driven
expression of Dicer, a component of the RNAI maehin(Hammond et al., 2000).
Here, en-Gal4 led to a Notch phenotype (data notval, which was consistent with
dTip60 playing a role in role in Notch signalinggi@e et al., 2006).

In the en-expressing part of the disc, dTip60 leweere weakly but visibly reduced
(Figure 10). This caused increased apoptosis as measured loyngtavith acridine
orange. Furthermore, the level of H3 K27 tri-methigin was increase(Figure 10).
Since this is a chromatin mark associated with PRE#ndent gene repression
(Czermin et al., 2002; Muller et al., 2002), thigggested that dTip60 loss resulted in a
global loss of gene expression.

en (control) acridine orange

H3K27me3

Figure 10: Effects of en-Gal4-driven dTip60 downregulatiorilie imaginal wing disc. a) en expression
in the posterior part of the imaginal wing discen}Gal4-driven dTip60-RNAi caused reduced levéls o
dTip60 in the posterior part of the imaginal wirigad c) Reduction of dTip60 protein level led to
increased cell death as visualized by acridinegegataining. d) H3K27me3 increased upon decrease of
dTip60 protein levels. (Images courtesy of Praisgar Klebes.)
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3.2 Generation of an antiserum specific for dTip60

In order to further characterize the propertiestip60, an antibody was raised against
a fragment spanning the N-terminal amino acids 3804 of dTip60 (dTip60-A).
Western blotting ofE. coli extracts containing recombinant dTip60 showed that
antiserum gave a strong band for the N-terminap@Fifragment which was used for
immunization (dTip60-A), but not for a C-terminalli@60 fragment (dTip60-B;
spanning amino acids 305-541). The antiserum ads@ @ clear band for full length
recominant dTip6@QFigure 11 A).

Nuclear cell extracts from cultured Drosophila sedhowed a single band for dTip60,
while the preimmunse serum from the animal in whicé antibody was raised gave
only weak background signa(§igure 11 B). This suggested that the antibody was
specific to dTip60.

b Q2 K‘S} S
& & & R
A & && B & o
kDa kDa
72— 72—
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34— 34—

Figure 11: Western blot analysis indicated that the antiseraised against dTip60 recognized dTip60
protein. (A) Whole cell extracts frof. coli expressing recominant His-tagged dTip60. (B) Narcle
extracts from cultured Drosophila cells probed veithi-dTip60 serum or preimmune serum from the
aninmal in which the antiserum was raised.
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3.3 Nuclear localization of dTip60 during embryonic deelopment

We were interested in evaluating the localizatioh d¥ip60 during embryonic
development. The histone acetyltransferase funaifodTip60 as well as its potential
function in gene regulation might suggest a nucleealization. In order to determine
when and where dTip60 is present during embryordgebtbpment, we performed
whole-mount fluorescent dTip60 antibody staining d&rosophila embryos.
Significantly, dTip60 showed nuclear localizationembryos starting at stagéRgure
12A). A weak staining of the yolk was also observed.

In the nucleus of blastoderm cells in the early domhila embryo, a heterochromatin
region facing outward of the embryo can be visealiby microscopy. We asked how
localization of dTip60 related to this heterochroimaegion and performed staining of
late-stage embryos with DAPI and for dTip60. Théehechromatic region within the
nucleus gave a bright DAPI stainifigigure 6B (a) and Figure 6C (a)) dTip60 also
localized to the nuclei of blastoderm embryos. HEswpredominantly enriched in
euchromatic regions and showed lesser staininghef geripheral heterochomatic
chromosomal areg§&igure 6B, C).

Next, we wanted to gain insight into the distribatiof dTip60 mMRNA in Drosophila
embryos. To this end, we performed in situ stairmh@mbryos with a dTip60-specific
probe. We found that at age 20 — 24 hours, embshosved ubiquitous staining for
dTip60(Figure 13, p. 45).

Altogether, these findings indicated a nuclear ligzation of dTip60 beginning at early

stages of embryonic development.
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merge
merge
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Figure 12: Localization of the dTip60 protein in Drosophilaleyos. (A) Early embryos from wild-type
flies were double labelled with DAPI (blue, a, §,a;nd the dTip60 antibody (red, b, e, h). dTip6&wa
present in embryos after stage 3 (a-c) and mataiped the nuclei of yolk cells and the blastodédri).
(B) and (C) Nuclear localization of dTip60 in thiagtoderm embryo. dTip60 was enriched in the
euchromatic region of chromosomes (with technie#h firom Dorthe Kesper).

44



Results

dTip60 control

o
(9]

Figure 13: Ubiquitous expression of dTip60 RNA during embryogsis. Lateral views of embryos
hybridized with digoxigenin-labeled RNA probes dfip60 in antisense (a, b) and, as a control, irssen
(c, d) orientation (with technical help from Dortesper).

3.4 dTip60 localized to interbands on polytene chromosues

In order to gain further insight into both the amasomal localization of dTip60 and its
possible role in gene regulation, we made use efpblytene chromosomes in the
salivary glands of Drosophila L3 larvae. Polyteieotnosomes occur when cells of a
specialized tissue, i. e. salivary gland cells,argd several rounds of replication, but no
cell divisions (endomitosis). These multiple rourndgeplication lead to the formation
of polytene chromosomes, where homologous chromatdhain together. Polytene
chromosomes are organized in bands and interbaish are the result of differential
chromatin compaction. Inactive genes are frequeluityated in the heterochromatic
bands, whereas actively transcribed genes are haade located in the euchromatic
interbands (Ebert et al., 2006).

We asked where dTip60 is localized on polytene mlmsomes. Staining of dTip60 on
polytene chromosomes showed that it localized soifaset of interband$igure 14),

where it was restricted to defined regions withie interbands. The overlay of the
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DNA staining with the dTip60 staining showed thaé tdTip60 staining intercalated
with the DNA signal, which stains the highly compt DNA of the bands. Overall,
dTip60 was present in roughly 50% of the interbamdsere it was either localized in
compact dots within the interband, or in a narromps next to a band. Comparison of
the dTip60 pattern with patterns of other proteim®wn to be located at interband
regions showed that the dTip60 pattern was distireh the patterns of BEAF and
Modmdg4 (data not shown).

In summary, dTip60 was localized to interbandsgrfitaining the region adjacent to a
band or producing a punctate pattern within a regibthe interband. The localization

of dTip60 at interbands was consistent with a fotedTip60 in gene regulation.

dTip60 merge
-

- -
- -
- -
Figure 14: dTip60 localized to interbands of polytene chrormss. Four different views of

chromosome 3L showing the distal area with regibst@ined for DNA with DAPI (blue, a, d, g, j) and
for dTip60 (red, b, e, h, k). Image: Prof. HaraluSweber.

DAPI
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Next, we asked whether dTip60 staining was redwregolytene chromosomes from
dTip60-RNAI larvae. dTip60-RNAi was driven by dai@awhereas a cross of ORE to
da-Gal4 was used as a control. The experiment aaged out at 29°C to enhance the
RNAI knock down.

In dTip60-RNAI animals, dTip60 signal was stronglBduced in comparison to the
control. The remaining background staining did sbow a distinct banding pattern.
The banding pattern of dTip60 appeared clearlynimals where dTip60 was present,
whereas in dTip60-RNAIi animals, only little signamained at all. These findings
show that the level of dTip60 protein was reducegbolytene chromosomes of dTip60-

RNAI animals.

control

dTip60-RNAI

Figure 15: dTip60 is reduced on polytene chromosomes of dFRBAI animals. Comparison of
control (top) and dTip60-RNAi (bottom) reveal thdifip60 staining reduced in dTip60-RNAi animals.
Images were electronically processed (right panatyder to reduce optical distortion.
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3.5 Genome-wide expression analysis revealed a majorleofor
dTip60 in gene regulation

Next, we sought to identify genes that are regdldig dTip60. A priori, one might
expect dTip60 to activate transcription of targehes because of its function as a
histone acetyltransferase. To test this, we usediRd downregulate dTip60 in SL2
cells and compared the genome-wide expressionlgsdb those of mock-treated cells.
An overview of the position and lenght of constsucised for RNAI experiments is
given inFigure 7.

We performed RNAI of dTip60 in SL2 cells using tth&RNAs ds1, ds2 and ds3. Mock-
treatment with RNAI against eGFP, which is not présn Drosophila cells, was used
as a negative control. RNAI against Aurora B (Aw), essential kinase whose loss
leads to a visible cell phenotype (Lange et alQ2)Ovas used as a positive control.
Cells were counted after 2 and 5 days of RNAi-treatt. Proliferation was reduced in
comparison to mock-treated cells upon treatmenh Mite three dsRNAs directed
against dTip60, as well as with the dsRNA againgt @igure 16). The reduced cell
proliferation upon dTip60-RNAi reflected the fadtat dTip60 was essential in SL2
cells (Kusch et al., 2004).
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eGFP dsi ds2 ds3 Aur

Figure 16 Proliferation of SL2 cells was reduced after §daf RNAI treatment with dsSRNA against
dTip60 (ds1-3) and Aur, but not with mock-treatmagainst eGFP.
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We concentrated on ds3 for further RNAiI experimearid evaluated the intensity of
dTip60-RNAI knock-down by ds3 with semiquantitati®R and real-time PCR. ds3
effectively reduced dTip60 mRNA leveldigure 17). Quantitative real-time PCR
revealed that the level of dTip60 mMRNA was knocledn to 8%.

eGFP-RNAi  dTip60-RNAI

dTip60

Actin

Figure 17: After five days of RNAI treatment with ds3, dTPp&RNA was visibly reduced in
comparison to Actin mRNA levels.

We next performed microarray-based expression aisabn three biological replica of
a dTip60 knock-down and identified 1390 reliable aswed targets that showed
significant change of expression levels upon dogulagion of dTip60 (p<0.05, see
Materials and Methods for details). Drosophila isrently predicted to have about
13800 genes. Therefore, our analysis indicated thaghly 10% of all genes in
Drosophila SL2 cells were regulated by a dTip60taming complex, which
emphasized the central role of dTip60 in gene wadgn. Of those 1390 genes, 785
were downregulated indicating that dTip60 was remli for their activation.
Surprisingly, 605 genes were upregulated in themtss of dTip6{Figure 18). Change
of gene expression could either be due to a dfteuttion of dTip60 in activation or
repression, or could be the consequence of indeffects of dTip60, e. g. on the
expression of transcription factors.
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number of genes

Figure 18: Genome-wide expression analysis revealed that $888s were significantly regulated by
dTip60, with 785 upregulating and 605 genes downleging their expression upon loss of dTip60.

3.6 dTip60-regulated genes were involved in chromatineglated
processes

We were interested in the biological function oé tgenes regulated by dTip60 and
therefore performed an analysis of the Gene Onyol@gO) annotations of these
potential target genes. The Gene Ontology assitperly defined terms describing
biological functions to genes, which faciliatesibformatical analysis of those terms.

Of the 1390 genes which significantly changed tb&pression upon dTip60 loss, 1123
were GO annotated. We asked whether there was icheent of a GO category
among these genes and indeed found that there wi@srg enrichment of genes with
chromatin-related annotatiofiable 2). This suggested that dTip60 plays an important

role in the regulation of genes with chromatin-assted functions.
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Table 10: GO category association of genes regulated by&Tfwith computational support by Dr.
Ludger Klein-HitpaR)

GO category| Total number  Number of P-value | Biological function
of genes in | dTip60-regulated

category | genes in category

0006325/ 302 140 <1G%° | Establishment and/or
0006323 maintenance of chromatin
architecture/ DNA

packaging

0006333 240 130 <19° | Chromatin assembly or
disassembly

0051276 391 167 <19’ | Chromosome organization

and biogenesis

3.7 dTip60 acted as a repressor at distinct genes

We further validated the effect of dTip60 on geegulation by determining how the
expression of the affected genes changed duringdhese of dTip60 depletion. We
thus sought to gain insight into the dynamics ap60 mRNA loss and how immediate
the response in expression levels of potential @ ifarget was. One might expect that
direct targets of dTip60 respond shortly after ttiép60 mMRNA decrease, whereas
genes indirectly affected by dTip60 loss, for ins& because of a loss in cell viability
or changes in cell cycle progression, might shalelay in their downregulation.

To this end, we performed a time-course experin@ntdTip60 knock-down. We
measured cell proliferation and found that aftere¢h days of RNAI treatment,

proliferation of treated cells stalled in compandso mock-treated cellgigure 19).
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Figure 19: Proliferation of treated (dTip60-RNAi) and mockdted (eGFP-RNAIi) cells. Cell
proliferation stalled after three days of dTip6®&k-down.

In order to assess changes of mMRNA level duringithe course of dTip60 depletion,
RNAi-treated cells were harvested immediately amdniervals of 24 hours, and the
expression of dTip60 and selected genes that sesa@presentative examples from
the microarray analysis were tested by reversedrgtion and quantitative PCR.

We asked how dTip60 mRNA levels changed during 8Fignock-down. Within 24
hours of RNAIi depletion, the level of dTip60 mRNAogped to approximately 14%
(Figure 16). In the next two days, the dTip60 mRNx®el was further reduced, and this
level remained stable for the last two days oftilme course experiment. The maximum
level of dTip60 mMRNA reduction occurred after 36uhg with 7% of dTip60 mMRNA
remaining, which was in good agreement with thelategm experiments used for the
microarray analysis.

First, we evaluated the expression of genes thet wlentified as upregulated upon loss
of dTip60 in the microarray analysis. A represamtatsample of seven genes was
selected. In the microarray analysis, mthl2 dispthg prominent upregulation with the
log, (dTip60 RNAI/ eGFP RNAI) above 4.85 in all thredcrarray experiments.
CG10131 showed a moderate upregulation,([@dip60 RNAi/ eGFP RNAIi) above
0.37). Fz2 was upregulated by aJdqdTip60 RNAi/ eGFP RNAI) of more than 1.3.
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The other selected genes (CG14273, CG8942, CGHlBpJ displayed an intermediate
upregulation, with their log(dTip60 RNAI/ eGFP RNAI) being above 2. All seven
genes were present in both dTip60 knock-down andkrreated cells and showed
robust expression.

In the time course depleton of dTip60, six of thesgen genes showed upregulation
after two days of RNAI treatment (CG14273, CG894X;5397, drip, CG10131,
mthl2), and their expression further increasedaufive days of treatmerfFigure 20).

Of these, mthl2 showed the strongest upregulatidrich is in accordance with the
findings of the gene expression analysis. This estggl that these genes might be direct
targets of dTip60. In contrast, the gene Fz2 showektlayed upregulation after four

days of RNAI treatment, suggesting that it mighirimirectly affected by dTip60 loss.
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Figure 20: Upregulation of selected genes in SL2 cells aféeo 20 five days of dTip60 RNAI treatment.

We next investigated the expression levels of géma@sshowed downregulation in the
microarray analysis. Again, candidate genes welectssl based on the magnitude of
their change in gene expression and on whethentieey present upon RNAI treatment
against dTip60 or mock treatment. Ac3 displayed @d@enate downregulation in all
three microarray experiments, with its JqdTip60 RNAi/ eGFP RNAI) being below -
0.5. All other selected genes (His4r, CG16888, n@11899) showed a more
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pronounced downregulation with a jqdTip60 RNAi/ eGFP RNAI) below -1.5 in all
three microarray experiments.

The analysis of these candidates in the time coexgeriment gave a mixed picture.
The gene most consistently downregulated was C@L18though strong
downregulation was only seen after prolonged RNA&atment(Figure 16), implying
that it might indirectly be affected by dTip60 retion. Three other genes (Ac3,
CG16888, nvy) showed a moderate level of downreigulahat was apparent at later
timepoints of RNAI treatment, again suggesting ttiety were not direct targets of
dTip60. One gene, His4r, only showed downregulatédter four days of RNAI
treatment, but not at the other timepoints, whicighhexplain why it appeared as
regulated in the microarray analysis that was peréal at this timepoint. Therefore,
from this analysis it seemed unlikely that His4isveirectly regulated by dTip60.

Taken together, this analysis suggested that tipeession of six genes - CG8942,
CG5397, CG10131, drip and mthl2 — increased asultref dTip60 loss, suggesting a
direct role for dTip60 in their repression. In cast, the genes downregulated in the
absence of dTip60 showed a moderate and delayedrdgulation, implying that their

changes may be due to indirect effects of dTipé0irfstance on cell viability.
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-4 | mcCG11899
mdTip60
-5
day 0 day 1 day 2 day 3 day 4 day 5

Figure 21: Downregulation of selected genes and dTip60 exfmess SL2 cells after zero to five days
of dTip60 RNAI treatment.
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3.8 dTip60 was physically located at repressed genes

The finding that dTip60 might have repressive fiortraises the question whether this
effect is mediated directly or indirectly. Theredpwe asked if dTip60 was physically
associated with the promotor region of these pktarget genes. In order to test this,
we measured the association of dTip60 with its g@argenes by chromatin
immunoprecipitation analysis (ChIP). We performddRCwith either dTip60 antiserum
or with preimmunserum as a control. Promotor or ®RFdTip60 target genes were
tested, and an intergenic control region downstrednthe 3’ end of Hsp70 at the
chromosomal location 87C served as a control. Sagmitly, dTip60 was enriched on
the promotor sequences of the CG5397, drip, CG8ad@ mthl2, whereas no
enrichment was observed on an intergenic contrgiore(Figure 22). Furthermore,
dTip60 showed enrichment in the gene body of thec®33 and drip genes. Taken
together, this showed that dTip60 was directly tedaat the repressed genes, further

indicating that its repressive effect was due ttirect function at these sequences.
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Figure 22 Localization of dTip60 protein at dTip60-reguldtgenes by ChIP analysis. dTip60 binding is
shown as enrichment in ChlIP experiments with thip@T antibody or preimmune serum (PI) relative to
the input DNA. Error bars indicate standard dewiasi of three independent determinations. Prom,
enrichment in promoter region; ORF, enrichmentig ¢oding region of the respective gene. Control,
enrichment on a fragment in the intergenic regiowmstream of the 3’ end of Hsp70 at 87C (with
technical help from Franziska Seifert)
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3.9 Cooperation of dTip60 and HDACL1 in gene repression

Histone acetyltransferases are generally thoughbetonvolved in gene activation.
However, our results suggested that dTip60 playedext role in the repression of a
number of genes in the embryonic SL2 cell line.hbimans, there is evidence that
hTip60 acts in a complex with a histone deacetylag@ch mediates a repressive
function (Ai et al., 2007; Xiao et al., 2003). Thtare, we hypothesized that in
Drosophila, dTip60 might also work with an HDACr&press distinct genes.

In order to test this hypothesis, we made use ef wlork of Foglietti et al, who
performed genome-wide expression analysis of SIUB teated with Trichostatin A
(TSA), which inhibits class | and Il, but not clads HDACs, as well as individual
RNAIi knock-down of HDAC1-4 and HDAC X (Foglietti eal., 2006). First, we
compared the genes upregulated or downregulatech upip60 loss to those
upregulated or downregulated as a result of treatnvéh TSA. Importantly, there was
a significant overlap between those group of gef(es.0002), and this overlap
increased over the time of TSA treatmgiiiable 3). 118 genes that appeared
upregulated after five days of TSA treatment wdse &entified as upregulated upon
dTip60 loss. For downregulated genes, there wasvarlap of 109 geneflable 4).
The respective p values (5.15 x“f0for upregulated genes, and 6.08 x*3dor
downregulated genes) indicate that these findingsstatistically highly significant.
These results strongly supported the notion thgiGllcooperates with a TSA-sensitive
HDAC to regulate gene expression.

We next sought to determine which HDAC might coaperwith dTip60 in gene
repression. Foglietti et al. performed genome-veixigression analysis upon HDAC1, 2,
3, 4 and X depletion, but surprisingly only foundyrsficant changes in gene
expression for HDAC1 and HDAC3 knock-down (Fogliett al., 2006). We therefore
compared our expression data to the effect of dieglethose two HDACS.
Interestingly, there was a significant overlap edw genes upregulated by dTip60 and
HDAC1, but not HDAC3 (Table 3). This suggested that dTip60 and HDAC1
cooperated in gene repression, perhaps by histeaeetylation in the promoter region
of genes. In addition, the overlap in gene expoessignatures between dTip60 and
HDAC1 extended to genes downregulated by the twtofa(Table 4), implying that

they not only cooperated in gene repression, Isatial gene activation.
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Table 11: Comparison of genes upregulated upon dTip60 depletiith TSA treatment and loss of
HDAC1 or HDAC3 as determined by Foglietti et al.alysis was performed with scientific support from
Prof. Daniel Hoffmann.

Genes upregulated upon dTip60 loss (n =605)
Total genes Overlap with P-value
upregulated by dTip60
treatment

TSA 352 31 0.0002
12 h
TSA 310 40 5.72 x 1t/
24 h
TSA 407 69 4.72 x 16°
3 days
TSA 660 118 5.15 x 16r
5 days
HDAC1 138 21 4.88 x 18
3 days
HDAC1 494 55 5.54 x 16"
5 days
HDAC3 6 0 1
3 days
HDAC3 29 4 0.0351
5 days
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Table 12: Comparison of genes downregulated upon dTip60 teplevith TSA treatment and loss of
HDAC1 or HDAC3 as determined by Foglietti et al.alysis was performed with scientific support from
Prof. Daniel Hoffmann.

Genes downregulated upon dTip60 loss (n=785)
Total genes Overlap with P-value
downregulated by dTip60

treatment
TSA 237 43 6.42 x 1¢°
12 h
TSA 255 68 2.97 x 16
24 h
TSA 218 75 1.59 x 16°
3 days
TSA 385 109 6.08 x 16
5 days
HDAC1 39 6 0.0206
3 days
HDAC1 338 86 6.50 x 16"
5 days
HDAC3 4 0 1
3 days
HDAC3 35 5 0.0444
5 days
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4 Discussion

The MYST histone acetyltransferase dTip60 is p&ra anultimeric protein complex
that unites both HAT and chromatin remodeling ats: In this study, we
characterized the properties of dTip60 and evatu#te function of dTip60 in gene
regulation in the model organisidrosophila melanogaster.

We found that strong reduction of dTip60 by RNAismethal, whereas a moderate
knock-down led to defects in wing development. Reidn of dTip60 in the wing
imaginal disc globally increased methylation of HK®7 and caused increased
apoptosis. Furthermore, dTip60 was present in tteéens of Drosophila embryos and
was localized to about 50% of interbands on polytehromosomes. Genome-wide
expression analysis showed that dTip60 regulatathhly 10% of all genes in
Drosophila SL2 cells, and that many of these gdvaek chromatin-related functions.
Interestingly, reduction of dTip60 levels causegression at some genes, but activation
at others, implying a role for dTip60 both in gemetivation and repression.
Furthermore, dTip60 was physically present at r&g®d genes, suggesting a direct role
in their repression. Statistical analysis of expi@s signatures indicated that dTip60

worked in cooperation with HDACL1 in gene repression

4.1 dTip60 was essential for viability in flies

We demonstrated that dTip60 is essential in fligh whe help of a dTip60-RNAi fly
line using the UAS/Gal4 system. This was in goockament with previous work (Zhu
et al., 2007), where a different UAS/Gal4 dTip60/AtNine displayed early pupal
lethality under the control of the strong and uliious Gal4-driver Act5c. We tested
different Gal4 driver lines at different temperasiin order to modulate dTip60 RNAI
knock-down efficiency. Strong knock-down was lethwlhereas moderate knock-down
lead to the formation of ectopic wing veins, whidn be considered a relatively mild
phenotype. Therefore, there seems to be a rehatiagtow window for the reduction of
dTip60 protein: If the amount of dTip60 protein ttltauses a mild phenotype is only
slightly reduced, this results in lethality.

Why does lethality occur in the late pupae? A coration of three effects might allow

flies to survive up until this relatively late sedirst, due to the maternal effect, some
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dTip60 protein might be passed on from the motbethe progeny; second, knock-
down efficiency might leave dTip60 protein levaist high enough for flies to live until
pupae; and third, lack of dTip60 protein might hakie highest impact on processes
needed no earlier that the late pupae. Our custate of knowledge does not allow a
distinction between these possibilities.

In the embryonic Drosophila cell line SL2, knockado of dTip60 led to reduced
proliferation. This suggests that dTip60 was esaemn a cellular level and is in
agreement with previous findings (Zhu et al., 200Where dTip60-RNAI caused
cellular defects and lethality in SL2 cells.

Not all MYST HATs are essential: Sas2 $ncerevisiae is not essential (Ehrenhofer-
Murray et al., 1997), and lack of MOF . melanogaster is lethal in males, but not
females due to its role in dosage compensation tgkkand Becker, 2000). Genome-
wide analysis revealed that in SL2 cells, dTip6gutated directly and indirectly about
10% of all genes in Drosophila, indicating that @0 is involved in a wide range of
biological functions. Significant disturbance inngeexpression of a high percentage of
genes might lead to biological effects that negdyiaffect viability.

Among this wide range of biological functions irdhced by dTip60, some could be
identified in this work. For example, dTip60 showad effect on chromatin related
functions, such as chromatin assembly and disadgeariii DNA packaging, by
regulating about half of all genes with this GO atation. Chromatin structure is highly
important for gene expression, replication, recorabon and repair. If loss of dTip60

negatively affects the integrity of chromatin stwre, this might lead to cell death.

4.2 Effects of dTip60 on wing development

In our assay, dTip60 had an effect on wing veineflgwment in that reduction of
dTip60 protein led to the formation of ectopic wiwgjns parallel to L5 or, with reduced
frequency, at other positions of the wing.

There are two possible models for how dTip60 miigiituence wing development.
During development, at least five different signglipathways contribute to the
establishment of vein and intervein territories: dgehog (Hh) signaling, bone
morphogenetic protein (BMP) signaling, epidermabwvgh factor receptor (Egfr)
signaling, Wingless (Wg) and Notch (N) signalinglaig 2007). dTip60 might be

affecting any of these pathways, which would resultisturbed vein formation in the
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absence of dTip60. The genetic complexity of wiyelopment makes it difficult to
identify the possible pathway affected by dTip6€slo

It is also possible that the formation of ectopiogweins in dTip60-RNAi flies is due
to a silencing defect. During evolution, a variefywing patterns evolved in insects,
and most insects display about twice the numbereafs as Drosophila. This fact has
led to the hypothesis that in Drosophila, a sub$eteins are silenced. This theory is
supported by the fact that with high frequencyppitt veins run longitudinally between
normal veins (Bier, 2000). Therefore, the shoropict vein running parallel to L5
might be a silencing defect as a consequence epdession by loss of dTip60.

Other evidence supports the notion that, in othartexts, dTip60 plays a role in
silencing. Ai and colleagues propose that the dTipémplex promotes the generation
of a repressive chromatin state via its subunittiRg(@i et al., 2006). A recent study
demonstrated a cooperation of the dTip60 complek RISF and suggested that those
two work together at silent chromatin formation tdaet al., 2008).

The wing phenotype caused by dTip60 reduction ptethpus to investigate the
consequences of dTip60 protein reduction in thegima wing disc. We found that
reduction of dTip60 caused increased H3K27 trimiatign, which has been correlated
with transcriptional silencing. In Drosophila, tethylation of H2K27 is introduced by
the PRC2 complex, which is a Polycomb Group (Pa@)gin complex. (Czermin et al.,
2002; Muller et al., 2002). PcG proteins are evohdry conserved proteins required
for maintaining long-term repression of genes. Thmeling that trimethylation of
H3K27, a repressive mark, is enriched if dTip60tgiro levels are reduced suggests
dTip60 might act as a counterplayer of the PRC2 mer in maintaining gene
expression of a subset of genes. Since our analsiwed that dTip60 is required for
the activation as well as the repression of a langmber of genes in the Drosophila
genome, this suggests that dTip60 is not restricigdst one role in either activation or
repression.

Further analysis of imaginal wing disc revealed tlealuction of dTip60 protein levels
caused increased apoptosis. This indicated thau6@Tivas needed in this tissue at this
point of time in development. The finding that dd@pis essential for cells of imaginal

wing discs is in line with the requirement of dT@ofr viability in flies and SL2 cells.
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4.3 dTip60 in transcriptional activation

dTip60 is part of a dual-activity HAT/ chromatinnmedeler complex (Squatrito et al.,
2006). Generally, one might posit a role for suclcamplex in gene activation.

Chromatin is repressive, and this repression ndedde overcome by histone
acetylation and chromatin remodeling at the gerenpters, which thus help in the
recruitment of the transcriptional machinery. le tontext of transcriptional activation,
histone acetylation in the proximity of promotomi@ns serves as a signal for the
recruitment of chromatin remodeling factors, whibken mobilize nucleosomes in the
proximity of the promotor.

This prominent role for HAT and chromatin remodetemplexes in gene activation
prompted us to ask whether the dTip60 complex playsole in transcriptional

activation.

Genome-wide transcription analysis showed that ulpss of dTip60, many genes
downregulated their expression, suggesting thaeedd dTip60 is required for the
activation of a large number of genes in the Drbdamenome. This activation may be
due to the direct effect of the dTip60 complex parfing histone acetylation and
chromatin remodeling. Alternatively, activation wénscriptional gene activity might

also be independent of HAT activity (Gavaravarapd Kamine, 2000), for example by
acetylation of non-histone proteins such as trapison factors.

In addition to an activating function of dTip60 aswaluated by genome-wide
transcriptional analysis, two other findings alspport the notion that dTip60 has an
activation function. As discussed preiviously, Bmsed H3K27 trimethylation

suggested a role for dTip60 in gene activation esumterplayer of PRC2. Also, dTip60
was localization to interbands on polytene chromme®y a finding that is consistent

with a role in gene activation and will be discuksethe following paragraph.
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4.4 Function and localization of dTip60 on polytene chomosomes

In Drosophila, polytene chromosomes are presetti@nsalivary glands of third instar
larve and provide an useful model for studies abotosomes and chromatin domains.
As a result of differential chromatin compactionlytene chromosomes are organized
in bands and interbands. Heterochromatic bandstraveght to be associate with
inactive genes, whereas transcription mostly ocdaorghe relatively decondensed
interbands.

We demonstrated that on polytene chromosomes, @Tlpéalized to a subset of
interbands, suggesting an euchromatic associaficiTip60 and role for dTip60 in
gene activation. This is consistent with our firglim SL2 cells, where dTip60 is
involved in the activation of a large number of gen

In order to establish and maintain band and intedbstructure, they are separated by
boundaries. It has been demonstrated that insujaateins are localized to these
boundaries, where they are thought to prevent dprgaof heterochromatin in
euchromatic regions (Dorman corces). We found thEp60 also localized to the
border of interbands on polytene chromosomes, wigchompatible with a barrier
function for dTip60. However, the pattern of dTip@0these regions does not overlap
with the pattern of known insulator proteins sustB&AF-32 and Mod(mdg4).

4.5 dTip60 in transcriptional repression

In addition to a role for dTip60 in gene activatiaur data also reveal a substantial
contribution of dTip60 to gene repression. Genonmewtrancriptional analysis
revealed that dTip60 has a repressive effect oargelamount of genes. We asked
whether this repression was mediated directly bip@®d or was an indirect effect as a
consequence of dTip60-regulated proteins with auleegry function in transcription.
dTip60 was physically located at the promotor ragiof repressed genes, suggesting
that dTip60 has a direct role in gene repression.

It has been shown previously in several studiesumans and mice that despite the
prominent role of histone acetyltransferases inegeactivation, Tip60 can have

repressive function. For example, hTip60 was fouadact as a corepressor by
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recruitment of HDAC7 (Xiao et al., 2003) and repes HDC promotor activity
together with KLF4 and HDACY7 (Ai et al., 2007).

In Drosophila, how does the HAT dTip60 mediatedésressive function?

4.5.1 dTip60 might mediate its repressive function by degsition of H2Av

The dTip60 complex acetylates phosphorylated H2And replaces it with the
unmodified form (Kusch et al, 2004). H2Av in Drpéda is present at
heterochromatin and is involved in the formation repressed chromatin. Since
phospho-H2Av is not only associated with DNA damageair, but also with general
transcriptional activation in flies (Swaminathanaét 2005), one might then speculate
that the dTip60 complex is globally required to ad&pH2Av on repressed genes. Loss
of dTip60 would therefore result in a loss of H2&wd hence a loss of gene repression.
Notably, one homolog of dTip60, Sas23rcerevisiae, has also been implicated in gene
silencing at yeast telomeres and the silent matipg-loci (Ehrenhofer-Murray et al.,
1997; Meijsing and Ehrenhofer-Murray, 2001; Reifdely et al., 1996). However,
Sas2?2’s telomeric silencing function stems from itde as a boundary factor in
preventing the spreading of heterochromatin intoheamatic regions (Kimura et al.,
2002; Suka et al., 2002), rather than from direonmter acetylation. In addition, the
boundary function of Sas2 may entail the depositibh2A.Z in subtelomeric regions
(Shia et al., 2006). Therefore, by analogy, dTip&&y also act in gene repression in
flies as a boundary factor by restricting heteroomatin to its designated genomic
region. In line with this, dTip60 localized to thmorder of interbands on polytene
chromosomes, which is compatible with a barrierctiom for dTip60. However, our
ChIP analysis showed localization of dTip60 at esged genes, arguing for a more
direct role of dTip60 in gene repression. As disedsbefore, the interband localization

of dTip60 is also consistent with its role in gemivation.
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4.5.2 The repressive function of dTip60 might be indepenent of its HAT
function

Another possibility for dTip60’s role in gene regs®on is that it is not the HAT
function of dTip60 that is relevant for repressiblotably, Tip60 can acetylate histones
in the nucleosomal context only when it is withinpeotein complex, but not as a
recombinant protein (Ikura et al., 2000), suggestimt other accessory proteins (and
perhaps chromatin remodelling) are required foadsvity. In consequence, the activity
of these factors may be more important for the esgive activity of the dTip60
complex than the HAT activity alone, for instance rhoving nucleosomes over the
promoter of genes to a position repressive to trgutson.

The study by Ai and Wang adds a mechanistic viewatdunction of dTip60
independent of its HAT activity. The authors dentmated that Tip60 physically
interacts with HDAC7, and that the HDACT7-interagtidomain of Tip60 displayed
great overlap with the region required for HAT aityi (Ai et al., 2007). This finding
led to the hypothesis that the Tip60 complex caange its properties from a
trancriptional activator to a transcriptional regser, with the repressive function
mediated by HDAC activity and HAT activity lost upbinding of HDAC?7.

dTip60 contains a chromodomain, a zinc finger andAd domain. The function of
dTip60 therefore may not only lie in its ability txetylate histones, but also in the
recruitment of other catalytically active complerngponents via its other protein
domains. Also, acetylation of non-histone proteiaspecially transcription factors,

might be a strategy for Tip60-mediated expression.

4.5.3 dTip60 might cooperate with HDAC1 in gene regulatio

Our data indicated that dTip60 cooperates with HRAECgene regulation at a subset of
genes, although we see this correlation for gersh hp- and down-regulated by
dTip60 and HDAC1, implying that they cooperate ieng activation as well as in
repression. Therefore, the dTip60 complex may re¢dDACL to the promoters to
perform histone deacetylation, which then causesegeegulation. The final
transcriptional output of a gene may then resoltnfthe sum of (histone) acetylation by
dTip60 and deacetylation by HDAC1. In support ofthooperation of dTip60 and
HDAC1, mutations in HDAC1, like mutations in dTip@@mponents, cause defects in
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position effect variegation (Mottus et al., 200Burthermore, genes that are weakly
activated by dTip60/ HDAC1 may be in a “poised’tstaf gene expression and carry
both transcription-activating and —repressing clammarks. Such genes could then
be rapidly and strongly activated under inducingditons.

For the regulation of genes by dTip60 that are peedelent of HDAC1, dTip60 most
likely cooperates with other co-repressors. Foressoch genes, dTip60 may work with
another TSA-sensitive HDAC, because the numberSA-Tegulated genes was larger
that the number of HDAC1-regulated genes. For ottpeups of genes, dTip60
probably collaborates with other, TSA-resistant HI¥\ as well as with other, as yet
unidentified co-repressors to control gene expoessi

An alternative explanation for dTip60’s role in gerepression is that dTip60 acetylates
targets other than histones, and that these areart! for dTip60’s repressive function,
whereas histone acetylation might be importantgime activation. Tip60 in known to
acetylate other factors, for instance p53, whichdat@tes its transcriptional output
(Sykes et al., 2006; Tang et al., 2006).

4.5.4 the function of dTip60 might be context-dependent

dTip60 joins a growing number of chromatin regulatthat have a context-dependent
influence on gene expression in that they conteibbbth to gene activation and
repression, although it remains to be determined hwany of the dTip60 targets
identified here are directly regulated by dTip6@tably, the Drosophila MYST HAT
Chameau stimulates transcription that dependseftramscription factor AP-1, and this
coactivation is accompanied by increased historegyltion at the gene promoter.
(Miotto et al., 2006). Conversely, mutationsGhameau cause defects in position effect
variegation and in the maintenance of Polycomb-déeet gene silencing, suggesting a
parallel role for Chameau in gene repression (@néerger et al., 2002). Similarly, the
dTip60 homolog MOF is best known for upregulatingression of X-linked genes in
male flies through acetylation of H4 K16 (Mendjardakhtar, 2007). However, MOF
is also required for the downregulation of a sufisth number of genes on the
autosomes of male and female flies (Kind et al.080 Furthermore, pericentric
heterochromatin in Drosophila contains H4 K12 dedityn that depends on the
presence of H2A.v, suggesting a role for this modifon in establishing pericentric

gene silencing (Swaminathan et al.,, 2005). Thugrethseems to be no simple
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correlation between the enzymatic activity of autatpr and its effect on gene
expression at an individual genomic location. Therall transcriptional outcome likely
depends on which cofactors interact with dTip6@ gtven promoter, and what the sum
of epigenetic modifications is. HDAC7, for exampldisplays a tissue-specific
expression pattern (Kao et al., 2000) and its Imatibn is signal-regulated (Fischle et
al., 2001), which supports the idea of differentp&D-interacting partners in different

tissues.
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4.6 Summary and outlook

In this study, we sought to gain insight into theldgical functions of the MYST
histone acetyltransferase dTip60, which is para ofultimeric protein complex. First,
we evaluated the effects of dTip60 reduction by RMNAflies. We found that on an
organismal level, strong reduction of dTip60 caudethality, whereas moderate
reduction of dTip60 led to the formation of ectopiing veins as well as increased
apoptosis and trimethylation of H3K27 in the imadiwing disc. Characterization of
dTip60 localization revealed dTip60 located to thecleus in early embryos and on
interbands of polytene chromosomes

We wanted to further investigate the role of dTipe@Qene regulation. Genome-wide
expression analysis demonstrated that dTip60 sogmfly regulated about 10% of all
genes in Drosophila SL2 cells. Genes with chometiated functions were highly
enriched among those genes regulated by dTip6@riSimgly, our results suggested a
role for dTip60 in both gene activation and repi@ssWe demonstrated that dTip60
was physically present at promotor regions of reped genes, suggesting a direct role
for dTip60 in gene repression. We asked how thsessive function is mediated, and
found a highly statistically significant overlap gkene expression profiles between
dTip60 and HDAC1, suggesting that they cooperatgeime regulation.

With this work, we have shown a central role foiphD in both gene activation and
repression in flies. Further characterization o fanction of dTip60 is of high interest
and will provide important insights into the genemigle regulation of gene expression.
Our results suggest an interaction of HDAC1 ancp@Tiin gene regulation based on a
comparison of gene expression signatures. In theduit will be of interest to gain
further insight into this proposed interaction. IMDAC1 and dTip60 interact
biochemically? Coimmunoprecipitation of dTip60 arldDAC1 would be the
experiment of choice to test for an interactionrtiR@rmore, one might expect partial
colocalization of dTip60 and HDAC1 on polytene ahasomes.

We showed that dTip60 is involved in the regulatmfnabout 10% of all genes in
Drosophila. For a small sample of repressed gemeslemonstrated that this effect was
mediated directly by dTip60. On a global scaleyauld be highly interesting to provide
a genome-wide map of dTip60 occupancy. Chromatmumoprecifitation of dTip60
protein followed by microarray analysis could gimsight into promotor occupancy by

dTip60, therefore indicating which genes are diyectgulated by dTip60. A similar
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experiment could be performed with HDAC1 and wopldvide information about
which genes are jointly regulated by dTip60 and HIIA Our data suggest the
possiblity that dTip60 and HDAC1 might also havendtons in gene regulation
independently of each other. Knowledge of genondewpromotor occupancy by
dTip60 and HDAC1 could answer the question whichegeare regulated by either
protein independently of the other. Does dTip6Qulaig these genes in cooperation
with other protein complexes? Is there a preferdacan interaction of dTip60 with a
certain protein complex in gene activation verseisegrepression? A genome-wide map
of dTip60 occupancy could also give more insighbithe biological functions of
dTip60, for instance whether dTip60 regulates patheomponents or key proteins of
developmental processes.

On a biochemical level, it would be of high intérédsand what kind of biochemical
modifications dTip60 might perform at promoter @wg. One can assume that dTip60
acetylates histones in order to regulate gene sgme Which kind of histone
modifications are introduced by dTip60? Is therdiféerence in the pattern of histone
modification between genes activated and repredseddTip60? However, the
interpretation of such modification patterns may dmmplex due to the potential
interaction of dTip60 with HDAC1, which may itselfter modification patterns.

This study highlighted the prominent role of dTipB0 epigenetic gene regulation.
Further work is necessary to characterize the fonstof dTip60 in detail. This is
highly desireable, as it adds further knowledgespigenetic processes, which play a
central role in development, differentiation andedise. For example, the human
homologue of dTip60, hTip60, is involved in acutgeioid leukemia. As the relevance
of HDAC inhibitors as potent drugs in the treatmesft cancer is emerging,
characterization of interactions between Tip60 d#DACs is becoming highly
medically relevant. Therefore, gaining knowledgeuwhthe function of dTip60 is not
only a valuable contribution to science in genefalf might also find medical

application.
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5 Abstract

Epigenetic changes are crucial for the developnaent differentiation of cells and
organisms. MYST histone acetyltransferases playrgrortant role in the introduction
of epigenetic modifications.

Here, we sought to gain insight into the biologittaictions of dTip60. We evaluated
the consequences of dTip60 reduction and foundstinahg ubiquitous dTip60 knock-
down in flies was lethal. Moderate knock-down ofighbl0 in the wing led to
developmental defects. In the imaginal wing discluction of dTip60 caused increased
tri-methylation of H3K27 and increased apoptodge characterized the localization of
dTip60 in early embryos and found that it localized the nucleus. On polytene
chromosomes, dTip60 localized to the interbandsclwbuggests a role for dTip60 in
gene activation.

We further investigated the role for dTip60 in geagulation and performed genome-
wide expression analysis upon dTip60 depletion éfl culture. dTip60 regulated
approximately 10% of all genes in Drosophila, amavigch genes with chromatin-
related functions were highly enriched. Surprismgibout half of these genes were
upregulated upon dTip60 loss, indicating that dUipleas repressive as well as
activating functions. We asked whether this repvessunction of dTip60 was a
consequence of a direct or indirect effect. dTig80tein was directly located at
promotor regions of a subset of repressed genegyesting a direct role in gene
repression. How does the histone acetyltransfedd$p60 mediate this repressive
function? We compared the gene expression signafuddip60 with that of HDACs
and found a significant correlation with the gempression signature of HDAC1. This
suggested that the dTip60 complex recruits an HDA&Qritaining complex to regulate

gene expression in the Drosophila genome.
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6 Zusammenfassung

Epigenetische Veradnderungen sind von grofRer Wikéitigtiir die Entwicklung und
Differenzierung von Zellen und Organismen. MYST tHiscetyltransferasen spielen
eine zentrale Rolle bei der Einfihrung epigeneg@sdiodifikation.

Ziel dieser Arbeit war es, Einblicke in die bioleghen Funktionen von dTip60 zu
gewinnen. Es wurde mittels RNAIi untersucht, zu Weft biologischen Konsequenzen
eine Reduktion von dTip60 iDrosophila melanogaster fuhrt. Starker knock-down von
dTip60 war lethal, wahrend ein moderater knock-dowon dTip60 einen
Flugelphénotyp verursachte. In Flugelimaginalscleilfihrte eine Reduktion von
dTip60 zu einer Zunahme von Trimethylierung an H3Khd zu erhdhter Apoptose.
Die Lokalisation von dTip60 im frihen Embryo wurdestimmt. dTip60 ist am
Zellkern lokalisiert. In polytdnen Chromosomen ©Tip60 an den Interbanden
lokalisiert, was auf eine Rolle von dTip60 in dexr@ktivierung hindeutet.

Es wurde weiterhin die Rolle von dTip60 in der Gaguiation untersucht, indem eine
genomweite Expressionsanalyse von dTip60-RNAi bdben SL2 Zellen
durchgefuhrt wurde. Dabei hat sich gezeigt, dasspGDl ungefahr 10% aller
Drosophilagene reguliert. Unter den von dTip60 hegien Genen waren solche mit
einer Funktion in der Regulierung der Chromatindtru signifikant angereichert. Die
genomweite Expressionsanalyse hat weiterhin ergetess dTip60 nicht nur an der
Genaktivierung, sondern auch an der Genrepressimiligt ist. Um zu ermitteln, ob es
sich dabei um einen direkten oder indirekten Effedadelt, wurde Gberprift, ob dTip60
in der Promoterregion reprimierter Gene vorhand&nDies konnte fir mehrere Gene
gezeigt werden, was darauf hindeutet, dass dTipé8tcan der Genrepression beteiligt
ist. Wie aber kann eine Histonacetyltransferase sprimierende Funktion vermitteln?
Es wurde untersucht, ob es eine Uberlappung vop&dTiegulierten Genen mit solchen
gibt, die von HDACs reguliert werden. Es hat sidzeajgt, dass es eine signifikante
Korrelation von dTip60- und HDAC1-regulierten Gengibt, was darauf hindeutet,
dass ein HDAC1-Komplex mit dem dTip60-Komplex bekerdGenregulation
zusammenarbeiten konnte.
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