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We are the music makers,

And we are the dreamers of dreams,
Wandering by lone sea-breakers,
And sitting by desolate streams;
World-losers and world-forsakers,
On whom the pale moon gleams:
Yet we are the movers and shakers
Of the world for ever, it seems.

James O’ Shaughnessy
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Zusammenfassung

Zusammenfassung

Das Ziel dieser Arbeit war es epigenetische Histonmodifikationen, die an der Regula-
tion zellularer Differenzierung beteiligt sind, zu identifizieren und zu charakterisieren.
Dafur nutzte ich Drosophila melanogaster als Modellsystem, da es sich hierfur her-
vorragend mit zahlreichen Stammzellsystemen wie zum Beispiel der Keimbahn-
stammzellen der Ovare eignet. Zur Identifizierung von Histonmodifikationen, die in
Keimbahnstammzellen angereichert sind, wurden Antikorperfarbungen durchgefuhrt,
die zeigten, dass die Modifikationen von Histon H3, H3K27me3 und H3T11Ph, Kan-
didaten mit einer potentiellen Funktion in Keimbahnstammzellen sind. Ich konnte zei-
gen dass der Methyltransferase Komplex namens Polycomb Repressive Complex 2
(PRC2), der fur die Trimethylierung von H3K27 verantwortlich ist, notwendig fur den
Stammzellerhalt von Keimbahn- und somatischen Stammzellen im Ovar von D. me-
lanogaster ist. Interessanterweise ist die Phosphorylierung von H3T11 auch abhan-
gig von der enzymatischen Aktivitat der PRC2 Untereinheit Enhancer of zeste (E(z)),
aber nicht von anderen Untereinheiten des PRC2 Komplexes oder der Modifikation
H3K27me3. Die Phosphorylierung H3T11 ist daher von einer bislang unbekannten
Funktion von E(z) abhangig. Um die Bedeutung von H3T11ph in vivo zu charakteri-
sieren, stellte ich Fliegen her, die mutant fur H3T11 (H3T11A) sind. Diese Tiere ster-
ben wahrend der Embryogenese, weswegen ich genetische Mosaike in somatischen
Zellen des Ovars und in Flugelimaginalscheiben analysierte. Die H3T11A Mutation
alleine war nicht ausreichend, um das H3T11ph Signal in diesen Zellen zu entfernen.
Ein signifikanter Anteil der H3T11ph findet auf dem Histonvariant H3.3 statt. Das
steht im Kontrast zur H3K27 Trimethylierung, welche exklusiv auf dem kanonischen
H3 zu finden ist. Das Entfernen von H3T11ph sowohl vom kanonischen H3 als auch
vom varianten Histon H3.3, fuhrte zu einem Proliferationsdefekt und einem erhdhten
Level an H3K27me3. Genomweite Analysen von H3T11ph zeigten, dass H3T11ph
an Grenzen von H3K27me3 Chromatin Domanen stark angereichert ist und dass
diese Stellen mit Insulatorproteinen uberlappen. Die H3T11 Phosphorylierung konnte
daher dafur notig sein, die Ausbreitung von H3K27me3 uber Chromatinregionen
durch einen negativen Feedback Mechanismus der H3K27 Methyltransferase E(z) zu

limitieren.



Summary Vi

Summary

The aim of this study was to identify and characterize ‘epigenetic’ histone modifica-
tions that contribute to the regulation of cellular differentiation. In order to address
this aim | used Drosophila melanogaster as a model system as it provides extensive-
ly characterized stem cell systems such as germline stem cells (GSCs) of the ovary.
Screening for histone modifications that are enriched in GSCs, identified two modifi-
cations of histone H3, methylation at lysine 27 (H3K27me3) and phosphorylation at
threonine 11 (H3T11ph), as canidates with a potential function in GSCs. | could then
show that the methyl transferase complex that is resposible for H3K27 tri-
methylation, the Polycomb Repressive Complex 2 (PRC2), is necessary for the
maintenance of germline and somatic stem cells in the ovary of D. melanogaster.
Interestingly, the phosphorylation of H3T11 was also found to be dependent on the
enzymatic activity of the PRC2 methyltransferase subunit Enhancer of zeste (E(z))
but not on the other subunits of the PRC2 complex or the modification H3K27me3.
Hence, the phosphorylation of H3T11 is dependent on a previously not anticipated
function of E(z) independent of the PRC2 complex. In order to further characterize
the relevance of H3T11 phosphorylation in vivo | generated flies that are mutant for
H3T11 (H3T11A). These individuals die during embryogenesis, therefore | analysed
genetic mosaics in somatic cells of the ovary and wing imaginal disc cells. | found
that introducing the H3T11A mutation in the canonical histone H3 alone was not suf-
ficient to eliminate the H3T11ph signal from cells and that a significant portion of the
H3T11 phosphorylation infact takes place on the closely related variant histone H3.3.
This is in striking contrast to the methylation of H3K27, which is almost exclusively
found on the canonical histone H3. Abolishing H3T11 phosphorylation from both, the
canonical and the variant histone led to a significant proliferation defect and elevated
levels of H3K27 methylation. Genome wide analysis of the H3T11ph modification
revealed a peak like enrichment of H3T11ph at boundaries of chromatin domains that
are enriched for H3K27me3 and a significant overlap of these peaks with sites that
direct the assembly of chromatin insulator elements. H3T11 phosphorylation might
therefore be required to limit the spread of the H3K27me3 modification across chro-
matin by a negative feedback mechanism involving the H3K27 methyltransferase
E(z).
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1 Introduction

A central aspect of multicellular development is that cells become at some point de-
termined to adopt a specific cell fate. The developmental decision that allows cells to
become a certain part of the body is orchestrated by various levels of regulation. Epi-
genetics is one major regulatory mechanism, which refers to covalent modifications
of DNA, proteins and RNA, thereby regulating gene expression (Waddington, 2012).
These modifications do not change the underlying DNA sequence but they affect how
cells ,read” genes and thereby decide which cell type they become. In my work |
focused on the characterization of covalent histone modifications in different cell ty-
pes of the fruit fly, Drosophila melanogaster (D. melanogaster). The main experimen-
tal system in my work was the germline of D. melanogaster in which | investigated
the crosstalk of epigenetic regulators and modifications that control the transition
between undifferentiated and differentiated cell types.

1.1 Function of canonical histones

The genetic information of an eukaryotic cell is packaged as chromatin into the cell
nucleus. Chromatin in its most basic form is composed of DNA and histone proteins.
The repeating structural (and functional) unit of chromatin is the nucleosome, which
contains eight histone proteins and about 146 base pairs (bp) of DNA. Histones are a
family of small, positively charged proteins: H1, H2A, H2B, H3, and H4
(Kornberg, 1974; Luger, Rechsteiner, Flaus, Waye, & Richmond, 1997). DNA is ne-
gatively charged due to the phosphate groups in its phosphate-sugar backbone,
therefore histones bind DNA tightly. Two of each of the histones H2A, H2B, H3, and
H4 come together to form a histone octamer, around which DNA is wraped in appro-
ximately two turns (Van Holde, Sahasrabuddhe, & Shaw, 1974). Multiple nucleoso-
mes form in a linear fashion along the DNA molecule. This produces the so-called 10
nm fiber, which is traditionally described, based on its appearance, as “beads on a
string” (Olins & Olins, 2003). Nucleosomes are connected with each other via DNA
segments of  variable length which are termed linker DNA
(Finch & Klug, 1976; Ramakrishnan, Finch, Graziano, Lee, & Sweet, 1993). Histone
H1 is associated both with linker DNA and with nucleosomes (Simpson, 1978). This

interaction is necessary for higher order folding of the nucleosomal chain into the 30
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nm fiber establishing the second structural packaging unit of chromatin
(Thoma, Koller, & Klug, 1979; Zhou, Gerchman, Ramakrishnan, Travers, &
Muyldermans, 1998). It still remains to be shown how the 30 nm fiber is further com-
pacted. Some models predict that the 30 nm fiber exists as loops which can be
further compacted to finally generate the structure of a chromosome
(Felsenfeld & Groudine, 2003). The extent of chromatin condensation varies during
the cell cycle. When eukaryotic cells divide, genomic information must be equally
partitioned into both daughter cells. To accomplish this, the chromatin becomes high-
ly compacted into metaphase chromosomes (G. Li, Sudlow, & Belmont, 1998). Once
a cell has divided its chromosomes uncoil again. During DNA replication in S phase
of the cell cycle new nucleosomes are assembled to package the newly synthesized
DNA into chromatin. At the beginning of S phase canonical histones are produced in
large quantities (Heintz, Sive, & Roeder, 1983; Plumb, Stein, & Stein, 1983; Robbins
& Borun, 1967). After S phase excessive histone molecules and histone mRNAs are
degraded as a surplus of canonical histones can be toxic for the cell
(Gunjan & Verreault, 2003; Kaygun & Marzluff, 2005). Beside their function in com-
paction of DNA, histones also have a key function in the regulation of various pro-

cesses like gene transcription or DNA repair.

1.2 Posttranslational modifications of histones

Histones are proteins that undergo multiple types of posttranslational modifications
(PTMs) to regulate chromatin condensation, DNA accessibility and bona fide gene
expression. The amino acids of the N- and C- terminal tails of histones, which protru-
de from the surface of the nucleosome, are the main targets for modifications
(Kouzarides, 2007). These modifications include methylation, acetylation, phospho-
rylation, ubiquitylation, sumoylation, prolin isomerization, ADP ribosylation and dei-
mination (Bannister & Kouzarides, 2011). Furthermore, lysine residues can be mono-
, di- and tri-methylated and arginine residues can be mono- and di-methylated
(Kouzarides, 2007). Typically, a particular histone modification is abbreviated by the
histone name, the type and the position of the residue followed by the modification
and the quantity of the modification added to the residue. For example, H3K4me3
indicates that there are three methyl groups attached to the lysine at position four in
the histone tail of histone H3. Histone modifications exert their effects via two basic
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mechanisms. The first one involves the modification directly influencing the overall
structure of chromatin. Histone modifications can thereby disrupt or weaken the
contacts between nucleosomes in order to unfold higher order chromatin structure
(Bannister & Kouzarides, 2011). Histone acetylation for example reduces the positive
charge of histones leading to a disruption of the electrostatic interactions between
histones and DNA. This leads to a less compacted chromatin structure which facilita-
tes the access of proteins, for example involved in transcription
(Shogren-Knaak et al., 2006). This is consistent with the finding that histone acetyla-
tion is frequently enriched in promoters of active genes, where it possibly facilitates
binding of transcription factors to the promoter (Z. Wang et al., 2008). The second
mechanism by which histone modifications modulate gene transcription involves the
recruitment of proteins and protein complexes with specific enzymatic activities to the
modification sites. For example, methylation of lysine at position 9 of histone H3
leads to the binding of Heterochromatin Protein 1 (HP1) (Bannister et al., 2001;
Lachner, O'Carroll, Rea, Mechtler, & Jenuwein, 2001), which leads subsequently to
the condensation of chromatin and the formation of heterochromatin. The combinati-
on of various histone modifications and proteins enriched on chromatin is thought to
be one of the main determinants in a cell that leads to different cell fate decisions and

their maintenance in multicellular organisms.

1.3 Chromatin states

The local chromatin environment, termed chromatin state, depends on the cell cycle
stage and the transcriptional state of a particular genomic region. It is critical for the
cell to tightly regulate the particular chromatin state at each genomic location. Histo-
rically, chromatin was classified into two states (Allis, 2007). Euchromatin refers to
transcriptionally active regions of loosely packed chromatin, where the DNA is ac-
cessible to sequence specific transcription factors and the basic transcriptional ma-
chinery. In contrast, heterochromatin refers to tightly packed domains and is associa-
ted with transcriptionally silent regions. In heterochromatin, much of the chromatin
exists as dense nucleosome clusters preventing access of the transcription machi-
nery to the DNA. The particular packaging state is highly flexible, such that if the ap-
propriate signals and proteins are present or absent a euchromatic region can turn

into heterochromatin or vice versa. The broad classification of chromatin states into
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euchromatin and heterochromatin can be further separated by the presence of dis-
tinct sets of  histone  modifications and their  binding proteins
(Filion et al., 2010; Kharchenko et al., 2011). One heterochromatic state is classified
by the presence of the histone modification H3K9me2 and its binding protein, HP1,
which is prominent in pericentric chromatin regions. Another heterochromatic type of
chromatin is characterized by the binding of Polycomb group (PcG) proteins and the
presence of the histone modification H3K27me3. In D. melanogaster euchromatin is
also further subdivided depending on whether it harbors actively transcribed genes or
not. Along the sequence of actively transcribed genes, histone modifications further
specify transcriptional start sites (TSS) by the precence of H3K4 di- and trimethylati-
on, regions of active transcript elongation by H3K36 and H3K79 methylation, as well
as enhancer regions by the presence of H3K27 acetylation and H3K4 monomethyla-
tion. (MacAlpine, Gordan, Powell, Hartemink, & MacAlpine, 2010). Thus, the eukary-
otic genome is organized into functionally and structurally distinct domains, represen-
ting regulatory units for gene expression and chromosome behavior. It is important
that boundaries between certain chromatin domains ensure the proper maintenance
of these regions by prohibiting unwanted spread of distinct PTMs in flanking do-
mains. DNA sequences that mark the borders between adjacent domains are called
insulators or boundary elements, which are required for the maintenance of different
chromatin states. Insulators act as a barrier to prevent the spreading of repressive
heterochromatin from one domain into euchromatic regions (Sun & Elgin, 1999). Mo-
reover they can also prevent the communication between distant elements such as
enhancers to influence gene expression, a function known as enhancer-blocking ac-
tivity (Capelson & Corces, 2004).

1.4 The histone code hypothesis

Molecular events that define the cellular commitment to various differentiation pro-
grams are not yet fully understood. A wide range and combination of chromatin modi-
fications may be used to establish novel patterns of gene expression thereby or-
chestrating cell fate decisions (Berger, 2007; Margueron & Reinberg, 2010). The dis-
covery that certain modifications are correlated with changes in DNA transcription,
and that these modifications occur in a regulated and nonrandom manner led to the

hypothesis that histone modifications constitute a distinct “histone code”
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(Jenuwein & Allis, 2001; Turner, 2000). The histone code hypothesis states that "mul-
tiple histone modifications, acting in a combinatorial or sequential fashion on one or
multiple histone tails, specify unique downstream functions” (Jenuwein & Allis, 2001).
With regard to the histone code, histones are not only considered as packing ele-
ments to build a particular chromatin structure but rather as signaling molecules. As
such, they recruit particular chromatin-modifying enzymes and would trigger a parti-

cular downstream event.

1.5 The Polycomb system

Polycomb group (PcG) genes were discovered in D. melanogaster as repressors of
Hox genes, a set of transcription factors that specify cell identity along the an-
teroposterior axis of segmented animals (Schuettengruber, Chourrout, Vervoort,
Leblanc, & Cavalli, 2007). Polycomb (Pc) and a number of other PcG genes were
originally identified because of specific mutant phenotypes that suggested that the
products of these genes are needed for repression of multiple Hox genes (Duncan,
1982; Ingham, 1984; Lewis, 1978; Struhl, 1981). Subsequent molecular studies
showed that Hox genes are indeed misexpressed in Pc mutant embryos (Beachy,
Helfand, & Hogness, 1985; Struhl & Akam, 1985; Wedeen, Harding, & Levine, 1986;
White & Wilcox, 1985). Because mutations in several different D. melanogaster ge-
nes caused the same phenotype as mutations in Pc, this set of Hox gene repressors
was named the “Polycomb group” and the phenotype was termed ,Polycomb pheno-
type“ (Casanova, Sanchez-Herrero, & Morata, 1985; Duncan, 1982). PcG proteins
act through cis-acting DNA elements called Polycomb response elements (PREs)
(Muller & Bienz, 1991; J. Simon, Chiang, Bender, Shimell, & O'Connor, 1993). PREs
are recognized by a complex called Pho repressive complex (PhoRC) which is com-
posed of the subunits Pho and dSfmbt. Pho contains a sequence-specific DNA bin-
ding activity and dSfmbt contains MBT (malignant brain tumor) repeats which selec-
tively bind to monomethylated or dimethylated H3K9 or H4K20 (Klymenko et al.,
2006). The PRE bound PhoRC recruits another complex which is called the Poly-
comb Repressive Complex 2 (PRC2). The PRC2 is a multimeric complex composed
of four subunits: Enhancer of zeste (E(z)), Supressor of zeste 12 (Su(z)12), Extra sex
combs (ESC) and Nurf65 (O'Meara & Simon, 2012). This complex functions as a his-

tone methyltransferase (HMTase) that specifically methylates lysine 27 of histone H3
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(H3K27) in nucleosomes in vitro (Cao & Zhang, 2004a; Czermin et al., 2002). The
enzymatically active subunit of this complex is the methyltransferase E(z) which con-
tains a SET domain and thereby catalyzes successive trimethylation of H3K27
(Dillon, Zhang, Trievel, & Cheng, 2005; Joshi et al., 2008; Rea et al., 2000). Su(z)12
contains a VEFS domain and binds to E(z) to promote the complex assembly. Via its
N-terminus Su(z)12 also binds to Nurf55. Nurf55 is structurally important for the
complex assembly and furthermore binds the N-terminus of histone H3. In case
H3K4 is trimethylated the Nurf55 subunit senses this and PRC2 is prevented from
binding (Nekrasov, Wild, & Muller, 2005; Tie, Furuyama, Prasad-Sinha, Jane, &
Harte, 2001). The subunit ESC was shown to bind already existing H3K27me3 which
leads to an allosteric stimulation of the PRC2 and propagation of the H3K27me3
mark (Hansen et al., 2008; Margueron et al., 2009). The exact mechanism of
H3K27me3 spreading is still unclear, but it has been suggested that spreading is
achieved by local diffusion of PRC2 or by the formation of chromosome loops (Y. B.
Schwartz & Pirrotta, 2007; Talbert & Henikoff, 2006). Loss or impairment of any of
the three PRC2 subunits E(z), Su(z)12 and ESC leads to a dramatic reduction of the
HMTase activity of the PRC2 and thus to a reduction of H3K27me3 (Cao & Zhang,
2004b; Ketel et al., 2005; Nekrasov et al., 2005; Pasini, Bracken, Jensen, Lazzerini
Denchi, & Helin, 2004). Su(z)12 and Nurf55 are both essential for nucleosome bin-
ding of the PRC2 (Nekrasov et al., 2005). In mammals the PRC2 also has four subu-
nits that are orthologous to the PRC2 components in D. melanogaster: Suppressor of
zeste 12 homolog (Suz12), Embryonic ectoderm development (Eed, homolog to
ESC), Enhancer of zeste (EZH1/EZH2) and RbAp48 (homolog to Nurf55) (Cao et al.,
2002; Kuzmichev, Nishioka, Erdjument-Bromage, Tempst, & Reinberg, 2002). After
trimethylation of H3K27 by the PRC2 complex this modification is then bound by the
chromo-domain containing protein Polycomb (Pc), a subunit of the Polycomb Re-
pressive Complex 1 (PRC1) (Cao & Zhang, 2004a). In addition to Pc, the PRC1
complex contains the proteins Polyhomeotic (Ph), Posterior sex combs (Psc) and
dRing (Saurin, Shao, Erdjument-Bromage, Tempst, & Kingston, 2001). Once bound
to H3K27me3, the PRC1 mediates the ubiquitination of H2AK119 (Lagarou et al.,
2008; Martin & Zhang, 2005; H. Wang et al., 2004) which leads then to the subse-
quent compaction of the chromatin and silencing of target genes (Hu et al., 2012).
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1.6 Genomic organisation of histone genes in D. melano-

gaster

In all higher eukaryotes canonical histone genes are present in high copy numbers
that are often distributed over several chromosomes (Marzluff, Wagner, & Duronio,
2008). For example, in the haploid genome of Caenorhabditis elegans (C.elegans)
approximately 70 histone genes are present (Pettitt, Crombie, Schumperli, & Muller,
2002) and the human genome has 64 histone genes (Marzluff, Gongidi, Woods, Jin,
& Maltais, 2002). In many organisms the arrangement of the histone genes seems to
be random across the genome as there is no regular gene order. For example, in
C.elegans the histone genes are distributed along five of six chromosomes without
any regular arrangement (Pettitt et al., 2002) and in humans histone genes are clus-
tered at three different loci (Marzluff et al., 2002). The high number of histone genes
and their distribution along the genome prevent straightforward functional genetics
(Kouzarides, 2007). Genetic analysis has been limited to lower eukaryotes, such as
the yeast Saccharomyces cerevisiae (S. cerevisiae), in which histone genes are en-
coded by tandem repeats (Marzluff et al., 2008). Systematic mutagenesis of histone
genes in S. cerevisiae has identified histone residues essential for viability and for
response to environmental challenges (Nakanishi et al., 2008). However, there are
likely to be additional roles for histone residues in multicellular organisms, which ex-
hibit a more diverse regulation of genome activity across different cell types and de-
velopmental stages. D. melanogaster is an ideal model organism in which to investi-
gate histone functions as there are many advanced genetic techniques available and
the development of the fly is well characterized. Most importantly, in D. melanogaster
all canonical histone genes are clustered in a single chromosomal locus of chromo-
some 2L, containing 23 copies of each histone gene (Gunesdogan, Jackle, & Herzig,
2010, 2014). The genes of the canonical histones are arranged in gene clusters. One
gene cluster, termed hereafter gene unit (GU), contains one copy of the genes for
histone H1, H2B, H2A, H3 and H4 each. A deletion of the whole histone complex
was established defining a histone null mutation (His®) in D. melanogaster
(Gunesdogan et al., 2010). Homozygous His® mutant embryos die during embryoge-
nesis as the maternally derived histones are only sufficient to drive the first 14 emb-
ryonic cell cycles. In the absence of zygotic histone expression, embryos fail to com-

plete cell cycle 15 and die. This lethality can be rescued in a dose-dependent manner
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by introducing wildtype histone gene unit (His-GU) transgenes. Twelve transgenes
resulted in a complete rescue as viable and fertile adults are able to develop. This
experimental system can be used to specifically generate transgenic flies that carry
histones with altered modification sites and address the relevance of this site for the
development and homeostasis of a multicellular organism. This system was already
applied in many publications using His-GUs carrying a H3K4R, H3K27R and H3S28A
mutation respectively (Gunesdogan et al., 2014; Hodl & Basler, 2012; Pengelly,
Copur, Jackle, Herzig, & Muller, 2013; Yung, Stuetzer, Fischle, Martinez, & Cavalli,
2015). Thus this system is a very useful tool to decipher the ,histone code®, to inves-
tigate the crosstalk between various histone modifications and to estimate the impact
a distinct histone modification has on the development of a multicellular organism.

1.7 Histone variants

Adding another layer of complexity to chromatin regulation, for almost all histones
there are variant proteins encoded in the genomes of multicelluar eukaryotes. These
histone variants take over specific regulatory functions, are expressed outside of S-
phase and can be incorporated into chromatin to replace canonical histones
(Henikoff, Furuyama, & Ahmad, 2004; Sittman, Graves, & Marzluff, 1983; Wu &
Bonner, 1985). The genes for histone variants normally exist as single copies in the
genome (Sarma & Reinberg, 2005). The amino acid sequence of some histone vari-
ants are almost identical to their canonical counterparts, whereas other show bigger
differences in their sequences (Malik & Henikoff, 2003). Histone variants exist in all
higher eukaryotes. Variants for histone H1, H2A and H3 are well characterized and
each of them have different functions (Kamakaka & Biggins, 2005). A histone H3 va-
riant in D. melanogaster, Centromeric Histone H3 (CenH3) in mammals and Centro-
mere identifier (Cid), becomes incorporated into nucleosomes located at centromeric
regions of chromosomes (Bischoff, Maier, Tilz, & Ponstingl, 1990; Palmer, O'Day,
Trong, Charbonneau, & Margolis, 1991). Another histone H3 variant, H3.3, differs
from canonical H3 in only four amino acid residues (Akhmanova et al., 1995; Fretzin,
Allan, van Daal, & Elgin, 1991). H3.3 is found primarily in euchromatin and is enri-
ched for active histone modifications such as H3K4me2/3, H3K9Ac, and H3K14Ac
(Chow et al., 2005; McKittrick, Gafken, Ahmad, & Henikoff, 2004). H3.3 is thought to

be incorporated into chromatin after transcription mediated nucleosome displacement
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via its chaperone HIRA (Tagami, Ray-Gallet, Almouzni, & Nakatani, 2004). Never-
theless, H3.3 is not exclusively coupled to transcription, nor does it appear to be es-
sential for normal transcription since transcriptional outputs from flies lacking H3.3
were indistinguishable from wild-type animals (Hodl & Basler, 2009). When H3.3 is
mutated in D. melanogaster, canonical H3 expression is up-regulated, suggesting
that canonical H3 is capable of fulfilling the role of H3.3 in transcription (Sakai,
Schwartz, Goldstein, & Ahmad, 2009). However, H3.3 plays a key role in the germ-
line as flies lacking H3.3 are sterile (Hodl & Basler, 2009). This sterility cannot be
rescued by canonical H3 or a H3.3 mutant where lysine four is mutated into alanine.

1.8 The female germline of D. melanogaster as an experi-

mental system

The production of functional gametes is essential for the maintenance of all sexually
reproducing metazoan species. The oogenesis of D. melanogaster as a model sys-
tem has been widely used to investigate many aspects of developmental and cellular
biology. Each wildtype female fly has a pair of ovaries which is composed of 16 to 20
ovarioles each. Each ovariole contains a chain of maturing egg chambers in different
developmental stages (Figure 1 A). New egg chambers are generated at the anterior
tip of the ovariole in a region called the germarium. The germarium can be further
divided into four regions according to the developmental stage of the germline cells,
which can be either still dividing (region 1), early postmitotic (region 2A), stretched
out over the entire width of the germarium (region 2B), or encapsulated by somatic
cells (region 3). A germarium is schematically shown in figure 1 B. In region 1 of the
germarium, the germline stem cells (GSCs) are situated. The germline of female fruit
flies is one of the best studied stem cell systems (Fuller & Spradling, 2007). The
GSCs are situated right next to their stem cell niche consisting of so called cap cells
(CCs) and a group of approximately 6 to 10 disc shaped cells termed the terminal
filament cells (TFs). GSCs divide asymmetrically to give rise to a self-renewed GSC
which remains attached to the neighboring niche and a cystoblast that is displaced to
the posterior. The cystoblast divides four more times with incomplete cytokinesis to
form a 16 cell cyst. The cells in these cysts are interconnected by cytoplasmic brid-
ges called ring canals. The fusome is a large cytoplasmic structure that connects in-
dividual cells in a cyst through these ring canals (Lin, Yue, & Spradling, 1994). One



Introduction 10

of the 16 cells later becomes the oocyte and enters meiosis. The other 15 cells
become nurse cells. The nurse cells become polyploid due to endoreplication and
produce huge amounts of ribosomes, proteins and mRNAs to provide for the oocyte.
These nutrients are transported to the oocyte through the ring canals.

A

anterior posterior

B FSC

™

Follicle Cells

Cystoblast
Cysts

Figure 1: Schematic diagram of the germline of D. melanogaster.

(A) Each ovariole is composed of progressively more mature egg chambers towards the posterior
end. An egg chamber contains 16 germline cells surrounded by a monolayer of follicle cells. The egg
chambers are generated at the anterior part of the ovariole, the germarium. The germarium is sub-
divided into four morphological regions along the anterior-posterior axis. (B) The germline stem cells
(GSCs) are located at the most anterior part of the germarium in region 1 (left, green cells). The niche
of the GSCs is composed of cap cells (CCs, orange cells) and terminal filament cells (TFs, yellow
cells). GSCs divide and give rise to a cystoblast and a remaining GSC. The cystoblast divides four
times to produce a 16 cell cyst in which the cells are connected by ring canals. At the border of region
2A/2B the follicle stem cells (FSCs) are located. They divide and their progeny start to surround the

germline cells.

So called escort cells reside adjacent to the cap cells and line the anterior portion of
the germarium. These cells act to accompany the germ cells during the earliest sta-
ges of their differentiation, after which developing germline cysts are enveloped by
somatic follicle cells (Kirilly & Xie, 2007). At the junction between region 2A and regi-
on 2B cysts are forced into a single row as they encounter the two follicle stem cells
(FSCs) and begin to acquire a follicular layer. Follicle cells that are derived from both
FSCs in the germarium then encapsulate the cysts of germline cells (Nystul &
Spradling, 2010). Under the influence of the continued somatic cell growth the cysts
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round up, enter region 3 and bud from the germarium as a new egg chamber that

remains connected to other egg chambers by short cellular stalks.

One central aspect for the function of the germline is the maintenance and self-
renewal of the GSCs. For continuous egg production it is necessary that the GSCs
proliferate and continuously generate cystoblasts. The ability of GSCs to keep an
undifferentiated identity and to produce differentiating daughter cells is influenced by
many extrinsic and intrinsic factors. The cells of the niche produce diffusible factors,
which are necessary for the maintenance of the GSCs. One example is the BMP pa-
thway which is one of the best studied pathways for controlling GSC function which is
both necessary and sufficient for GSC self-renewal and proliferation (Song et al.,
2004; Xie & Spradling, 1998). GSCs themselves express different classes of intrinsic
factors including transcription factors, chromatin remodeling factors, translation regu-
lators and miRNAs, which control self-renewal by strengthening interactions with the
niche and repressing various differentiation pathways (Fuller & Spradling, 2007). The
germarium is an excellent experimental system as the direct proximity of different cell
types in this tissue makes it easy to investigate the composition and interplay of epi-
genetic regulators and histone modifications. In this work the female germline was
used as a model system to characterize histone modifications, their role in the regu-
lation of cellular differentiation and the interplay between histone modifications and

epigenetic regulators.
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2 Material

2.1 Chemicals and reagents

Acetic acid (= 99.9%) Sigma-Aldrich, St. Louis, MO, USA

Agarose Biozym LE Biozym Scientific GmbH, Hessisch Olden-
dorf, Germany

Ammonium acetate (= 98%) Sigma-Aldrich, St. Louis, MO, USA

Antarctic Phosphatase [5 U/pl] New England Biolabs Inc., Ipswich, USA

AMPure XP beads Beckman Coulter GmbH, Krefeld, Germany

B-mercaptoethanol Sigma-Aldrich, St. Louis, MO, USA

Bromphenol Blue Sigma-Aldrich, St. Louis, MO, USA

dNTP Mix Thermo Fisher Scientific Inc., Waltham, USA

DAPI Sigma-Aldrich, St. Louis, MO, USA

Dynabeads Protein G Thermo Fisher Scientific Inc., Waltham, USA

EDTA[0.5M], pH 8 Thermo Fisher Scientific Inc., Waltham, USA

Ethanol p.a. Merck, Darmstadt, Germany

Ethidium bromide [10 mg/ml] Sigma-Aldrich, St. Louis, MO, USA

Fast SYBR green master mix Thermo Fisher Scientific Inc., Waltham, USA

Fetal bovine serum Thermo Fisher Scientific Inc., Waltham, USA

Formaldehyde solution (37% w/w) Sigma-Aldrich, St. Louis, MO, USA

Glycogen RNA grade Thermo Fisher Scientific Inc., Waltham, USA

Glycerol (= 99.5%) Roth, Karlsruhe, Germany

Glycin Sigma-Aldrich, St. Louis, MO, USA

HCI (25%) Roth, Karlsruhe, Germany

HyperLadder™ 100bp Bioline, London, GB

HyperLadder™ 200bp Bioline, London, GB

Isopropanol Sigma-Aldrich, St. Louis, MO, USA

MgSO4 Sigma-Aldrich, St. Louis, MO, USA

NaCl Fluka Analytical (Sigma-Aldrich), St. Louis,
MO, USA

NaHCO3 Sigma-Aldrich, St. Louis, MO, USA

NaOH (= 98%, pellets) Sigma-Aldrich, St. Louis, MO, USA
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NEBNext® ChIP-Seq Library Prep
Master Mix Set for lllumina®

6x Orange DNA Loading Dye

One Shot TOP10 Electrocomp E. coli
Paraformaldehyde
Phenol/Chloroform/Isoamyl alcohol
Phenylmethanesulfonyl fluoride
Phosphatase inhibitor tablets
Phusion HF DNA Polymerase
ProLong Gold Antifade Mountant
Propionic acid

Protease inhibitor tablets Complete
Proteinase K [20 mg/ml]

Precision Plus Protein Standard
Restriction endonucleases

RNase A

DNase- and protease-free

SDS

Drosophila Schneider's media
Shrimp Alkaline Phosphatase
Smart ladder (100-1000 bp)

SOC medium

Sodium acetate [3M], pH 5.2

Sodium deoxycholate (= 97%)
Sucrose (= 99.5%)

Taq DNA Polymerase

T4 DNA-Ligase

Trizma® base (Tris base)

New England Biolabs Inc., Ipswich, MA, USA
Thermo Fisher Scientific Inc., Waltham, USA
Invitrogen, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

Roth, Karlsruhe, Germany

Sigma-Aldrich, St. Louis, MO, USA

Roche Diagnostics, Basel, Switzerland

New England Biolabs Inc., Ipswich, USA
Thermo Fisher Scientific Inc., Waltham, U.S
Roth, Karlsruhe, Germany

Roche Diagnostics, Basel, Switzerland
Thermo Fisher Scientific Inc., Waltham, USA
BioRad Laboratories, Munich

New England Biolabs Inc., Ipswich, USA
Sigma-Aldrich, St. Louis, USA

Thermo Fisher Scientific Inc., Waltham, USA
Sigma-Aldrich, St. Louis, MO, USA
Invitrogen, Karlsruhe, Germany

New England Biolabs Inc., Ipswich, MA, USA
Eurogentec, Liége, Belgium

Life Technologies, Darmstadt, Germany
Thermo Fisher Scientific Inc., Waltham, MA,
USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

New England Biolabs Inc., Ipswich, MA, USA
New England Biolabs Inc., Ipswich, MA, USA

Sigma-Aldrich, St. Louis, MO, USA
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2.2 Solutions and buffers

For all listed buffers and solutions water was derived from a MiIIi-Q® integral water
purification system (EMD Millipore Corp., Billerica, MA, USA) and autoclaved at
121°C for sterilization.

LB 0,5% (w/v) NaCl
0.5% (w/v) yeast extract
0.1% (w/v) Glucose pH7

Lysis buffer 20 mM Tris-HCI pH7.5
200 mM NaCl
20 mM EDTA
2% (w/v) SDS

TAE buffer (50x) 0.2 M Tris base
5.7% (v/v) acetic acid
10 mM EDTA, pH 7.4

TE buffer (10x) 100 mM Tris base
10 mM EDTA
pH 8.0 (for DNA)

PBS (10x) 137 mM Sodium chloride
2.7 mM Potassium chloride
10 mM Disodium hydrogen phosphate
1.8 mM Potassium dihydrogen phosphate
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SDS-PAGE

6x SDS sample buffer:

10x SDS running buffer:

Western Blot

Blocking buffer:

1x Blotting buffer:

1XTBST:

Harsh stripping buffer:

375 mM Tris base, pH 6.8
6% (w/v) SDS

48% (v/v) glycerol

9% (v/v) B-mercaptoethanol
0.03% (w/v) bromphenol blue

250 mM Tris base, pH 8.3 - 8.4
1.92 M glycin
1% (w/v) SDS

10% nonfat dried milk in 1xPBS
TBS-Tween (0.5%)

48 mM Tris
39 mM glycine
20% methanol

50 mM Tris.HCI, pH 7.4
150 mM NaCl
0.1% Tween 20.

2 % SDS
62.5mM Tris HCI pH 6.8
100mM R-mercaptoethanol
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Chromatin Immunoprecipitation

ChIP SDS buffer:

ChIP Dilution buffer:

IP dilution buffer:

RIPA buffer:

RIPA500:

100 mM NaCl

50 mM Tris-HCI, pH 8
5 mM EDTA pH 8
0.2% NaNj3;

1% SDS

3% Triton X-100

50 mM Tris-HCI, pH 8

100 mM NaCl

5mM EDTA pH 8

0.2% NaNs

160 mM NaCl

1% Triton X-100

0.3% Sodium Deoxychelate

140 mM NaCl

1 mM EDTA

1% (vol/vol) Triton X-100

0.1% (wt/vol) SDS

0.1% (wt/vol) sodium deoxycholate
10 mM Tris-HCI (pH 8.0)

Filtered, stored at 4°C

500 mM NaCl

1 mM EDTA

1% (vol/vol) Triton X-100

0.1% (wt/vol) SDS

0.1% (wt/vol) sodium deoxycholate
10 mM Tris-HCI (pH 8.0)

Filtered, stored at 4°C
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LiCl buffer: 250 mM LiCl
1 mM EDTA
0.5% (vol/vol) IGEPAL CA-630
0.5% (wt/vol) sodium deoxycholate
10 mM Tris-HCI (pH 8.0)
Filtered, stored at 4°C

2.3 Media and food

Freezing medium for S2R+ cells: Schneider’s Drosophila medium
20% FCS
10% DMSO
sterilize by filtration
storage at 4°C

Fly food: 251
Agar-Agar 125¢
Brewer’s yeast 360 g
Grafschafter Goldsaft 440 g
Maize flour 1600 g
Nipagin 100 ml
Propionic acid 125 ml
Soy fluor 200 g

Malt extract 1600 g
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2.4 Antibodies
Antigen Species IF wB Cat.-No. Reference
Abd-A Mouse 1:250 FP6.87 DSHB*
alpha-Tubulin Rabbit 1:1000 ab52866 Abcam
Antp Mouse 1:250 4C3 DSHB*
bam Mouse 1:400 DSHB*
Cleaved Caspase-3 Rabbit 1:250 Asp175 Cell Signalling
Technology
DE-Cadherin Rat 1:250 DCAD2 DSHB*
Fasciclin lll Mouse 1:500 7G10 DSHB*
hts Mouse 1:20 1B1 DSHB*
H3K4me3 Rabbit 1:500 39915 Active motif
H3K9Ac Rabbit 1:500 39137 Active motif
H3K9me3 Rabbit 1:500 ab8898 Abcam
H3S10Ph Rabbit 1:500 04-817 Millipore
H3T11ph Rabbit 1:500 1:1000 ab5168 Abcam
Vasa Rabbit 1:500 Dr. Alf Herzig**
H3K14Ac Rabbit 1:500 ab52946 Abcam
H3K18Ac Rabbit 1:500 ab1191 Abcam
H3K23Ac Rabbit 1:500 07-355 Millipore
H3K27me3 Mouse 1:500 1:1000 39535 Active motif
H3K27ac Rabbit 1:500 39135 Active motif
H3S28Ph Rabbit 1:500 07-145 Millipore
H3K36me3 Rabbit 1:500 ab9050 Abcam
H3K36Ac Rabbit 1:500 39379 Active motif
H3K79me Rabbit 1:500 ab2886 Abcam
H3K79me3 Rabbit 1:500 ab2621 Abcam
H4K5Ac Rabbit 1:500 07-327 Millipore
H4K8Ac Rabbit 1:500 ab15823 Abcam
H4K12Ac Rabbit 1:500 39165 Active motif
H4K16Ac Rabbit 1:500 07-329 Millipore
H4K20me Rabbit 1:500 ab9051 Abcam
H4K20me3 Rabbit 1:500 ab78517 Abcam
Table 1: Overview of primary antibodies.
IF: Immunofluorescence, WB: Western Blotting
* Developmental Studies Hybridoma Bank, University of  lowa, lowa, USA

(http://dshb.biology.uiowa.edu)

** Max-Planck Institute for Infection Biology, Department of Cellular Microbiology, Charitéplatz 1.
10117 Berlin
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Antigen Host Dilution Reference

anti-mouse IgG Alexa Fluor 488 goat 1:500 Invitrogen

anti-mouse IgG Alexa Fluor 568 goat 1:500 Invitrogen

anti-mouse IgG Alexa Fluor 633 goat 1:500 Invitrogen

anti-rabbit IgG Alexa Fluor 488 goat 1:500 Invitrogen

anti-rabbit IgG Alexa Fluor 568 goat 1:500 Invitrogen

anti-rabbit IgG Alexa Fluor 633 goat 1:500 Invitrogen

anti-rat IgG Alexa Fluor 488 goat 1:500 Invitrogen

anti-mouse IgG HRP conjugate goat 1:10000 Pierce

anti-rabbit IgG HRP conjugate goat 1:10000 Pierce

Table 2: Overview of secondary antibodies.

2.5 Oligonucleotides

Name Sequence 5’- 3’ Purpose
E(z)_fw TAATACGACTCACTATAGGGTCTCCAGCGGTTCTTCAGTT RNAI
E(z)_rev TAATACGACTCACTATAGGGGTCCTCGATAAGGATGGCAA RNAI
Su(z)12_fw TAATACGACTCACTATAGGGGCGAGTCTGTGAGTGTGGAG RNAI
Su(z)12_rev TAATACGACTCACTATAGGGAGCTGCTCATTGGATAGCGT RNAI
Gapdh1_2_fw  ACCGAACTCGTTGTCGTACC ChIP-seq
Gapdh1_2_rA CTTCTTCAGCGACACCCATT ChiP-seq
abd-A_2_fw CGAATAAGGCCGTGACATTT ChlP-seq
abd-A_2_rev AAACAGGAGCTGGGGTTTTT ChIP-seq
Ubx_2_fA GCGGCGGCTAGTTCTTCTAC ChlP-seq
Ubx_2_rev GCGCAAAAGCATAGGAAAAG ChiP-seq
Opa-fw ACCACTCAGCAATCGCAATA ChlP-seq
Opa_rev GAGAAAATCTCACAGCGTTGC ChlP-seq
Gapdh1_fw ACCGAACTCGTTGTCGTACC ChIP-seq
Gapdh1_rev TCAAGGCTAAGGTCGAGGAG ChlP-seq

Table 3: Overview of Oligonucleotides.
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2.6 Plasmids

Name

Purpose

Reference

PENTR221-HisGU
PENTRL4R1-HisGU
PENTRR2L3-HisGU
pDESTphiC31attB-1xGU
pDEST-HisGU-H3-T11A
PENTR221-HisGU-H3-T11A
PENTRL4R1-HisGU-H3-T11A
PENTRR2L3-HisGU-H3-T11A

generation of T11A transgenic flies
generation of T11A transgenic flies
generation of T11A transgenic flies
generation of T11A transgenic flies
generation of T11A transgenic flies
generation of T11A transgenic flies
generation of T11A transgenic flies

generation of T11A transgenic flies

Ufuk Glnesdogan*
Ufuk Glinesdogan*
Ufuk Glinesdogan*
Ufuk Glinesdogan*
this work
this work
this work

this work

Table 4: Overview of plasmids.

* Wellcome Trust/Cancer Research UK Gurdon Institute, University of Cambridge, Cambridge, United

Kingdom
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2.7 Drosophila melanogaster stocks

Genotype Purpose Reference

w''"? reference stock Bloomington
(wildtype) Stock Center*

w'" "% P{w ™ =UbIGFP.nis}2LP{ry""“=neoFRT}40A/ His" clones, GFP Bloomington

CyO marker on chr. 2 Stock Center*

w*; E(z)731 P{1xFRT.G}2A/TM6C, Sb’ Tb’ E(z) null mutation on (Muller et al.,
a FRT2A chromo- 2002)

w*; b[1] P{ry""“=neoFRT}40A

y' W' Piry""2=70FLP}3F/Dp(1;Y)y"; sna>/SM6a

w'""%P{w " =UbiGFP.nis}2LP{ry**=neoFRT}2A

w*;Su(z)12°P{w"™ "*=FRT(W")}2A/TM6C, Sb’ Tb'

P{ry""*=neoFRT}2A

P{ry""*=hsFLP}, y' w'""’; D*/TM3, Sb'

w'""°;Df(2L)His“/CyO;M{3xHisGU.wt}Zh-86Fb,
M{3xHisGU.wt}Zh-VK33

w'""%:Df(2L)His“/CyO;M{3xHisGU.wt}Zh-86Fb,
M{3xHisGU.wt}Zh-68E

w'""%:Df(2L)His“/CyO;M{3xHisGU.K27R}Zh-86Fb,
M{3xHisGU.K27R}Zh-VK33

w'""%:Df(2L)His“/CyO;M{3xHisGU.T11A}Zh-86Fb,
M{3xHisGU.T11A}Zh-VK33

His3.3B hsp70-flp/His3.3B hsp70-flp;His3.3A~
Df(2L)His® FRT40A/SMé6a

w78 +/+:M{3xHisGU.T11A}Zh-86Fb,
M{3xHisGU.T11A}Zh-VK33

w'" "% +/+:M{3xHisGU.K27R}Zh-86Fb,
M{3xHisGU.K27R}Zh-VK33

w' "8 +/+:M{3xHisGU.K27R}Zh-86Fb,
M{3xHisGU.K27R}Zh-VK33

His3.3B hsp70-flp/His3.3B hsp70-flp;His3.3A~
FRT40A/SM6a

some (Chr. 3)

FRT40A site on
chromosome 2
stock carrying an
inducible Flipase
(FLP) upon heat-
shock

Polycomb clones,

GFP marker on chr.3
Su(z)12 null mutation
on a FRT2A chromo-
some (Chr.3)
FRT2A site on chro-
mosome 3

stock carrying an
inducible Flipase
(FLP)

complete deletion of
the histone locus
with 6 His-GUs
complete deletion of
the histone locus
with 6 His-GUs
complete deletion of
the histone locus
with 6 His-GUs car-
rying the K27R muta-
tion

complete deletion of
the histone locus
with 6 His-GUs car-
rying the T11A muta-
tion

H3.3 deletion and
His® deletion on a
FRT40A chromoso-
me

6 His-GUs carrying
the T11A mutation

6 His-GUs carrying
the K27R mutation

6 His-GUs

stock with the H3.3
deletion carrying an
inducible Flipase

Dr. Alf Herzig**

Bloomington
Stock Center*

Bloomington
Stock Center”
(Birve et
2001)

al.,

Bloomington
Stock Center”
Bloomington
Stock Center*

Dr. Alf Herzig**

Dr. Alf Herzig**

Dr. Alf Herzig**

this work

Dr. Alf Herzig**

this work
Dr. Alf Herzig**
Dr. Alf Herzig**

Dr. Alf Herzig**

Table 5: Overview of fly stock.
*Bloomington Stock Center,
(http://flystocks.bio.indiana.edu/)

Department of Biology,

Indiana University,

Bloomington,

** MPI for Infection Biology, Department of Cellular Microbiology, Charitéplatz 1. 10117 Berlin

USA,
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2.8 Instruments

Alpha Imager

Bioanalyzer

BioruptorPlus Sonication System
CASY cell counter

Criterion™ Blotter Biorad

Criterion™ electrophoresis chamber

Dounce tissue grinder 40ml
ECL Western Blotting System
Qubit 2.0 Fluorometer
Microscopes
Stemi 2000
Stereo Discovery.V8
TCS SP2 Confocal
TCS SP5 Confocal
TCS SP8 Confocal

2.9 Consumables

Criterion™ TGX™ Precast Gels
Hyperfilm ECL

Hybond-P PVDF Membrane
p-Slide 8 Well

Qubit assay tubes

2.10 Kits

Agencourt AMPure XP
MEGAscript RNAI Kit

MODified Histone Peptide Array
MultiSite Gateway Pro

Chip DNA Clean and Concentrator Kit
DNA Library Prep Kit for lllumina®

High Sensitivity DNA Analysis Kit

Protein Simple, San Jose, USA

Agilent Technologies, Santa Clara, USA
Diagenode, Seraing, Belgium

Roche Diagnostics, Basel, Switzerland
Bio-Rad Laboratories, Hercules, USA
Bio-Rad Laboratories, Hercules, USA
Sigma-Aldrich, St. Louis, MO, USA

GE Healthcare, Glattbrugg, CH

Thermo Fischer Scientific Inc; Waltham, USA

Zeiss, Jena, Germany
Zeiss, Jena, Germany
Leica, Wetzlar, Germany
Leica, Wetzlar, Germany
Leica, Wetzlar, Germany

BioRad Laboratories, Munich
GE Healthcare, Glattbrugg, CH
GE Healthcare, Glattbrugg, CH
iBidi GmbH. Munich

Life Technologies, Darmstadt

Beckman Coulter, Krefeld, Germany

Thermo Fischer Scientific Inc; Waltham, USA
Active Motif, Belgium

Thermo Fischer Scientific Inc; Waltham, USA
Zymogen Research Germany

New England Biolabs Inc., Ipswich, USA

Agilent Technologies Inc
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QIAprep Spin Miniprep Kit
QIAGEN Plasmid Midi Kit
QIAquick Gel Extraction Kit
Qiaquick PCR purification Kit

2.11 Software

Adobe lllustrator CS6
Adobe Photoshop CS6
DNASTAR Lasergene
2100 Expert Software
Filemaker Pro V11.0
GraphPad Prism 5
Imaged V1.49m

Leica Application Suite X
NanoDrop 2000/2000c V1.19
SDS V2.4

StepOnePlus Real-Time
ZEN lite 2012

Qiagen, Hilden, Germany
Qiagen, Hilden, Germany
Qiagen, Hilden, Germany
Qiagen, Hilden, Germany

Adobe Systems, Inc., San Jose, USA
Adobe Systems, Inc., San Jose, USA
DNASTAR Inc., Madison, USA

Agilent Technologies inc., Santa Clara, USA
FileMaker Inc., Santa Clara, USA

GraphPad Software Inc., La Jolla, USA
National Institutes of Health, Bethesda, USA
Leica Microsystems GmbH, Wetzlar, Ger
Thermo Fischer Scientific Inc; Waltham, USA
Thermo Fisher Scientific Inc., Waltham, USA
Thermo Fisher Scientific Inc., Waltham, USA
Carl Zeiss Microscopy, Jena
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3 Methods

3.1 Molecular cloning

3.1.1 Quantification of nucleic acids

3.1.1.1 NanoDrop Spectrophotometer

The NanoDrop2000 uses the UV-absorbance method based on the natural absorp-
tion of light of DNA and RNA molecules at 260 nm and proteins at 280 nm. The high-
er the DNA or RNA concentrations, the more light is absorbed. It allows a low volume
measurement in the concentration range of 2 ng/ul to 15,000 ng/ul for double-
stranded DNA. The NanoDrop2000 was calibrated on the control liquid, 1 pl of sam-
ple was pipetted on the designated platform, the absorption was measured at 260nm
and 280 nm, and the concentration was displayed in ng/ul. The ratio of absorption at
260 nm and 280 nm stated the purity of the tested sample.

3.1.1.2 Qubit Fluorometer

The Qubit Fluorometer can be used to quantify the concentration of DNA, RNA and
proteins. The concentration of the target molecule in the sample is reported by a fluo-
rescent dye that emits a signal only when bound to the target. The Qubit dsDNA HS
Assay Kit detects concentration ranges from 10 pg/ul to 100 ng/ul. The Qubit working
solution was prepared containing HS reagent diluted 1:200 in HS buffer. The two
DNA standards (Components A and B) were mixed 1:20 and the samples were
mixed 1:100 to a final volume of 200 pl in the working solution, and incubated for 2
min at room temperature. The concentration of the sample was then measured using

the Qubit fluorometer.

3.1.2 Restriction enzyme cleavage

Restriction enzymes recognize palindromic sequences in DNA molecules and pro-
duce blunt ends or sticky ends (overhang) by cutting the DNA at specific sites. They
are used to generate matching sites in vectors and inserts for cloning experiments as
well as the examination of positive cloning results. Restriction enzymes were used

according to the manufacturer’s directions (New England Biolabs).
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3.1.3 Dephosphorylation of DNA

The 5’-phospho ends of vectors were cut off using Shrimp Alkaline Phosphatase
(SAP) to prevent re-ligation of linearized vectors. After a restriction enzyme cleavage
1 U SAP was added and incubated for 30 min at 37°. The phosphatase was inacti-
vated at 65°C for 20 min.

3.1.4 Ligation of restricted DNA fragments

Ligation reactions are used for the connection of linearized DNA fragments (inserts)
with linearized vector molecules. The desired insert and vector were mixed in a molar
ratio of 1:5. Usually, 25 ng of the vector were used as a starting point. The corre-
sponding amount of insert was calculated according to the following formula:

Insert
Vector

Vector [ng]x Insert[kb]
Vector[kb]

X molar ratio of = Insert [ng]

For the ligation reaction, the amount of insert and vector were added to 2 ul of 10x
ligation buffer and 1 pl of T4 DNA ligase in a total volume of 20 ul. The reaction was
performed over night at 18°C.

3.1.5 Transformation of electrocompetent E.coli cells

Electrocompetent Top10 cells were generated based on standard protocols (Sam-
brook and Russel, 2001). For the transformation 50 ul of E.coli Top10 cells were
mixed with 1-2 pl of plasmid DNA and gently mixed with the pipette tip. The cells
were transferred to chilled electroporation cuvettes on ice. The cells were then elec-
troporated using a MicroPulser Electroporator at 2.3 kV, 25 yF and 200 Ohm (Sam-
brook and Russel, 2001). SOC medium was quickly added to the cells and gently
mixed. The solution was incubated at 37°C for 1 h to allow expression of the antibi-
otic resistance gene. 100 pl of this solution were spread on a prewarmed LB plate
and incubated overnight at 37°C.

3.1.6 Plasmid DNA preparation
Plasmid DNA was purified using Qiagen Mini, Midi or Maxi Kits according to the

manufacturer’s directions.
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3.1.7 Polymerase chain reaction (PCR)

The polymerase chain reaction is an in vitro method to amplify DNA fragments of in-
terest using specific forward and reverse primers (Mullis et al., 1986). Genomic or
plasmid DNA serves as a template and is replicated during cycling steps consisting
of denaturation of the template, annealing of the primers and elongation of the newly
synthesized strand. The reaction conditions were determined for each application
depending on the used primers (the length and content of guanine (G) and cytosine
(C) bases) as well as the fragment size. The Taq DNA polymerase, without proof
reading capability, was applied for general testing such as cloning verification (colony
PCR) while the Phusion DNA polymerase, including proof reading ability, was used
for cloning experiments. The reaction conditions and pipetting schemes for the differ-
ent polymerases are the following:

Phusion Polymerase Taq Polymerase

reaction buffer 10 pl 2.0yl
dNTPs (2mM) 1.5 0.4 pl
forward primer (25 pmol/ pl) 0.75 pl 0.5 ul
reverse primer (25 pmol/ pl) 0.75 pl 0.5 ul
Polymerase 0.5 ul 2.0yl
template 10-100 ng colony

H20 add to 50 pl add to 20 pl

The primers for cloning experiments were designed with annealing temperatures var-
ying from 52°C to 60°C, a guanine/cytosine (GC) content of 40-60% and a length
between 18 and 24 nucleotides, matching the start and end point of the desired re-
gion. The elongation time depended on the fragment size and the pace of the em-
ployed DNA polymerase.
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The cycling instructions for different PCR reactions are listed as follows.

step Phusion Taq

1. Denaturation 98°C - 30 sec 95°C 2 2 min

2. Denaturation 98°C > 10 sec 95°C > 30s

3. Annealing 52-58°C - 30 sec 60°C > 30s 34x
4. Elongation 72°C - 30s/kb 72°C - 60 s/kb

5. Elongation 72°C 2 5 min 72°C 2> 10 min

3.1.8 Agarose gel electrophoresis

Negatively charged DNA or RNA molecules can be separated according to their size
in agarose gels using an electric current at which smaller fragments can pass
through the gel faster than larger ones (Sambrook and Russel, 2001). The amount of
agarose for fragment separation was dissolved in 1x TAE (chosen according to the
fragment size of interest) and ethidium bromide was added to an end concentration
of 0.5 yg/ml. The electrophoresis was done in gel electrophoresis chambers filled
with 1x TAE buffer at a voltage of 70 V. The nucleic acids were observed using UV
light (254 nm).

3.1.9 Agarose gel extraction
Using the QIAquick gel extraction kit from Qiagen DNA molecules were purified from
agarose gels. The purification was performed following the manufacturer’s instruc-

tions.

3.1.10 DNA purification from PCR reactions

PCR products were purified using the Qiaquick PCR purification kit from Qiagen ac-

cording to the manufacturer’s instructions.
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3.1.11 Phenol/Chloroform extraction

For purification of genomic DNA one volume of Phenol:Chloroform:Isoamylalcohol
(25:24:1) was added to the fly lysate (chapter 3.1.13). This was then mixed and cen-
trifuged for 5 min at 13000 rpm. The upper phase was transferred into a new tube.
One volume Chloroform was added, mixed and centrifuged for 5 min at 13000 rpm.
The upper phase was transferred into a new tube.

3.1.12 Ethanol precipitation of nucleic acids

DNA and RNA was precipitated by adding 1/10 volume 3 M sodium acetate (pH 5.5)
and 2-3 volumes of 100 % Ethanol. The solution was mixed and incubated overnight
at -20°C. The next day the solution was spun at 13000 rpm for 15 min at 4°C. The
supernatant was discarded and the pellet was washed with 70 % Ethanol. The sam-
ple was centrifuged for 5 min at 13000 rpm, the supernatant was discarded and the
pellet was dried at the air. The pellet was resuspended in 1x TE buffer.

3.1.13 Isolation of genomic DNA from adult flies

The protocol of (Schulz, Cherbas, & Cherbas, 1986) for isolation and purification of
genomic DNA from adult flies was used. 10 flies were homogenized in 500 pl lysis
buffer using a Dounce homogenizer. The lysate was incubated with RNase A (ad 50
pug/ml) for 20 min at 50°C. Afterwards Proteinase K (ad 2.5 ug/pl) was added and
incubated for 60 min at 37°C. The purification of the DNA was done using the Phe-
nol/Chloroform extraction method (chapter 3.1.11) followed by an ethanol precipita-
tion (chapter 3.1.12).

3.1.14 MultiSite Gateway-System (Invitrogen)

For generation of plasmids carrying multiple histone gene units (His-GUs) with an
alteration of threonine 11 of histone H3 to an alanine (H3T11A) the MultiSite Gate-
way system was used. The MultiSite Gateway System is a cloning method based
upon the site specific recombination of lambda bacteriophage which catalyzes the
recombination between two attachment sites (the bacteriophage attachment site attP
and the bacterial attachment site attB) (Landy 1989 und Hartley et al 2000). The ex-
act procedure of the MultiSite Gateway Recombination can be seen in the manufac-
turer’s instructions. Three pENTR vectors were generated to conduct a multiple re-
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combination reaction. The cloning strategy of pENTR vectors is described in chapter
3.1.15. The LR reaction was done to integrate three DNA fragments of pENTR vec-
tors into a destination vector (pDEST). For the LR reaction 10 fmol of each pENTR
vector, 20 fmol of a pDEST vector, 2 ul of the Clonase Il Plus enzyme mix and TE
buffer were mixed to a final volume of 10 ul. This reaction was incubated at 25°C
over night. The next day 1 ul Proteinase K was added and incubated for 10 min at
37°C. 1 pl of the sample was transformed into electro competent Top10 cells (chap-
ter 3.1.5). The resulting vector was then used for generation of transgenic flies (chap-
ter 3.4.5).

3.1.15 Generation of transgenic constructs containing histone gene

units

The recently published vectors pENTR221-HisGU, pENTR L4R1-HisGU and pENTR
R2L3-HisGU were used to generate entry clones for the LR reaction (Gunesdogan et
al., 2014). pENTR221-HisGU.H3T11A was generated by replacing an Acc65I/Agel
fragment of pENTR221-HisGU with a synthetic fragment (Mr Gene, Regensburg,
Germany) containing an ACG into GCG codon exchange leading to the H3T11A mu-
tation. The other entry clones were generated accordingly. The Multisite Gateway
reaction (see chapter 3.1.14) using pENTR221-HisGU.H3T11A (Figure 2 A), pENTR
L4R1-HisGU.H3T11A (Figure 2 B), pENTR R2L3-HisGU.H3T11A (Figure 2 C) and
pDEST R4R3-phiC31 attB (Figure 2 D) generated the transgenic construct phiC31
attB- 3xHis-GU.T11A (Figure 2 E). The phiC31 attB- 3xHis-GU.T11A plasmid was
then used to generate transgenic flies as described in chapter 3.4.5.
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Figure 2: Generation of transgenes carrying His-GUs.H3T11A

The Multisite Gateway recombination of pENTR221-HisGU.H3T11A (A), pENTR L4R1-
HisGU.H3T11A (B) and pENTR R2L3-HisGU.H3T11A (C) in pDEST R4R3-phiC31 attB (D) generated
the final transgenic vector phiC31 attB- 3xHis-GU.T11A (E).
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3.2 Chromatin-Immunoprecipitation

Chromatin-immunoprecipitation is a method for selective enrichment of protein-bound
DNA. The addition of formaldehyde covalently links protein-protein as well as protein-
DNA interactions (cross-linking) (Jackson, 1978). The second step after cross-linking
consists in fragmentation by ultrasound. This results in a set of fragments with a
defined length that still contains bound as well as unbound fragments. In order to
separate these two classes from each other, the bound fraction is captured by pro-
tein-specific antibodies that are attached to magnetic beads. The cross-linking can be
reversed and captured DNA can be detected by qPCR or by high-throughput se-
quencing. The following protocol for the Chromatin Immunoprecipitation was adapted
from (Bonn, Zinzen, Perez-Gonzalez, et al., 2012).

3.2.1 Preparation of crosslinked S2R+ cells

Drosophila S2R+ cells were grown in Schneiders Insect Cell Medium supplemented
with 10% FBS and 1% Penicillin/Streptomycin and were kept at 25°C. S2R+ cells
were grown in a cell culture flask until they were confluent. Cells were centrifuged at
1300 rpm for 5 min at RT and resuspended in 1x PBS. From this cell suspension 10
ul were used to measure the cell concentration using the CASY cell counter. For fixa-
tion of the cells 37 % formaldyhyde was added to the cell suspension to an end con-
centration of 1.8 % and incubated for 5 min at RT. The fixation reaction was
quenched with 125 mM Glycine and within the next 5 min incubated on ice. The fixed
cells were then centrifuged at 3000 g at 4°C for 5 min. The supernatant was discard-
ed and the cells were washed 2 times with 1x PBS. The cell pellets were either fro-
zen in liquid nitrogen and stored at -80°C or immediately used for ChlIP. For each

ChIP an aliquot of chromatin derived from approximately 8x10° cells was used.

3.2.2 Preparation of chromatin

A pellet of 8x10° cells was incubated with 100 pl RIPA buffer (supplemented with
PMSF and protease inhibitor tablets) for 30 min at RT. For shearing 100 ul chromatin
were aliquoted in 1.5 ml TPX tubes and placed in a Diagenode Bioruptor Plus. The
parameters on the machine were set to obtain DNA fragments at a range of 150 to
300 bp (35 cycles: 30 seconds ON, 30 seconds OFF, high mode). The sonicated
chromatin was centrifuged for 10 min at maximum speed at 4°C. The supernatant
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was then transferred to a new DNA low binding 1.5 ml tube. For quality control of the

shearing efficiency 20 pl of the chromatin were aliquoted.

3.2.3 Determination of chromatin size and concentration

The quality control (QC) sample was adjusted to 100 pl with 1x TE buffer and RNase
was added to a final concentration of 50 ug/ml and incubated at 37°C for 30 min. The
QC samples were incubated with 0.5 % (wt/vol) SDS and 0.5 mg/ml Proteinase K at
37 °C overnight. The next morning the QC samples were incubated at 65°C for 6 h to
reverse the formaldehyde cross-links. The ChlP-ed DNA was then purified using the
“Chip DNA Clean and concentrator” kit from Zymogen. The DNA was eluted in 20 pl
and the DNA concentration was measured using a Qubit 2.0 Fluorometer (see chap-
ter 3.1.1.2). Afterwards approximately 100 ng from the QA sample was loaded on a
1.5 % agarose gel. The average fragment size was around 200 bp.

3.2.4 Chromatin Immunoprecipitation

For immunoprecipitation (IP) the chromatin was adjusted to 500 ul with RIPA buffer
per IP. 10 % of the chromatin was aliquoted and stored at 4 °C for input control. Anti-
bodies were added to the chromatin accordingly and incubated on a rotating wheel at
4 °C over night (ON). For each IP 10 pl of a Protein G magnetic bead suspension
were washed twice with 1 ml ice cold RIPA buffer on a rotating wheel at 4°C. The
beads were pelleted with a dynamic stand, the supernatant was discarded and the
beads were resuspended in 100 pl RIPA buffer. 100 ul bead suspension was added
to each chromatin sample and incubated at 4 °C on a rotating wheel for 3 hours. To
purify the antigen-antibody-complexes the beads were pelleted with a magnetic
stand, the supernatant was discarded and the beads were rinsed once with 1 ml of
ice cold RIPA buffer. The washing conditions of the beads varied for each antibody
and can be seen in table 6.

H3K27me3 (Active Motif , 39535) 1pl 5ug 1xRIPA, 4xRIPA500, 1xLiCl, 2xTE buffer (10 min each)
H3T11Ph (Abcam, ab5168) 1ug 5ug 1xRIPA, 4xRIPA500, 1xLiCl, 2xTE buffer (5 min each)

Table 6: Conditions for the IPs.
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After washing the beads were transferred into a new 1.5 ml tube and washed again
for 5 min in 1 ml 1x TE buffer. The beads were resuspended in 100 pl 1x TE buffer.
From this point on the 10 % input sample was also included. 1x TE buffer was added
to the 10 % input sample to yield a final volume of 100 pl before RNase addition.
RNase was added to a final volume of 50 pg/ml and incubated at 37 °C for 1h. The
samples were adjusted to a final concentration of 0.5 % (wt/vol) SDS and 0.5 mg/ml
Proteinase K and incubated at 37 °C overnight. The next morning the samples were
incubated at 65 °C for 6 h to reverse the formaldehyde cross-links.

3.2.5 DNA Purification

The ChIP-ed DNA was purified using the Chip DNA Clean and concentrator kit from
Zymogen. The DNA was eluted in 20 pl and the DNA concentration was measured
using a Qubit 2.0 Fluorometer (chapter 3.1.1.2). The samples were further analysed

by gPCR to evaluate the specificity of the ChIP samples.

3.2.6 ChIP confirmation

Oligonucleotide primers were designed closely to known sites on the genome where
the investigated histone mark is enriched (“positive controls”), as well as within se-
quences depleted for the histone mark of interest (“negative control”). For each ChlIP
experiment typically a whole set of different oligonucleotide primers were used. The
oligonucleotide primers were designed using Primer 3 (Rozen & Skaletsky, 2000).
The recipe for one qPCR reaction is listed below.

Recipe for one reaction:

SYBR Green mix 5l
target primer mix (5 pM) 1.5 ul
H20 1.5 pl
Template DNA 2 ul
total 10 pl

Firstly 8 ul of reaction mix were added to each PCR reaction well and then 2 pl of
template DNA (diluted 1:50 respectively) was added.
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For amplification the following PCR protocol was used:

1. Denaturation 95°C 3 min

2. Denaturation 95°C 30 sec

3. Annealing 65°C 30 sec 40x
4. Elongation 72°C 30 sec

5. Elongation 95°C 3 min

First the cycle threshold for each reaction was determined across the plate within the
linear range of the amplification curve. Then the average cycle threshold for each
triplicate reaction of each sample was calculated. The relative DNA amount was then

IP)-Ctlineut) “\where Ct is the average value of

calculated for any given primer set as 25
each triplicate gPCR reaction. With this quantification it was possible to calculate the
enrichment of the ChIP samples over input for the given primer regions (% of input).
The specificity was then calculated by comparing relative enrichment for the positive
and the negative controls. This was accomplished by dividing the relative mean % of
input-value of each sample for a target primer set by the corresponding value for a
negative control primer set. The resulting quotient represents the efficiency of the
ChIP experiment. This value varied depending on the histone marks as well as the

location of the chosen target primer set.

3.2.7 Preparation of the Sequencing Library

After validation of a specific enrichment of positive control regions and a high value
for the efficiency of the ChIP experiments the libraries for the sequencing were pre-
pared using the NEB Ultra DNA Library Prep Kit for lllumina. Libraries were prepared
from the ChIP sample as well as matching input DNA. Library samples were purified
using the Agencourt AMPure beads system following manufacturer’'s instructions.
This size selection of the sample ensures removal of unused adapters and selection
of a proper fragment size for sequencing.
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3.2.8 Library Quantification

The constructed libraries were assessed on a Bioanalyzer using the DNA High Sen-
sitivity chip. The High Sensitivity DNA chip allows sizing and quantification of DNA
samples in the single-digit pg/ul concentration range. The Bioanalyzer also allows
visualization of possible adapter contamination. Adapter dimers are visible as a sharp
peak at approximately 120 bp. Libraries having large adapter dimer peaks should not
be sequenced, but they can be removed by an additional size selection step using
the Agencourt AMPure beads system. The Bioanalyzer analysis also allows the cal-
culation of the molarity of the libraries. The libraries were unified to a sequencing
pool containing 2 nM of each library. To verify the correct molarity of the pool, gPCR
was performed on the pool using primer pairs for the adapted indices of the libraries
respectively. A reference pool served as a control to compare it to the results of the
generated pool. A master reaction mix was prepared for each library with triplicate

reactions per primer set.

Recipe for one reaction:

SYBR Green mix 2 ul
dNTPs 2 ul
MgCl, 2 ul
qPCR Primer (P5) 0.8 ul
qPCR Primer (P7) 0.8 ul
Immolase (5U/ pl) 0.1 ul
H20 11.3 pl
DNA 1 ul

total 20 pl
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For amplification the following PCR protocol was used:

1. Denaturation 95°C 10 min

2. Denaturation 95°C 15 sec

3. Annealing 65°C 30 sec 40x
4. Elongation 72°C 30 sec

5. Elongation 95°C 3 min

3.2.9 Library Sequencing
When the molarity of the pool was acceptable the samples were delivered to the se-
quencing core facility at the Max-Planck Institute for Molecular Genetics in Berlin,

Dahlem. For sequencing the NextSeq 500 Illumina platform was used.

3.2.10 Data Analysis

The bioinformatic analysis was done in collaboration with Dr. Alisa Fuchs from the
research group ,Computational Epigenomics® from the MPI for Molecular Genetics in
Berlin. All bioinformatics analysis was run on a server at the MPI for Molecular Ge-
netics and operated by using a locally installed version of the GALAXY platform
(Blankenberg et al., 2010; Giardine et al., 2005; Goecks, Nekrutenko, Taylor, &
Galaxy, 2010). The reads were mapped to the Drosophila genome Dm 2006 R5/dm3
which was provided by the Berkeley Drosophila Genome Project (BDGP) using the
short read aligner Bowtie (Langmead, Trapnell, Pop, & Salzberg, 2009). After map-
ping a peak calling analysis using the peak calling algorithm MACS (Model-based
Analysis of ChlP-Seq) was done to predict the regions of the genome where the
ChlPed protein is bound by finding regions with significant numbers of mapped reads
(peaks) (Bailey et al., 2013).

3.2.11 Validation of antibodies

The antibodies that were used for chromatin immunoprecipitation were subjected to a
MODified™ Histone Peptide Array from Active Motif to validate the cross-reactivity
with other PTMs following manufacturer’s instructions. The MODified Histone Peptide

Arrays screen 59 acetylation, methylation, phosphorylation, and citrullination modifi-
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cations on the N-terminal tails of histones H2A, H2B, H3 and H4. Each peptide array

contains 384 unique histone modification combinations in duplicate.
3.3 Drosophila Schneider (S2R+) cell culture

3.3.1 Maintenance of S2R+ cells

Drosophila Schneider cells were received from the Drosophila Genomics Resource
Center (DGRC) in Bloomington. S2R+ cells were cultured in cell culture flasks at
25°C using Drosophila Schneider's media supplemented with 10% fetal bovine se-
rum (FBS) and 1% Penicillin/Streptomycin. After 2-3 days cells reached a density
about 90% and were splitted in a ratio of 1:4 using fresh media and fresh flasks. All

cell culture operations were performed under sterile conditions in a sterile hood.

3.3.2 Thawing and freezing of S2R+ cells

Well growing, confluent, healthy cultures of S2R+ cells were grown to the mid-
exponential growth phase (approximately 5x10° cells/ml) and collected by centrifuga-
tion for 3 min at 1300 rpm. The supernatant was discarded and the cells were resus-
pended in freezing medium to give a final concentration of approximately 2x10’
cells/ml. The cell suspension was dispensed into cryovials (0.5 ml per vial). The cryo-
tubes were placed into a freezing box and stored at -80°C for some days to allow the
ampoules to slowly cool to the temperature of the freezer. For long-term storage the
frozen ampoules were transferred to liquid nitrogen.

For thawing of an ampoule of S2R+ cells 5 ml of Schneider’'s medium + 10% FBS +
1% Pen/Strep was placed in a 25 cm? cell culture flask. The ampoule was removed
from the liquid nitrogen storage place and a few drops of medium were added to the
cell suspension. Using a Pasteur pipet the cell suspension was pipetted up and down
to thaw and mix the cells. The cell suspension was then transferred to the cell culture
flask. The flask was placed into an incubator for 1 h. After 1 h most of the cells were
adhering loosely to the flask and the supernatant was gently removed and replaced
with 5 ml of fresh medium. The flask was left in the incubator overnight, and the me-
dium was changed again the next day.
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3.3.3 Polyacrylamide gel electrophoresis (SDS-PAGE)

The Polyacrylamide gel electrophoresis was done according to a standard protocol
(Ausubel, 1990). Protein samples were prepared in 6x SDS sample buffer and boiled
at 99°C for 10 min. The samples were separated on 8-16 % Criterion Precast Gels.
Gels were placed into the gel chamber. The chamber was filled with 1x SDS running
buffer and the proteins were separated at 120 V for 1 h. Proteins were denatured in
the presence of SDS and 2-mercaptoethanol as thiol reducing agent and acquired a
uniform charge-to-mass ratio proportional to their molecular weights. The protein siz-
es were determined by comparing the migration of the protein band to a molecular
mass standard (Precision Plus Protein™ Kaleidoscope ™).

3.3.4 Western-Blotting

Proteins were transferred from the SDS gel onto a PVDF membrane for 60 min at
350 mA using a Criterion Blotter Apparatus in 1x blotting buffer. After bathing in
blocking buffer for 1 h at RT to reduce unspecific binding, the membrane was incu-
bated with a primary antibody, diluted in blocking buffer overnight. Next, the mem-
brane was washed three times with TBS-Tween (0.5%) for 10 min and then incubat-
ed with appropriate secondary antibodies coupled to horseradish peroxidase (HRP)
diluted in blocking buffer for 1 h at RT. The membrane was washed six times with
TBS-Tween (0.5%) for 10 min. The protein bands were detected using the chemilu-
minescent substrate from Amersham biosciences and visualized on Amersham ECL

films after automatic development in a Curix 60 film processor.

3.3.5 Western Blot membrane stripping

Western blot membranes were stripped to remove primary and secondary antibodies
to make a proper loading control of the Western blot. As a loading control an alpha-
Tubulin antibody was chosen as alpha-Tubulin exhibits a high-level and constitutive
expression in S2R+ cells. For stripping the membrane was added to a small plastic
bag and covered with harsh stripping buffer. The membrane was then incubated at
50°C for 45 min with some agitation. The buffer was discarded and the membrane
was rinsed under running water for approximately 10 min. The membrane was incu-

bated in blocking buffer and further processed as described in chapter 3.3.4.
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3.3.6 RNAi in S2R+ cells

3.3.6.1 Template design

The primers were designed using the online tool Primer 3 (Rozen & Skaletsky, 2000).
The dsRNAs corresponded to exon sequences and had a length of 334 bp for the
knockdown of E(z) and 585 bp for the knockdown of Su(z)12. After choosing the pri-
mer sequence, the T7 promoter sequence (TAATACGACTCACTATAGGG) was
added to the 5' end of both primers.

3.3.6.2 Amplification of templates

Templates were generated by PCR on genomic DNA from S2R+ cells. In a 0.5 ml
tube 20 ul 5x Phusion HF, 2 pl of 10 mM dNTP-mix, 0.2 yM each primer, 1 ug of ge-
nomic DNA, and water to a final volume of 100 pyl were mixed. The template was am-
plified in a thermal cycler for 30 cycles: 94°C for 30 s, 55°C for 30 s and 72°C for 30
s. The PCR product was purified using a QIAquick PCR Purification Kit and eluted in
50 pl RNase-free water. The concentration of the PCR product was measured using
a NanoDrop and analyzed by agarose gel electrophoresis.

3.3.6.3 Production of dsRNA

DsRNA was generated using an Ambion MEGAscript Kit according to the manufac-
turer's directions. The RNA concentration was measured by using a NanoDrop. To
be in a linear range the samples were diluted 1:100. The yield was calculated as fol-
lowed:

Agso * dilution factor * 40= pg/ml dsRNA

The integrity of the dsRNA was analyzed by agarose gel electrophoresis. The dsRNA

was stored at -20 °C until it was further needed.

3.3.6.4 RNAi treatment of cells

S2R+ cells were cultured in 25-mm dishes to a density of 1x10° cells/ml. The cells
were resuspended, transferred to a 15 ml falcon and centrifuged for 3 min at 1300
rom. The cells were resuspended in 10 ml Schneiders medium and centrifuged for 3
min at 1300 rpm. 1 ml of the cells was added into each well of a six-well plate. 15
pg/ml of the corresponding dsRNA was added to the cell suspension together with
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2ml Schneiders medium. The cells and the dsRNA were incubated for 1 h at room
temperature. S2R+ cells were treated 5 days with dsRNA against Su(z)12 and E(z).
The old medium was replaced by fresh medium containing dsRNA (15 ug/ml) every

day.

3.3.6.5 Preparation of RNAi-treated S2R+ cells for Western Blot

S2R+ cells were removed after 5 days of treatment with dsRNA, placed in a 1.5 ml
tube and centrifuged. The supernatant was discarded and suspended in 100 ul PBS
+ Protease inhibitors. Then 100 pl 1x SDS-Page loading dye was added. The sam-
ples were sonicated in a Biorupter Plus for 2 cycles (30 s ON, 30 s OFF, high mode)
and afterwards heated to 99°C for 10 min. The samples were stored at -20°C and
were ready to be used for Western Blotting as described in chapter 3.3.4.

3.3.6.5 Immunofluorescence of RNAi-treated S2R+ cells

For immunofluorescence 80.000 S2R+ cells were seeded in an iBidi 8-well plate and
treated with the corresponding dsRNA at a concentration of 15 pg/ml. The old medi-
um was exchanged every day and replaced with fresh medium containing dsRNA.
The cells were treated with dsRNA for 5 days. After 5 days the cells were washed
three times with PBS and fixed in 4% PFA for 15 min. The cells were washed three
times with PBS. For blocking the cells were incubated with PBS (supplemented with
10% GS) for 30 min. Primary antibodies were diluted in PBS (supplemented with
10% GS) and incubated over night at 4°C. The next day the cells were washed three
times with PBS for 5 min each. Secondary antibodies were diluted in PBS (supple-
mented with 10% GS), added to the cells and incubated for 1 h. The cells were then
washed three times with PBS. For DNA-staining the cells were incubated with PBS
containing DAPI (1:1000 dilution) and incubated for 5 min. Then the cells were
washed once with PBS and once with water. The cells were mounted with Prolong
Gold directly in iBidi dishes and analyzed using a confocal microscope.
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3.4 Drosophila melanogaster techniques

3.4.1 Fly husbandry

Flies were maintained under standard conditions (Ashburner, 1989).

3.4.2 Immunostaining of D. melanogaster ovaries

The ovaries of female flies were dissected in Schneider’s cell culture medium at room
temperature and the ovarioles were fixed in 4% Paraformaldehyde (PFA) for 10 min.
The fixed tissue was rinsed at RT in PBTx and then extracted with 10% Triton X-100
for 30 min. After that the samples were blocked with 10% goat serum in PBTx for at
least 30 min. Staining with primary antibodies was done in blocking solution at 4°C
overnight. After three washes for 20 min in PBTx accordingly, the tissues were incu-
bated with secondary antibodies in 10% goat serum for 2 h at RT. After two washes
for 20 min in PBTXx, the tissue was treated with 1 mg/ml RNaseA in PBTx for 30 min
followed by staining with DAPI (1:1000) in PBTx for 10 min in order to visualize the
DNA. The tissue was then washed in PBTx and mounted using Prolong Gold anti-
fade reagent. Images were acquired using a Leica TCS SP8 confocal microscope.

3.4.3 Immunostaining of D. melanogaster wing discs

For dissection of wing imaginal discs 3" instar larvae were dissected in Schneider’s
cell culture medium at room temperature. The larvae were ripped open at the poste-
rior part and then inverted by pushing the forceps into the anterior part of the larvae.
The wing discs were still attached to the body wall and removed using a forceps. The
wing discs were fixed in 4% PFA for 10 min. The fixed tissue was rinsed at RT in
PBTx and extracted with 10% Triton X-100 for 30 min and blocked with 10% GS in
PBTx for at least 30 min. Staining with primary antibodies was done in blocking solu-
tion at 4°C overnight. After three washes for 20 min each in PBTx, the tissue was
incubated with secondary antibodies in 10% GS for 2 hours at RT. After two washes
for 20 min in PBTYX, the tissue was treated with 1 mg/ml RNase A in PBTx, for 30 min
followed by staining with DAPI (1:1000) in PBTx for 10 min in order to visualize the
DNA. The tissue was then washed finally in PBTx and mounted in Prolong Gold anti-
fade reagent. Images were acquired using a Leica TCS SP8 confocal microscope.
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3.4.4 Clonal analysis in D. melanogaster

The genotypes of flies that were used for the generation of genetic mosaics via heat

shock induced expression of a recombinase were as follows:

Analysis of PcG mutations

y'w'''® hsflp122/+; +/+; E(2)"", FRT2A/ y* hs-nGFP, FRT2A
y'w'""® hsflp122/+; +/+; Su(z)12%, FRT2A/ y* hs-nGFP, FRT2A
y'w''' hsflp122/+; +/+; FRT2A/ y* hs-nGFP, FRT2A

Analysis of histone transgenes in the His® background

AH3.3, hsflp/ AH3.3; AH3.3, His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs.T11A/+
AH3.3, hsflp/ AH3.3; AH3.3, His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs.K27R/+
AH3.3, hsflp/ AH3.3; AH3.3, His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs/+
AH3.3, hsflp/ AH3.3; AH3.3, His®, FRT40A/ Ubi-GFP, FRT40A; +/+

AH3.3, hsflp/ AH3.3; AH3.3, FRT40A/ Ubi-GFP, FRT40A; +/+

hsflp/ +; His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs.T11A/+

hsflp/ +; His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs.K27R/+

hsflp/ +; His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs/+

hsflp/ +; His®, FRT40A/ Ubi-GFP, FRT40A; +/+

hsflp/ +; His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs.T11A/6xHis-GUs.T11A
hsflp/ +; His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs.K27R/6xHis-GUs.K27R
hsflp/ +; His®, FRT40A/ Ubi-GFP, FRT40A; 6xHis-GUs/6xHis-Gus

For induction of mutant clones female flies of the desired genotypes were aged for 2
days. Subsequently, three heat shocks each at 37.5°C were applied at intervals of
approximately 12 h. The heat shocks were performed for 1 h each. During the heat
shocks, the flies were placed in big empty vials closed with moist foam stoppers in a
water bath at 37.5°C. In between the heat shocks the flies were kept on yeast at
25°C for recovery. Following heat shock treatments flies were mated to wild type
male flies and kept well fed at 25°C. 2 days post the last heat shock, the tissues were

dissected and stained for the desired protein according to chapter 3.4.2.
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Using GFP fluorescence, the mutant and twin clones were analyzed using a Leica
TCS SP8 confocal microscope. For induction of mutant clones in wing imaginal discs
larvae were heat shocked 72 h after egg-laying at 37.5°C for 1 h. The dissection and
staining of the wing imaginal discs were done as described in chapter 3.4.3. Using
GFP fluorescence, the mutant and twin clones were analyzed using a Leica TCS

SP8 confocal microscope.

3.4.5 Transgenesis of modified histones

Plasmids carrying modified histone gene units were cloned (described in chapter
3.1.15) and then recombined using the Multisite Gateway System as described in
chapter 3.1.14. The transgenic flies were generated by Rainbow Transgenic Inc. us-
ing the phiC31 integration system. phiC31 integration system is a site-specific inte-
gration approach which applies bacteriophage phiC31 integrase to mediate the se-
quence-specific recombination between two largely different attachment sites (attB
and attP). By selection of attP sites in the genome (landing platforms) and an ex-
pression vector containing the complementary attB site (phiC31 attB- 3xHis-
GU.T11A, shown in figure 2 E), a transgene can be integrated on the pre-selected
site on the genome (Bischof, Maeda, Hediger, Karch, & Basler, 2007). The geno-

types of the injected flies were:

y' M{vas-int. Dm}ZH-2A w’; PBac{y*-attP-3B}VK00033
y' M{vas-int. Dm}ZH-2A w’; M{3xP3-RFP.attP'}ZH-86Fb
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To generate flies carrying 6xHis-GUs.T11A the transgenic flies 3xHis-
GUs.T11A.VK33 and 3xHis-GUs.T11A.86Fb were crossed to induce recombination.

The crosses were done as follows.

+/+;3xHisGU.86Fb/3xHisGU.86Fb x +/+; 3xHisGU.VK33/3xHisGU.VK33
o +/+; 3xHisGU.86Fb/3xHisGU.VK33 x D*TM3Sb
single & 3xHisGU.86Fb, 3xHisGU.VK33/TM3Sb x D%TM3Sb

3xHisGU.86Fb, 3xHisGU.VK33/TM3Sb $xJ
stable stock 3xHisGU.86Fb, 3xHisGU.VK33/3xHisGU.86Fb, 3xHisGU.VK33

v v v b

The crosses for getting the transgenes into the His®-background and AH3.3;His®-

background were performed by Alf Herzig.

3.4.6 Quantification of fluorescence intensity in follicle stem cells

For quantification of the H3T11ph signal in follicle cells, flies with the according geno-
type were collected and clones were induced as described in chapter 3.5.6. The ova-
ries were dissected 5 d after the third heat shock. The immunostaining was done as
described in chapter 3.4.2. For each genotype 3 independent rounds of setting up the
crosses, dissecting the ovaries and analyzing the ovaries using the confocal micro-
scope were done. In each round pictures of 5 egg chamber in stage 5/6 were ac-
quired. The egg chambers were chosen when approximately 5-10 GFP negative cells
were lying in the same confocal plane as the same amount of GFP positive cells di-
rectly next to each other. The pictures were acquired without saturating the pixels.
The quantification was done using the software ImagedJ. The threshold for the
H3T11ph signal was chosen so that the neighbouring cells were still separated from
each other. In each picture the background signal was also measured. For the analy-
sis the values for the Integrated Density, Area and Mean Gray Value were measured.
The Mean Gray Value is the sum of the gray values of all the pixels in the selection
divided by the number of pixels. Integrated Density is the product of Area and Mean

Gray Value.
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From these values the Corrected Total Cell Fluorescence (CTCF) was calculated:
CTCF= Integrated Density — (Area of selected cell x Background Mean Gray Value)
The data was normalized to the signal of H3T11ph of GFP positive cells, the average

value considered as 100 % of signal. Data analysis was done using the software
GraphPad Prism 6. The statistical analysis was done using an unpaired t test.
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4 Results

4.1 Characterization of post-translational histone modifica-

tions in the female germline of Drosophila melanogaster

4.1.1 Distribution of histone modifications in the female germline

To get an impression of how the distribution pattern of different histone modifications
looks in the germline of Drosophila melanogaster (D. melanogaster), an antibody
screen was performed. 21 antibodies against various histone modifications were
used for immunostaining of the different morphological parts of the germline of wild-
type females. The antibodies were used at different dilutions to find the optimal stai-
ning conditions for the occurence of the specific modification. The fixed and stained
ovaries were analyzed using a confocal microscope and representative pictures of
different regions of the ovaries were taken. The intensity of the signal for each mark
was classified into one of the four categories high: +++, medium: ++, low: +, absent: -
(Table 7). The aim was to identify histone modifications that could be potential regu-
lators of the maintenance of GSCs and to study the overall distribution of histone
modifications in different cell types of the ovary. The two most promising candidates
were H3K27me3 and H3T11ph as both showed a very strong signal in GSCs and
notably weaker staining in differentiated germline cells (Table 7). Both histone modi-
fications were also present in follicle cells of all stages.
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germ line cells follicle cells

region1l region 2A region2b region3 nurse cells karyosomeregion 3 stage 2-8 stage 8-10 mitotic cell
H3K4me ++ + + ++ + +++ ++ ++ - o
H3K4me2 ++ ++ ++ + ++ ++ ++ ++
H3K4me3 ++ + + + ++ - ++ ik - +
H3K9Ac ++ +++ ++ + ++ + ++ ++ - +
H3K9me3 +++ +++ +++ +++ +++ +++ +++ + = +
H3S10Ph + + + + ++ +++ + + - +++
H3T11Ph +++ ++ ++ ++ ++ ++ ++ ++ + +
H3K14Ac ++ +++ + - + +++ ++ ++ + +
H3K18Ac + + + + - ++ ++ ++ o
H3K23Ac + - - o - . ++ 4 +
H3K27Ac ++ ++ ++ ++ ++ +++ +++ ++ ++
H3K27me3 +++ + + + + +++ + + +
H3S28Ph + + + + + + - - 4t
H3K36Ac + + + + + - ++ 4
H3K36me ++ + + + + ++ +++ ++ ++ ++
H3K36me3 + + + + + ++ +++ ++ + +
H4K5Ac ++ + + + +++ ++ + =
H4K8Ac ++ + + + ++ ++ ++ +
H4K12Ac + + + + 4t ++ I
H4K16Ac ++ ++ ++ + ++ +++ ++ ++ +
H4K20me + ++ + ++ ++ ++ ++ ++ ++ +

Table 7: Results of the antibody screen.

The signal intensities for each specific modification in particular parts of the ovary were classified into
one of the following four categories high: +++, medium: ++, low: +, absent: -. The investigated regions
of the germarium were subdivided into region 1, 2A, 2B and 3, nurse cells in stage 3 egg chambers
and the enrichment on the chromatin of the future oocyte (karyosome). Furthermore, the enrichment of
the PTMs was analyzed in follicle cells of region 3 egg chambers, stage 2-8 and stage 8-10 egg

chambers respectively. Mitotic cells in egg chambers in early stages were validated as well.

4.1.2 Distribution of H3K27me3 in ovaries of D. melanogaster

The occurence of H3K27me3 in ovarioles of D. melanogaster was analyzed by im-
munostaining using modification specific antibodies (Figure 3). Two GSCs at the
most anterior part of the germarium were reliably identified by their location (located
at the posterior side of the cap cells) and size (the biggest cells at the tip of the ger-
marium). The immunostaining pattern revealed that H3K27me3 is present in high
amounts in the germline stem cells present in region 1 of the germaria (Figure 3 A, B,
dashed lines). The signal of H3K27me3 progressively decreases with differentiation
of the cells. H3K27me3 could either be actively removed upon differentiation or di-
luted by replication and subsequent cell division. In differentiated cysts and nurse
cells the signal for H3K27me3 is restricted to heterochromatic regions which can be
identified by a stronger DNA staining as heterochromatin results in a denser compac-
tion of DNA (Figure 3 D-F, marked by white arrowheads).
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In the karyosome the signal is highly abundant all over the chromatin (Figure 3 D, E,
marked by an asterisks). In follicle cells the signal for H3K27me3 is weak and located
at heterochromatic regions (Figure 3 G-I, marked by white arrowheads).
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Figure 3: Distribution of H3K27me3 in ovaries of D. melanogaster.

Wildtype female flies were dissected and the ovaries were fixed and stained. DAPI staining was per-
formed to visualize the DNA. All images represent confocal sections. The germaria anterior to posteri-
or orientation is left to right in the panel. (A-C) H3K27me3 signal is abundant in GSCs (marked by
dashed lines). GSCs were identified by their location close to the niche cells. The signal intensity for
H3K27me3 declines in differentiating germline cells. (D-F) H3K27me3 is enriched on the karyosome
which is marked by asterisks. In nurse cells the signal is enriched on heterochromatin which is marked
by white arrowheads. (G-I) In follicle cells of stage 8 egg chambers the signal of H3K27me3 is restric-

ted to heterochromatic region as marked by white arrowheads. Scale bar in A-l represents 10 ym.
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4.1.3 Change in co-localization of H3K27me3 and H3K27ac upon dif-

ferentiation

It is known that H3K27 can also be acetylated (H3K27ac), a mark that is highly enri-
ched at promotor regions of transcriptionally active genes in a variety of different or-
ganisms (Garcia et al., 2007; Suka, Suka, Carmen, Wu, & Grunstein, 2001). Thereby
H3K27ac seems to act as a complementary mark to H3K27me3 (Tie et al., 2009).
Since H3K27me3 decorates the entire nucleus of GSCs, stainings were performed
against H3K27ac to address whether this mark is absent in GSCs (Figure 4 A-D).
However, it appears that both marks are widely distributed in these cells at the tip of
the germarium and are not confined to a specific territory within the nucleus.
H3K27me3 seems to be more enriched in these undifferentiated cells (Figure 4 B)
although H3K27ac is also present (Figure 4 C). In differentiated cells of the germline
in later staged egg chambers (Figure 4 E-H) the signal for H3K27me3 and H3K27ac
seems to be mutually exclusive. Thus, it appears that H3K27me3 is broadly distribu-
ted in undifferentiated cells, but restricted to distinct regions of the chromatin in diffe-
rentiated cells, while H3K27ac appears not to change its distribution significantly.
Furthermore, the staining shows that H3K27me3 is enriched on denser heterochro-
matic regions and H3K27ac is broadly distributed across euchromatic regions. The
distribution of H3K27me3 and H3K27ac was also investigated in early follicle cells in
region 3 of the germarium (Figure 4 I-L) and late follicle cells (Figure 4 M-P). The
stainings revealed an overlap between H3K27me3 and H3K27ac in early follicle cells
(Figure 4 L). In later follicle cells, H3K27me3 seems to be restricted to a particular
territory within the chromatin while H3K27ac is more widespread, but absent from

territories where H3K27me3 is present (Figure 4 P).
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Figure 4: The distribution of H3K27me3 and H3K27ac changes upon differentiation in

germline and somatic cells.

Representative images of ovaries dissected from wildtype flies double-stained for H3K27me3 and
H3K27ac are shown. The DAPI staining was performed to reveal the nuclei. All images represent con-
focal sections. (A-D) H3K27me3 is abundant and widespread in GSCs. The signal for H3K27ac is also
widespread in the GSCs but not enriched. (E-H) The nuclei of nurse cells in early egg chambers have
mutually exclusive territories for H3K27me3 and H3K27ac. The widespread H3K27ac signal covers
the entire nucleus except a small territory where H3K27me3 is restricted. (I-L) In nuclei of early follicle
cells of the germarium the signal for H3K27me3 and H3K27ac is partially overlapping and in other
regions mutually exclusive. (M-P) Differentiated follicle cells of later stage egg chambers have
H3K27me3 confined to a small territory which is mutually exclusive from the H3K27ac signal which

covers the rest of the nucleus. Scale bars represent 10 um.
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4.1.4 Distribution of H3T11ph in ovaries of D. melanogaster

The occurence of H3T11ph in ovarioles of D. melanogaster was also analyzed in de-
tail by immunostaining using modification-specific antibodies (Figure 5). The stai-
nings revealed that H3T11ph is abundant in GSCs (Figure 5 A-C, white arrowheads).
The GSCs were identified by their location next to the CCs, their size and additionally
by the anterior localization of the spectrosome, a round structure in the GSCs asses-
sed by a Hu-li Tai Shao (HTS) staining (Lin et al., 1994). In GSCs this spectrosome is
always orientated towards the niche cells whereas in CBs the orientation of the
spectrosome occurs randomly (de Cuevas, Lilly, & Spradling, 1997). During differen-
tiation of the CBs to 16-cell cysts the spectrosome is transformed into the fusome
which connects the cells with each other (Lin et al., 1994). The signal of H3T11ph
decreases in differentiating germline cells, but not as dramatically as the signal for
H3K27me3 (Figure 3 A, B and Figure 5 A, B). The signal for H3T11ph is enriched on
the karyosome (Figure 5 B, D, white asterisks).
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In follicle cells H3T11ph is enriched in all developmental stages of the egg chambers

and is broadly distributed across the chromatin.

i
I

Figure 5: Occurrence of H3T11ph in the female germline of D. melanogaster.

Representative images of ovaries dissected from wildtype flies stained for HTS (C, G) to reveal the
cell boundaries and for H3T11ph (B, F). The DAPI staining was performed to reveal the nuclei (D, H).
All images represent confocal sections. (A-D) The signal for H3T11ph is enriched in GSCs (marked
by white arrowheads) and moderately enriched in differentiated germline cells. On the karyosome the
signal for H3T11ph is enriched as marked by an asterisk. (E-H) H3T11ph is enriched in nuclei of fol-

licle cells of early staged egg chambers. Scale bars in D and H represent 10 ym.
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4.2 Characterization of the role of the Polycomb system in

the germline

A typical feature of stem cells is their ability to stay undifferenciated and to proliferate
over a long period of time. At the same time, stem cells produce cells that terminally
differentiate after dividing a few times. In the female germline, GSCs ensure conti-
nuous egg production and tissue homeostasis. Until recently, the analysis of stem
cells and their lineages has largely focused on transcriptional regulation. Emerging
evidence, however, suggests that the genome undergoes major epigenetic alterati-
ons during development and stem cells differentiation (Reik, 2007; Rugg-Gunn, Cox,
Ralston, & Rossant, 2010). Among the chromatin modifiers, Polycomb group (PcG)
proteins function as gene repressors and are involved in the regulation of stem cell
characteristics (J. A. Simon & Kingston, 2009). Previous studies have shown the im-
portance of Polycomb factors for stem cell maintenance using various PcG-knockout
mice. Specifically, knockout mice embryos for the PRC2 components Suz12, Ezh2
and Eed die during early postimplantation stages (Faust, Schumacher, Holdener, &
Magnuson, 1995; O'Carroll et al., 2001; Pasini et al., 2004). In vitro studies using ES
cells (embryonic stem cells) demonstrated that cells lacking Eed or Suz12 could not
maintain their pluripotency and were prone to differentiation (Faust et al., 1995;
Pasini et al., 2004). Although many aspects of PcG gene structure and functions are
conserved from flies to mammals, little is known about the roles of PcG genes in
adult stem cell lineages in D. melanogaster. In chapter 4.1.3 it was shown that the
histone modification H3K27me3 is highly enriched in GSCs in the ovary of D. mela-
nogaster. This together with the results of recent published data from mammals sug-
gests that PcG genes might be involved in the maintenance of stem cells in the ovary

of D. melanogaster and was further investigated.

4.2.1 Generation of GFP marked cell clones using the FLP/FRT

technique

To investigate the role of PcG components in germline and somatic cells of the ovary
of D. melanogaster the FLP-FRT technique was used to generate mutant homozygo-
us cells in heterozygous tissue (Chou & Perrimon, 1992). The FLP/FRT system is a

site-directed recombination technology based on the targeting of a recombination
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enzyme (flipase - FLP) to specific DNA regions designated as flipase recognition tar-
get (FRT) sites. Initially identified in S.cerevisiae, the yeast FLP-enzyme and its FRT
recombination targets were successfully transferred into each major chromosome
arm in D. melanogaster (Golic & Lindquist, 1989). This offers the ability to mediate
mitotic recombination in vivo during development in a controlled manner (Theodosiou
& Xu, 1998). The controlled induction of the mitotic recombination events was per-
formed by expressing the FLP under the control of a heat-shock promoter. A sche-
matical overview of the FRT/FLP-system to generate genetic mosaics is illustrated in
figure 6. Flies were generated with a FRT-carrying chromosome harboring an
ubiquitously expressed GFP transgene in frans to a FRT-chromosome carrying a
PcG mutation. FLP can induce mitotic recombination between FRT sites on homolo-
gous chromosome arms. After cell division a homozygous mutant cell is generated
marked by the absence of GFP. At the same time a wildtype cell is generated which
is called twin clone cell. This twin clone cell carries the wildtype form of the gene of
interest and two copies of GFP and shows stronger GFP expression compared to

heterozygous cells.
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Figure 6: Generating and labeling mutant cell clones using the FLP/FRT system.

In a heterozygous parental cell, FLP induces mitotic recombination between FRT sites (FRT, blue) on
homologous chromosome arms. The FRT sites are located on identical integration sites on homolo-
gous chromosomes. Distal from the FRT sites one of the chromosomes carries the GFP sequence
(green), the other one a mutation in a gene of interest (gene X, yellow). Heterozygous cells carry one
copy of the cell marker GFP and show a moderate GFP expression (light green cell). Segregation of
recombinant chromosomes at mitosis produces two daughter cells: A mutant cell bearing two copies
of the mutant allele and a wild-type cell containing only the wild-type form of the gene. The cell marker
GFP co-segregates with the wild-type gene (dark green cell) and the mutant clones are labeled by the

absence of GFP expression (grey cell).
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4.2.2 Generation of E(z) mutant cell clones in ovaries of D. melano-

gaster

The FRT/FLP system was used to generate clones that are mutant for the histone
methyltransferase Enhancer of zeste (E(z)). E(z) can catalyze three successive me-
thyl transfer reactions via its SET domain to specifically methylate lysine 27 of histo-
ne H3 (Jones & Gelbart, 1993; Muller et al., 2002). A recently characterized loss-of-

function allele E(z)"’

on a FRT chromosome was used to generate genetic mosaics
in the ovary of female flies (Muller et al., 2002). This mutant allele carries a point mu-
tation at position 638 where a tryptophan codon (TGG) is changed to a stop codon

(TGA). The clones were induced as described in chapter 3.4.4 and dissected 2 d af-

ter the last heat shock.
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Figure 7: H3K27me3 is downregulated in E(z) mutant germline and somatic cell clones.

The germaria were dissected 2 d after the last heatshock. E(z)m

mutant cells (dashed lines) were
identified by the absence of GFP fluorescence. The tissues were stained for H3K27me3 and DNA. (A-
D) In E(z)731 mutant GSCs (marked by asterisks) no signal for H3K27me3 was detectable. (E-H) In
mutant E(z)m

follicle cells the signal for H3K27me3 was completely absent. In heterozygous cells carrying a wildtype

nurse cells the signal for H3K27me3 was completely abolished. (I-L) In E(z)m mutant

allele of E(z) the signal for H3K27me3 is co-localized with more tightly packed areas of the DNA
(marked by arrows). Scale bars represent 10 um.

E(z) mutant cells were identified by the absence of GFP expression. The loss of E(z)
activity correlates with the loss of H3K27me3 staining in the mutant clones. This is
true both for GSCs (marked by asterisks in figure 7 A) and for egg chambers with
mutant nurse cells (Figure 7 C, G). The H3K27me3 signal is also completely absent
in mutant follicle cell clones for E(z) (Figure 7 |, K). Beside being trimethylated H3K27
can be acetylated and the question was whether the loss of the antagonizing mark
H3K27me3 has any influence on the distribution of H3K27ac. In vitro studies showed
that a reduction in H3K27me3 via E(z) RNAi knockdowns in S2 cells results in an
increase of H3K27ac (Tie et al.,, 2009). Thus double stainings were performed to
analyze the effect of the E(z) null mutation on the distribution of H3K27ac in the ova-

ry (Figure 8).
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Figure 8: H3K27ac is upregulated in E(z) mutant follicle cell clones.
The ovaries were dissected 2 d after the last heatshock. E(z)"*’
tified by the absence of GFP fluorescence (C, H, M). The tissues were stained for H3K27me3 (E, J,
0), H3K27ac (D, I, N) and DNA (B, G, L). (A-E) In E(z)"”*" mutant follicle cells of early staged egg

chambers the signal for H3K27me3 was completely absent and the signal for H3K27ac is upregulated

mutant cells (dashed lines) were iden-

in most of the cells compared to non-mutant cells. (F-J) In E(z)m mutant follicle cells of late staged
egg chambers the signal for H3K27me3 is completely absent and the signal for H3K27ac is upregula-
ted compared to non-mutant cells. (K-O) In E(z)”*” mutant germline cells of early staged egg chambers
the signal for H3K27me3 is completely absent and the signal for H3K27ac appears to be slightly upre-

gulated. Scale bars represents 10 ym.

In follicle cells of early staged egg chambers the signal of H3K27ac appears to be
upregulated in E(z) mutant cells (Figure 8 D). In follicle cells of late staged egg
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chambers the signal for H3K27ac appears to be upregulated as well (Figure 8 I). In
germline cells in the germarium the signal for H3K27ac seems slightly enriched (Fi-
gure 8 N) but the effect was clearly less obvious than in the somatic lineage. Thus,
the staining for H3K27ac indeed revealed that H3K27ac is upregulated in E(z) mutant
follicle cells compared to neighbouring non-mutant cells. Nevertheless H3K27ac do-
es not appear to spread in heterochromatin as it is still enriched in euchromatin and
depleted in heterochromatin which can be distinguished by the overlay of DNA and
H3K27ac staining (Figure 8 A, F, K).

4.2.3 Function of E(z) for the maintenance of germline stem cells in

the germarium of D. melanogaster

The ability for self-renewal and generation of differentiating daughter cells is charac-
teristic of the proliferation of GSCs. To clarify the necessity of E(z) for the maintenan-
ce of GSCs, the prevalence of E(z)”*" mutant GSCs was investigated 2d, 5d and 10d
after they were generated (Figure 9). As described before, GSCs were identified by
their localization right next to the stem cell niche in the anterior part of the germarium
and by HTS staining labeling of the spectrosome. Homozygous E(z)”*" mutant GSCs
were induced in adult female flies through heatshocks, dissected and stained as

731 mutant GSCs were identified as mu-

described in chapter 3.4.4. Homozygous E(z)
tant through the absence of GFP (Figure 9 A, B). The number of GFP negative GSCs
was counted for each genotype derived from 3 independent experiments 2d, 5d and
10d after the last heatshock, respectively. The prevalence of mutant GSCs, calcula-
ted as the ratio of GFP negative GSCs per germarium, was then compared to non
mutant control GSCs that were generated identically but omitting the E(z) mutation

(Figure 9 E).
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Figure 9: The enzymatical activity of E(z) is necessary for the maintenance of GSCs.

(A-D) Representative confocal image of a germarium of adult female flies 2d after the last heatshock
stained for HTS (C) and DNA (D). The identification of E(z)”*' mutant GSCs was performed by the
absence of GFP fluorescence (B). A mutant GSCs and a corresponding mutant cyst was marked by
dashed lines. The E(z)m mutant GSC is marked by an asterisk (A). (E) In stainings 2d, 5d and 10d
after the last heatshock the number of homozygous E(z)”*’ mutant GSCs was captured as well as the
number of control GFP negative GSCs. While the frequency of homozygous E(z)”*' mutant GSCs is
decreasing the number of control GSCs remains constant over time. The total number of evaluated
germaria carrying the inducible E(z) null mutation was n= 166 (2d after last heatshock), n= 165 (5d)
and n= 141 (10d). The numbers of control germaria was n= 160 (2d), n= 163 (5d) and n= 152 (10d).

Scale bar in A-D represents 10 um.

Two days after the last heatshock the number of homozygous E(z)”®’ mutant GSCs
per germarium is 0.16 + 0.04 (n=166 germaria). E(z)”*" mutant GSCs per germarium
further decline 5d after the last heatshock to 0.09+ 0.03 (n=165 germaria). 10d after

31 mutant GSCs per germarium are

the last heatshock almost no homozygous E(z)
found with 0.02+ 0.01 (n=141 germaria). In comparison, the number of GFP negative

control GSCs remains stable over time (Figure 9 E). Two days after the last heats-
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hock their prevalence is 0.26 + 0.06 (n=160 germaria), which slightly increases to
0.31 £ 0.01 (n=163 germaria) and 0.39 + 0.02 (n=152 germaria), by five and ten days
after the last heat shock, respectively. This result clearly shows that E(z) is required
for the maintenance of GSCs. It is important to mention that the E(z)731 mutant GSCs
do not remain in the stem cell niche but are eliminated from the niche. This might be
due to differentiation of the GSCs or to apoptosis of the cells. While investigating the
role of E(z) for the function of stem cell maintenance stainings for cleaved Caspase-3
were also performed. Cleaved Caspase-3 is the activated form of Caspase-3 and is a
molecular marker for apoptotic cells. In none of the stainings were apoptotic mutant
GSCs found (data not shown). Therefore, apoptosis can be excluded as an explana-

tion for the loss of homozygous E(z)”*’

mutant GSCs. Although it can not completely
ruled out that E(z) mutant cells die in an apoptosis independent way, the results sug-
gest that they are lost from the stem cell niche due to differentiation, which indicates

that the activity of E(z) is required for the GSCs to retain their stem cell identity.

4.2.4 Function of E(z) for the maintenance of follicle stem cells in

the germarium of D. melanogaster

Apart from GSCs there is another stem cell system in the ovaries of the fly. Respon-
sible for the formation of somatic follicle cells in the germarium are follicle stem cells
(FSCs) (Lin & Spradling, 1993). FSCs divide and give rise to follicle cells which ter-
minally differentiate after a couple of divisions. The FCs encapsulate the 16-cell cysts
in region 2 of the germarium and generate the follicle epithelium which covers the
egg chambers. FCs finish their proliferation in stage 5 of oogenesis and become po-
lyploid (Lin & Spradling, 1993). It was shown recently that there are exactly two FSCs
at opposite sides at the border of region 2A and 2B in the germarium (Nystul &
Spradling, 2010). FSCs have a triangular or oval shaped nucleus that can be distin-
guished from nuclei of escort cells, which are somatic cells that are coating germline
cysts in the germarium. The FSCs and their niche remain fixed at specific positions in
the germarium, despite the highly dynamic activities within this region including the
constant passage and inward movement of cysts and the alternate migration of FSC
daughters from the two niches. There are several ways that FSCs may maintain their
positions in this dynamic environment. First, FSCs may be anchored in place through
cell adhesion to adjacent escort cells. B-Catenin and E-Cadherin, two principle com-
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ponents of epithelial cell adherens junctions, have previously been shown to be im-
portant for FSC maintenance (Song et al., 2004). Secondly, the FSCs may gain sta-
bility through transient cell-cell contacts with their own daughter cells (Nystul &
Spradling, 2007). It was also shown recently that long-range signals from the CCs
and TFs are necessary for the maintenance of FSCs (Yamashita, 2010). Analogous

to the experiments in the germline homozygous E(z)”*’

mutant cells were generated
and the influence of the mutation was investigated for its role in the maintenance of
FSCs (Figure 10). For this purpose recombination was induced and the ovaries were
dissected 5d, 10d, 15d and 20d after the last heat shock and the fixed samples were
stained for Vasa (Figure 10 C) and Fas-3 (Figure 10 D). Vasa is a protein that spe-
cifically marks germline cells (Liu, Han, & Lasko, 2009). Fasciclin-3 (Fas-3) is a
transmembrane protein of the cell membrane of FCs and acts as a cell adhesion
molecule (Snow, Bieber, & Goodman, 1989), however it is absent from FSCs. FSCs
can be identified by these two stainings as these are the cells that do not show any
staining of Vasa and Fas-3. In addition to this, their unique triangular shape and their
cellular location at the border of region 2A and 2B in the germarium allow them to be
clearly identified. A E(z)”®' mutant follicle stem cell is shown in figure 10 A-E as
marked by an arrowhead. The FSC is negative for Vasa staining (Figure 10 C) as
well as negative for Fas-3 staining (Figure 10 D) and has a triangular shape.
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Figure 10: Enzymatical activity of E(z) is necessary for the maintenance of FSCs

(A-E) Representative confocal images of a germarium of an adult female fly 5 d after the last heats-
hock stained for Vasa (C), Fas-3 (D) and DNA (E) are shown. E(z)”*" mutant FSCs were identified by
the absence of the GFP fluorescence (B). A mutant FSCs is marked by an arrowhead. (F) In stainings

" mutant FSCs was cap-

5d, 10d, 15d and 20d after the induction the number of homozygous E(z)
tured as well as the number of control GFP negative FSCs. While the frequency of homozygous
E(z)”®" mutant FSCs decreases, the number of control GSCs remains constant over time. Total num-
ber of evaluated E(z) germaria was n= 135 (5d after last heatshock), n= 129 (10d), n= 125 (15d) and
n= 137 (20d). The total number of control germaria was n= 151 (5d), n= 138 (10d), n= 139 (15d) and

n= 136 (20d). Scale bar represents 10 ym.
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Similar to previous experiments, the numer of mutant stem cells per germarium was
investigated (Figure 10 F). Five days after the last heatshock the number of homozy-

731

gous E(z)"”" mutant FSCs per germarium is 0.32 + 0.007 (n= 135 germaria). Ten

days after the last heatshocks this number stays more or less constant with 0.35 +

731 731

0.08 (n= 129 germaria) homozygous E(z)"”" mutant FSCs per germarium. E(z)"”" mu-

tant FSCs are reduced by half 15d after the last heatshock with 0.13 + 0.04 (n= 125

731

germaria) homozygous E(z)"”" mutant FSCs per germarium. At 20d after the last he-

atshock this number stays more or less the same with 0.13 + 0.05 (n= 137 germaria)

homozygous E(z)"*’

mutant FSCs per germarium. In comparison, the number of GFP
negative control FSCs even slightly increases over time. Therefore, this result shows
that the activity of E(z) is also necessary for the maintenance of somatic follicle stem
cells. In conclusion, the activity of E(z) seems to be a general factor required for the

maintenance of different stem cell types in the ovary of D. melanogaster.

4.2.5 Function of Su(z)12 for the maintenance of stem cells in the

germarium of D. melanogaster

Analogous to the experiments investigating the role of E(z) for the maintenance of
germline stem cells in D. melanogaster, the role of Su(z)12, another subunit of the
PRC2 complex, was investigated. For these experiments the allele Su(z)12*, caused
by a base substitution changes the codon for Glycine at position 274 into a codon for

Aspartic Acid, was used (Birve et al.,, 2001). Animals that are homozygous for

Su(z)124 die during the first or second larval instar. The most notable phenotypes of
Su(z)12 mutants are strong homeotic transformations caused by the widespread mi-
sexpression of several Hox genes in embryos and in larvae (Birve et al., 2001; S.
Chen, Birve, & Rasmuson-Lestander, 2008). The FRT/FLP system was used to ge-
nerate clones that are mutant for the PRC2 subunit Su(z)12. The clones were in-

duced as described under chapter 3.4.4 and dissected 2 d after the last heat shock.
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In Su(z)12 mutant cell clones the signal for H3K27me3 is completely abolished in

GSCs, cysts and follicle cells (Figure 11).

H3K27me3

Figure 11: H3K27me3 is downregulated in Su(z)12 mutant germline and somatic cell clones.

The germaria were dissected 2 d after the last heatshock. Su(z)124 mutant cells (dashed lines) were
identified by the absence of GFP fluorescence. The tissues were stained for H3K27me3 and DNA. In
Su(z)124 mutant GSCs, cysts and follicle cells no signal for H3K27me3 was detectable. Scale bars

represent 10 ym.

Next the function of Su(z)12 activity for the maintenance of GSCs was investigated.
Recombination to generate mutant clones in adult female flies was induced through
heatshocks and the ovaries were dissected 2d, 5d and 10 d after the last heatshock.

Homozygous Su(z)124 mutant GSCs were identified as mutant through the absence
of GFP and the numbers of mutant GSCs per germarium was calculated. As a con-
trol flies carrying a FRT site without any mutations were used.
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The control flies were treated the same as Su(z)124 flies (Figure 12 A).
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Figure 12: Activity of Su(z)12 is necessary for both the maintenance of GSCs and FSCs.

(A) In stainings 2d, 5d and 10d after the induction of recombination the number of homozygous
4
Su(z)12 mutant GSCs was captured as well as the number of control GFP negative GSCs. While the

frequency of homozygous Su(z)124 mutant GSCs decreases, the number of control GSCs remains
constant over time. Total number of evaluated Su(z)12 germaria was n= 153 (2d after last heatshock),
n= 135 (5d) and n= 141 (10d). The total number of control germaria was n= 160 (2d), n= 163 (5d) and
n= 152 (10d). (B) In stainings 5d, 10d, 15d and 20d after the induction the number of homozygous

4
Su(z)12 mutant FSCs was captured as well as the number of control GFP negative FSCs. While the

frequency of homozygous Su(z)124 mutant FSCs decreases the number of control GSCs remains
constant over time. Total number of evaluated Su(z)12 germaria was n= 144 (5d after last heatshock),
n= 134 (10d), n= 151 (15d) and n= 145 (20d). The total number of control germaria was n= 151 (5d),
n= 138 (10d), n= 139 (15d) and n= 136 (20d).

Two days after the last heatshock the prevalence of homozygous Su(z)124 mutant

GSCs per germarium is 0.21 £ 0.03 (n= 153 germaria). This number of Su(z)124 mu-

tant GSCs stays more or less the same 5d after the last heatshock with 0.25+ 0.07

(n= 135 germaria). 10d after the last heatshock the number for Su(z)124 mutant
GSCs is reduced almost by half with 0.11+ 0.01 (n= 141 germaria). In comparison to
that the number of control GSCs remained stable over time (Figure 12 A). Two days
after the last heatshock the number of control GSCs per germarium is 0.26 + 0.06 (n=
160 germaria), 0.31 + 0.01 (n= 163 germaria) by five days and 10 d after the last he-
atshock the value increased slightly to 0.39 + 0.02 (n= 152 germaria). Stainings for

cleaved Caspase-3 were performed to investigate if the reduced numbers of Su(z)124

mutant GSCs was due to apoptosis. In none of the investigated Su(z)124 mutant
GSCs the staining for cleaved Caspase-3 was positive (data not shown). The re-
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duced number of Su(z)124 mutant GSCs is most likely not due to apoptosis but
instead correlating with an enforced differentiation. Thus, Su(z)12 is also necessary
for the maintenance of germline stem cells even though the phenotype is not as dras-

tic as found for E(z)”*' mutant GSCs.

Analogous to the experiments in the germline, | adressed the function of Su(z)12 in

the somatic lineage and generated Su(z)124 mutant FSCs (Figure 12 B). For this,
recombination was induced and the ovaries were dissected 5d, 10d, 15d and 20d
after the last heat shock and the fixed samples were stained for Vasa and Fas-3 for

proper identification of the FSCs. Five days after the last heatshock the number of

homozygous Su(z)124 mutant FSCs per germarium is 0.49 + 0.06 (n= 144 germaria).

Ten days after the last heatshocks this numer decreases to 0.30 £ 0.10 (n= 134 ger-

maria) homozygous Su(z)124 mutant FSCs per germarium. Su(z)124 mutant FSCs
are reduced by half at 15d after the last heatshock with 0.15 + 0.01 (n= 151 germa-

ria) homozygous Su(z)124 mutant FSCs per germarium. At 20d after the last heats-

hock this value stays more or less the same with 0.17 + 0.01 (n= 145 germaria) ho-

mozygous Su(z)124 mutant FSCs per germarium. In comparison, the number of con-
trol FSCs remains stable over time. Five days after the last heatshock the number of
GFP negative control FSCs per germarium is 0.82 + 0.17 (n= 151 germaria). Ten
days after the last heatshock the number of control FSCs per germarium is 0.86 + 0.4
(n= 138 germaria). 15 d after the last heatshock the value increases to 1.1 +£ 0.22 (n=
139 germaria) homozygous GFP negative control GSCs per germarium. This value
stays more or less the same at 20 d after the last heatshock with 1.08 = 0.11 (n= 136
germaria) of homozygous GFP negative control FSCs per germarium. This result
shows that the activity of Su(z)12 is necessary for the maintenance of FSCs in the
ovary of D. melanogaster.
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4.3 Characterization of the role of H3T11ph in the germline

The initial antibody based screen (chapter 4.1.2) revealed that the H3T11ph mark
similarly to the H3K27me3 mark is highly enriched in GSCs. The only known methyl-
ation target of the PRC2 complex is H3K27, this complex is however indirectly requi-
red for ubiquitination of H2A via stimulation of the PRC1 complex (H. Wang et al.,
2004). Therefore, although there was no evidence that PRC1 could be directly
responsible for H3T11 phosphorylation it was conceivable to test whether PRC2
might be functionally required to introduce this phosphorylation on H3T11.

4.3.1 Distribution of H3T11ph in E(z) and Su(z)12 mutant cell clones

The distribution of H3T11ph in E(z)”*" mutant cell clones (Figure 13) and in Su(z)124
mutant cell clones (Figure 14) both in germline and somatic cells was investigated.
The corresponding tissues were dissected 2 d after the last heatshock and stained
for H3T11ph and DNA. In E(z)”®' mutant cell cysts in the germarium (Figure 13 A-D)
the signal for H3T11ph is reduced (Figure 13 C, dashed lines). The signal for
H3T11ph is decreased in comparison to the staining of H3T11ph in a non-mutant egg

chamber. In follicle cells the E(z)"’

mutation also has an effect on H3T11ph as the
signal decreases in these somatic cells (Figure 13 I-L). Thus, the null mutation of
E(z) clearly has an effect on the phosphorylation level of H3T11 in all cell types of the

ovary as the signal is decreased in all E(z) mutant cells.
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Figure 13: H3T11ph is downregulated in E(z) mutant cell clones.

The germaria were dissected 2 d after the last heatshock. E(z)"*

mutant cell clones (dashed lines)
were identified by the absence of GFP fluorescence. The tissues were stained for H3T11ph and DNA.
(A-D) A germarium is shown carrying an E(z)731 mutant cell cyst (dashed lines). In this cell cyst the
signal of H3T11ph is reduced in comparison to surrounding non-mutant cysts. (E-H) In the E(z)731
mutant egg chamber the signal for H3T11ph in nurse cells is reduced in comparison to the staining of
H3T11ph in a non-mutant egg chamber shown in figure 10 C. (I-L) The signal for H3T11ph is reduced
in follicle cells in comparison to the surrounding non-mutant follicle cells. Shown here are follicle cells

that surround an egg chamber in stage 6. Scale bars represent 10 ym.

To investigate if this is an effect due to the inactivity of the PRC2 complex or a E(z)-
specific phenotype, the distribution of H3T11ph in Su(z)124 mutant cell clones in the

ovary was also examined. In Su(z)124 mutant cell cysts in the germarium (Figure 14
A-D, dashed lines) the signal for H3T11ph is not affected in comparison to the
surrounding non-mutant cell cysts (Figure 14 C).
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This is consistent with the signal of H3T11ph in Su(z)124 mutant follicle cells (Figure
14 E-H) as in these cells the signal for H3T11ph remains unchanged compared to

adjacent non-mutant follicle cells.
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Figure 14: The signal of H3T11ph is not affected in Su(z)12 mtltant cell clones.
The germaria were dissected 2 d after the last heatshock. Su(z)712 mutant cell clones (dashed lines)

were identified by the absence of GFP fluorescence. The tissues were stained for H3T11ph and DNA.

(A-D) A germarium is shown carrying two Su(z)124 mutant cell cysts (dashed lines). In both cell cysts
the signal of H3T11ph is unchanged in comparison to surrounding non-mutant cysts. (E-H) The signal
for H3T11ph remains unchanged in follicle cells in comparison to the surrounding non-mutant follicle
cells. Shown here are follicle cells that surround an egg chamber in the developmental stage 6. Scale

bars represent 10 ym.

4.3.2 Quantification of the signal for H3T11ph in mutant follicle cell

clones

731 and Su(z)12" with regard to the extent

To quantify the effect of the mutations E(z)
of H3T11ph in the ovary, the signal intensity of H3T11ph was quantified in follicle

cells (described in detail in chapter 3.4.6). Briefly, mutant cells were identified by the
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absence of GFP fluorescence (Figure 15 A-D, dashed outlines) and cells close to the
clonal border were used for quantifying flourescence signal. Thereby it was ensured
that nuclei from these cells (marked by white and black asterisks) were in the same
focal plane. In total 130 E(z)737 mutant follicle cells and 130 non-mutant follicle cells
were quantified resulting from 3 independent experiments each. Genetic mosaics are
a perfect system for measuring the signal intensity as the non-mutant cells serve as
an internal control. Thus, the detected value for the signal intensity of T11ph in mu-
tant cells could be normalized to the signal of H3T11ph in GFP positive cells. In
E(z)”*" mutant follicle cells the signal intensity for H3T11ph is reduced to a value of
48.7 % + 1.52 compared to non-mutant follicle cells. This result proved to be extre-
mely significant with a p value of p<0.0001 (unpaired t test).

E H3T11Ph signal intensity in E(z) clones vs
non-mutant cells

e

150+ P<0.0001
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n(cells)= 130

mean values with standard
deviation
unpaired t-test
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Figure 15: Analysis of the signal intensity of H3T11ph in E(z) mutant follicle cell clones.

(A-D) Representative images of a quantified egg chamber for the signal intensity of H3T11ph are
shown. E(z)”*" mutant follicle cells were identified by the absence of GFP fluorescence (B) and are
marked by dashed lines. The tissues were stained for H3T11ph (C) and for DNA (D). Quantified
E(z)m mutant follicle cells are marked by white asterisks and the quantified neighbouring non-mutant
follicle cells are marked by black asterisks (A). (E) The signal intensity of H3T11ph is reduced to a
value of 48.7% + 1.52 in E(z)m mutant follicle cells compared to non-mutant follicle cells. In total 130

731

cells were analyzed in E(z)"”" mutant follicle cells and non-mutant follicle cells each. The scale bar in

(D) represents 10 um.

Next the signal intensity of H3T11ph was quantified in Su(z)124 mutant follicle cells
(Figure 16). In total 132 Su(z)124 mutant follicle cells and 132 non-mutant follicle cells

were quantified resulting from 3 independent experiments each. In Su(z)124 mutant

follicle cells the signal intensity for H3T11ph does not change significantly and has a
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value of 103.1 % + 3.21 in comparison to non-mutant follicle cells. An unpaired t test

was performed showing that there are no statistically significant differences in the

signal intensity for H3T11ph comparing Su(z)124 mutant follicle cells to non-mutant

follicle cells with a p value of 0.34.

E H3T11Ph signal intensity in Su(z)12 clones vs
non-mutant cells

n.s.
P=0.34

n(cells)= 132

mean values with standard
deviation

unpaired t-test

% signal intensity

Figure 16: Analysis of the signal intensity of H3T11ph in Su(z)12 mutant follicle cell clones.

(A-D) Representative images of a quantified egg chamber used for the quantification of the signal

4
intensity of H3T11ph are shown. Su(z)72 mutant follicle cells were identified by the absence of GFP
fluorescence (B) and marked by dashed lines. The tissues were stained for H3T11ph (C) and for DNA

4
(D). Quantified Su(z)72 mutant follicle cells are marked by white asterisks and the quantified neigh-

4
bouring non-mutant follicle cells are marked by black asterisks (A). (E) In Su(z)12 mutant follicle cells

the signal intensity for H3T11ph does not change significantly and has a value of 103.1 % = 3.21 in

4
comparison to non-mutant follicle cells. In total 132 cells were analyzed in Su(z)72 mutant follicle
cells and non-mutant follicle cells respectively. The scale bar in (D) represents 10 ym.

Together these results indicate that E(z) but not Su(z)12 plays a role in the phospho-
rylation of H3T11, which argues for a novel, PRC2 independent function of E(z). It is
noteworthy however that the lack of E(z) activity does not completely abolisch H3T11
phosphorylation, suggesting additional E(z) independent mechanisms involved in
H3T11 phosphorylation.
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4.4 Replacement of the histone gene complex in D. mela-

nogaster

Complementary to mutating enzymes that are responsible for introducing histone
modifications it is also possible to mutate modification sites on histones directly
(Gunesdogan et al., 2010). In D. melanogaster all canonical histone genes are clus-
tered in a single chromosomal locus on chromosome 2. The histone gene complex is
composed of 23 histone gene repeat units, each carrying a gene array encoding the
five canonical histones (His-GUs) (Gunesdogan et al., 2010). Gunesdogan, et al. de-
leted the entire endogenous histone gene locus and generated a molecularly defined
histone null mutation (His®). Homozygous His® mutant embryos die during embryoge-
nesis at cell cycle 15. This lethality can be rescued in a dose-dependent manner by
introducing wildtype histone gene unit (His-GU) transgenes. Twelve transgenes re-
sulted in a complete rescue as viable and fertile adults are able to develop
(Gunesdogan et al., 2010). This experimental system can be used to specifically ge-
nerate transgenic flies that carry histones with altered modification sites and to
address the relevance of this site for the development of the organism. The histone
replacement system was used to generate H3T11A and H3K27R transgenes and to
investigate their role at the cellular level. Firstly, it was necessary to adapt the histone
replacement system to the FLP/FRT system to generate homozygous mutant cell

clones in adult flies.

4.4.1 Adapting the histone replacement system to the germline of D.

melanogaster

The histone replacement system was used to analyze the proliferation of His® defi-
cient follicle cell clones carrying transgenes with different numbers of His-GUs and a
recently established H3K27R mutation (Pengelly et al., 2013). In this H3K27R muta-
tion the lysine on position 27 of histone H3 was replaced in all His-GUs by an argini-
ne to prevent lysine methylation. To adapt the histone replacement system to the
FRT/FLP system in the germline of D. melanogaster crosses were set up to obtain
flies carrying the His® deletion on a FRT chromosome and different numbers of His-
GUs on the third chromosome. GFP was used as a marker to identify mutant cell

clones. Induction of recombination between the two FRT sites on chromosome 2 of
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the flies upon heatshock, led to the generation of mutant clones that lack GFP ex-
pression and twin clones which contain two copies of GFP in comparison to the hete-
rozygous population. The clonal populations were analyzed in follicle cells two days
after the last heat shock to investigate the complementation of His® mutant cells la-
cking the endogenous histone complex with transgenes encoding histone gene units.
It is important to note that a single His-GU contains one gene for each canonical his-
tone expressed from their endogenous promotors, thereby mimicking the expression
of endogenous histones. The flies were heatshocked and dissected as described in
chapter 3.4.2 and 3.4.4. Histone deficient cells, carrying no His-Gus, were not able to
form cell clones, reflecting the requirement of histone synthesis for cell proliferation
(Figure 17 A-D). Mutant clones produced by recombination during the heatshock can
not proliferate in the absence of histones and most likely die. Mitotic cells exhibit less
GFP signal due to the fact that upon disintegration of the nuclear membrane, the nu-
clear GFP signal gets dispersed in the cytosol. Thus, cells that appear to be GFP
negative in figure 17 A and B are mitotic cells which can be proved by the HTS stai-
ning showing the disintegration of the nuclear membrane as well as the typical shape
of nuclei in anaphase revealed by DNA staining.
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Figure 17: Generation of His® mutant somatic cell clones.

Examples of His® mutant cell clones induced by recombination using the FLP/FRT system in follicle
cells of early staged egg chambers. Mutant clones were identified by the absence of the GFP signal
(dashed outlines). The follicle cells were counterstained with HTS to reveal cell boundaries and DNA
to reveal the nuclei. The egg chambers were dissected 2 days after the last heat shock. (A-D) Histone
deficient mutant clones are not visible in egg chambers of flies that lack any His-GU. (E-H) Mutant
clones that are deficient for endogenous histones but are complemented with 12 His-GUs survive and
proliferate. (I-L) Mutant clones complemented with six His-GUs survive and proliferate. (M-P) Mutant
clones complemented with six His-GUs bearing the H3K27R mutation respectively are visible. The

scale bars represent 10 pm.
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In histone deficient cells that are complemented with 12 His-GUs, the mutant cell po-
pulations are visible as large clones (Figure 17 E-H, dashed lines) as 12 transgenic
His-GUs sufficiently complement the histone deficiency allowing them to survive and
to proliferate. In histone replacement experiments published previously, twelve His-
GUs have been shown to overcome the histone deficiency and produce viable, fertile
adult flies with no morphological or developmental defects (Gunesdogan et al.,
2010). To test whether fewer His-GUs can also suffice to overcome the histone defi-
ciency in mutant follcile cell clones, mutant cells were analyzed that have only 6 His-
GUs to complement the histone deficiency. The analysis of follicle cells in these flies
revealed the presence of mutant cell clones (Figure 17 I-L, dashed lines) that are
comparable to mutant cells bearing 12 His-GUs. This indicates that 6 His-GUs are
sufficient for adult follicle cells to survive and proliferate. To study whether the
H3K27R mutation plays a role in cellular proliferation, cells were analyzed that are
complemented with 6 His-GUs carrying the H3K27R mutation respectively. These
cells should express histones at a level high enough that adult cells can survive and
proliferate, but the H3 synthesized in these cells carries the K27R mutation. This eli-
minates the deposition of any PTMs on this residue. The analysis in follicle cells re-
veals the presence of mutant clones in these flies as well (Figure 17 M-P, dashed
lines) indicating that the PTMs on H3K27 are not essential for survival and proliferati-

on of somatic follicle cells in the ovaries of D. melanogaster.
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4.4.2 Complementation of the His® deletion with 6xK27R histone
transgenes
To check whether the replacement of the histone complex deficiency with 6 His-GUs

bearing the K27R mutation really abolishes the PTMs on H3K27, stainings for
H3K27me3 and the antagonizing histone mark H3K27ac were performed (Figure 18).

H3K27me3 H3K27Ac
Figure 18: The signal for H3K27me3 is absent and the signal for H3K27ac is still present in

His®;6xK27R mutant cell clones.

The egg chambers were dissected 2 d after the last heatshock. His®; 6xK27R mutant cell clones
(dashed lines) were identified by the absence of GFP fluorescence (C). The tissues were stained for
H3K27me3 (D), H3K27ac (E) and DNA (F). (A) Shown is an overlay of H3K27me3, DNA and GFP. In
His®; 6xK27R mutant follicle cells of early egg chambers the signal for H3K27me3 is absent compared
to the surrounding non-mutant cells. (B) Shown is an overlay of H3K27ac, DNA and GFP. In His®;
6xK27R mutant follicle cells of early egg chambers the signal for H3K27ac is still present and shows
the same signal intensity compared to neighbouring non-mutant cells. Scale bar in F represents 10

pm.

Recombination was induced in His®; 6xK27R flies and the egg chambers were diss-
ected and stained 2 d after the last heatshock. Mutant cell clones were identified due
to the absence of GFP (Figure 18 C). The staining for H3K27me3 (Figure 18 A and
D) revealed that the signal for H3K27me3 was indeed absent in His®; 6xK27R clones.
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However the staining for H3K27ac (Figure 18 B and E) showed that the signal for
H3K27ac was still present in His®; 6xK27R clones.

The histone replacement system, as outlined above, completey replaces the canoni-
cal, replication dependent histones by the respective transgene derived versions.
However, in addition to the replication dependent histones flies express variant histo-
nes that are encoded by genes outside the histone gene complex. It is known that
the deposition of the H3 variant protein, H3.3, takes place in nucleosomes of euch-
romatin at actively transcribed genes in the fly (Ahmad & Henikoff, 2002). Accordin-
gly, the H3.3 variant carries predominantly histone marks that are associated with
gene activation, such as acetylation marks and H3K4me3, whereas marks associa-
ted with gene silencing such as H3K27me3 and H3K9me3 are predominantly found
on the replication dependent canonical histone H3 (Hake et al., 2006). Thus, the
remaining presence of H3K27ac in His®; 6xK27R clones might be due to the
H3K27ac mark on the histone variant H3.3. In order to test this hypothesis | genera-
ted cell clones that additionally to the H3K27R mutation in H3, lacked expression of

H3.3. These results are sumarized in chapter 4.5.2.

4.4.3 Quantification of the H3T11ph signal in His®; 6xK27R mutant

follicle cell clones

Even without additional deletion of the variant histone H3.3, my data as well as publi-
shed data indicate, that H3K27R mutation in the canonical histone H3 alone is suffi-
cient to abrogate modification of H3K27me3. Therefore, | adressed the signal intensi-
ty of H3T11ph in cell clones mutant for H3K27R. Histone deficient cells complemen-
ted with 6 His-GUs carrying the H3K27R mutation were stained with an H3T11ph
antibody and analyzed as described in 3.4.6 (Figure 19). Quantified His®,6xK27R mu-
tant follicle cells are marked by white asterisks and the quantified neighbouring non-
mutant follicle cells are marked by black asterisks. In total the signal intensity of
H3T11ph in 74 His®,6xK27R mutant follicle cells and 74 non-mutant follicle cells was
quantified resulting from 3 independent experiments respectively. The detected value
for the signal intensity of T11ph in mutant cells was normalized to the signal intensity
of H3T11ph in GFP positive non mutant cells. In His®; 6xK27R mutant follicle cells the
signal intensity for H3T11ph does not change significantly and has a value of 100.2

% £ 5.7 in comparison to non-mutant follicle cells. In control experiments the signal
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intensity of H3T11ph was assayed in His®; 6xHis-GUs cells (Figure 19 F). Here the
signal intensity of H3T11ph remained unchanged compared to non-mutant neighbou-
ring cells with a value of 104.4 % + 3.9.

In these experiments 94 His®, 6xHis-GUs mutant follicle cells and 94 non-mutant fol-
licle cells were quantified in regard to the H3T11ph signal intensity.

g E H3T11Ph signal intensity in His® 6xK27R clones
vs non-mutant cells

n.s.
P=0.972

1 1

n(cells)=74

mean values with standard
deviation

unpaired t-test

% signal intensity

GFP+ GFP-

H3T11Ph signal intensity in His®; 6xHis GUs
clones vs non-mutant cells

n.s.
P=0,347

n(cells)= 94

mean values with standard
deviation

unpaired t-test

% signal intensity

Figure 19: The signal of H3T11ph is not affected in His®; 6xK27R and His®; 6xHis-GUs mutant
follicle cell clones.

(A-D) Representative images of an egg chamber for the quantification of the signal intensity of
H3T11ph are shown. His®, 6xK27R mutant follicle cells are identified by the absence of GFP flu-
orescence (C) and marked by dashed lines. The tissues were stained with an antibody against
H3T11ph (B) and with DAPI for visualisation of DNA (D). Quantified His®; 6xK27R mutant follicle cells
are marked by white asterisks and the quantified neighbouring non-mutant follicle cells are marked by
black asterisks (A). (E) In His®; 6xK27R mutant follicle cells the signal intensity for H3T11ph does not
change at all and has a value of 100.2 + 5.7 in comparison to non-mutant follicle cells. 74 cells were
analyzed in His®,6xK27R mutant follicle cells and in non-mutant follicle cells respectively. (F) In His;
6xHis-GUs mutant follicle cells the signal intensity for H3T11ph does not change at all and has a value
of 104.4 % + 3.9 in comparison to non-mutant follicle cells. 94 cells were analyzed in His®; 6xHis-GUs

mutant follicle cells and non-mutant follicle cells respectively.The scale bar represents 10 ym.

4.4.4 Generation and characterization of H3T711A transgenic fly lines

Next, transgenic fly lines were generated that carry His-GUs in which threonine at
position 11 on histone H3 (H3T11) was altered to an alanine (H3T11A). Thus, in
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animals carrying the histone complex deletion complemented with His-GUs carrying
T11A, the signal for the phosphorylation of H3T11 should be abolished. The fly
strains were generated using the Multisite Gateway System as described under
3.1.14. Flies were generated carrying 6 His-GUs with the H3T11A mutation as 6 His-
GUs seem to be enough for adult follicle cells to survive and to proliferate (see chap-
ter 4.4.1). Recombination was induced, the egg chambers were dissected 2 d after
the last heatshock and stained for H3T11ph (Figure 20). Overall, His®; 6xT11A mu-
tant follicle cell clones were small and found rarely. Surprisingly, the signal for
H3T11ph was still present in His®; 6xT11A mutant follicle cell clones and showed no
change in signal intensity compared to the surrounding non-mutant cells. This obser-
vation is reminiscent of what was found in case of H3K27ac modification and sug-
gests that H3T11ph could be a mark that is deposited on H3.3. Therefore, for the
investigation of the T11A mutation it was necessary to generate fly stocks that in ad-

dition to the His® deletion carry deletions of both genes that encode H3.3.

H3T11Ph
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Figure 20: In His®; 6xT11A mutant follicle cell clones the signal of H3T11ph is still present.

Egg chambers were dissected 2 d after the last heatshock. Mutant cell clones (dashed lines) were
identified by the absence of GFP fluorescence (B). The tissues were stained for H3T11ph (C) and
DNA (D). (A-D) In His®; 6xT11A mutant follicle cells of egg chambers at stage 6 the signal for H3T1Ph
is still present, and the signal intensity appears to be unchanged compared to surrounding non-mutant
cells. His®; 6xT11A mutant follicle cell clones are small and seem to have a proliferation deficit. Scale

bar represents 10 ym.
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4.5 Generation of His® mutant cell clones in the absence of
H3.3

The variant histone H3.3 is synthesized in a replication-independent manner and has
been shown to replace canonical H3 at actively transcribed genes in D. melanogaster
(Ahmad & Henikoff, 2002; McKittrick et al., 2004; B. E. Schwartz & Ahmad, 2005;
Wirbelauer, Bell, & Schubeler, 2005). As described in chapter 4.4.2 and 4.4.4, in
His®; 6xK27R and His®; 6xT11A mutant cell clones the signal for the histone mark
H3K27ac and H3T11ph were still present respectively. For H3K27ac it was already
known that this mark is enriched at actively transcribed genes (Garcia et al., 2007;
Suka et al., 2001), and for H3T11ph there is also evidence that this mark is enriched
at actively transcribed genes (Metzger et al., 2008). Therefore, the next step was to
generate flies that carry the histone deletion in conjunction with the deletion of both
genes that encode H3.3 (His3.3A on chromosome 2 at position 25C and H3.3B on
the X chromosome at position 8C), and secondly to cross these flies to flies carrying
six histone gene unit with the K27R mutation (6xHis-GUs.K27R) or with the T11A
mutation (6xHis-GUs.T11A) respectively and subsequently check whether the cor-

responding histone mark is still present or absent.
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4.5.1 Cell proliferation of AH3.3; His®; 6xGU follicle cell clones

Firstly, the proliferation of mutant follicle cells bearing the deletion of both H3.3 ge-
nes, the His deletion and six His-GUs (AH3.3; His®; 6xGU) was analysed to deter-
mine whether the additional deletion of H3.3 has any effect on the growth of this cell

population (Figure 21).
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Figure 21: Proliferation of AH3.3; His®;6xHis-GUs follicle cell clones.

The egg chambers were dissected 2 d after the last heatshock. Mutant cell clones (dashed lines) were
identified by the absence of GFP fluorescence (B). The tissues were stained for H3T11ph (C) and
DNA (D). In AH3.3;His®; 6xGU mutant follicle cells the signal for H3T11ph is not affected and the cell
proliferation is just slightly affected compared to the surrounding twin clone cell clones. Scale bar re-

present 10 um.

AH3.3; His®; 6xGU mutant follicle cells still proliferate to form cell clones, however
they might be slightly affected in their proliferation as the mutant cell clones seem to
be smaller compared to their twin clones. Nevertheless, the deletion of H3.3 together
with the His® deletion can be rescued by 6 His-GU. The signal for H3T11ph appears
not be affected in AH3.3; His®; 6xGU mutant follicle cells clones.

4.5.2 Distribution of H3K27ac in AH3.3; Hisc; 6xK27R follicle cell

clones

In His®; 6xK27R mutant follicle cell clones the signal for H3K27ac is still detectable
and remained unchanged compared to surrounding non-mutant follicle cells (see
chapter 4.4.2). Thus, clones were induced that additionally lack H3.3 in addition to
carrying the H3K27R mtation (AH3.3; His®; 6xK27R). The ovaries were dissected 2 d
after the last heatshock and the presence of AH3.3; His®, 6xK27R mutant follicle cell

clones was investigated (Figure 22).
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Figure 22: Localization of H3K27ac in AH3.3; His®;6xK27R follicle cell clones.

The egg chambers were dissected 2 d after the last heatshock. Mutant cell clones (dashed lines) were
identified by the absence of GFP fluorescence (B). The tissues were stained for H3K27ac (C) and
DNA (D). In AH3.3;His®; 6xK27R mutant follicle cells of early egg chambers the signal for H3K27ac is
downregulated and almost completely absent compared to non-mutant cells. Scale bar represents 10

pm.

The signal for H3K27ac (Figure 22 C) in AH3.3; His, 6xK27R mutant follicle cell clo-
nes is decreased and almost not detectable. Thus, indeed K27 on the histone variant
H3.3 is able to compensate for the loss of K27 on the canonical histone H3.

4.5.3 Distribution of H3T11ph in AH3.3; His®;6xK27R follicle cell
clones
Next, the results from chapter 4.4.3 were challenged by investigating the signal in-

tensity of H3T11ph in AH3.3; His®; 6xK27R mutant follicle cell clones of early egg
chambers (Figure 23).
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Figure 23: Localization of H3T11ph in AH3.3; His®; 6xK27R follicle cell clones.

The egg chambers were dissected 2 d after the last heatshock. Mutant cell clones (dashed lines) were
identified by the absence of GFP fluorescence (B). The tissues were stained for H3T11ph (C) and
DNA (D). In AH3.3; His®; 6xK27R mutant follicle cells of early egg chambers the signal for H3T11ph is
still present and the signal intensity appears to be unchanged compared to non-mutant cells. Scale

bar represents 10 ym.
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4.5.4 Histone modifications in AH3.3; His®; 6xT11A follicle cell clo-

nes

In His®; 6xT11A mutant follicle cell clones the signal for H3T11ph was still detectable
and remained unchanged compared to surrounding non-mutant follicle cells (see
chapter 4.4.4). To answer the question if H3.3 is able to compensate for the loss of
the canonical H3 in regard to the phosphorylation of threonine 11, flies were crossed
accordingly. Cell clones were induced, the ovaries were dissected 2 d after the last
heatshock and the presence of AH3.3; His®, 6xT11A mutant follicle cell clones was
investigated (Figure 24).

H3T11Ph

Figure 24: Distribution of H3T11ph in AH3.3; His®; 6xT11A follicle cell clones.

The egg chambers were dissected 2 d after the last heatshock. Mutant cell clones (dashed lines) were
identified by the absence of GFP fluorescence (B). The tissues were stained for H3T11ph (C) and
DNA (D). (A-D) In AH3.3; His®; 6xT11A mutant follicle cells of early egg chambers the signal for

H3T11ph is almost completely absent. Scale bar represents 10 ym.

It is worth noting that AH3.3; His, 6xT11A mutant cell clones are rarely detectable
and these clones are small. The signal for H3T11ph (Figure 24 C) in AH3.3; His",
6xT11A mutant follicle cell clones is dramatically decreased and hardly detectable.
Thus, indeed T11 on the histone variant H3.3 is able to compensate the loss of T11
on the canonical histone H3.
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Furthermore the distribution of H3K27me3 was examined in AH3.3; His®; 6xT11A
follicle cell clones. The signal for H3K27me3 is very low in follicle cell clones in late
egg chambers around stage 8-10 of oogenesis. In AH3.3; His®; 6xT11A follicle cell
clones of stage 8 egg chambers the signal for H3K27me3 is highly increased (Figure
25). The DNA in these AH3.3; His®; 6xT11A follicle cell clones is more condensed
compared to surrounding non-mutant cells (Figure 25 D). In follicle cell clones of ear-
lier egg chambers this effect was not detected (data not shown).
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Figure 25: Distribution of H3K27me3 in AH3.3; His®; 6xT11A follicle cell clones.

The egg chambers were dissected 2 d after the last heatshock. Mutant cell clones (dashed lines) were
identified by the absence of GFP fluorescence (B). The tissues were stained for H3K27me3 (C) and
DNA (D). In AH3.3; His®; 6xT11A mutant follicle cells of late egg chambers the signal for H3K27me3 is
highly enriched and the chromatin is more condensed compared to surrounding non-mutant follicle

cells. The scale bar represents 10 ym.
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4.6 Wing imaginal discs as a model system to study the

effect of H3T11ph on known Polycomb target genes

After characterization of the T11A and K27R mutation in follicle cells | addressed the
physiological function of H3T11ph. It was shown earlier (see chapter 4.3.2) that the
presence of the histone mark H3T11ph is based on the enzymatic activity of the his-
tone methyltransferase E(z). Using the histone replacement system it was shown that
the presence of H3T11ph is not dependent on the presence of the histone mark
H3K27me3, which is the modification directly introduced by the methyltransferase
E(z). An effective system to study the functional role of histone modifications and
modification writers are the wing imaginal discs of D. melanogaster larvae (Hodl &
Basler, 2009, 2012; Pengelly et al., 2013; Yung et al., 2015). Pengelly et al., 2013

(and many others before) showed that the null mutation E(z)”*’

causes a strong Poly-
comb phenotype in cell clones of wing imaginal discs resulting in a misexpression of
Hox genes. In the same paper the authors showed that the H3K27R mutation also
resulted in a misexpression of Hox genes in cell clones of wing imaginal discs, de-
monstrating that the H3K27me3 modification is instructive for the silencing of Hox
genes. To check whether it is possible to reproduce these results in ovaries, antibody
stainings for Hox proteins were performed in E(z)”*" follicle cell and germline cell clo-
nes (data not shown). Unfortunately none of the stainings (Ubx, Abd-B, Scr, Antp) in
ovaries showed any enrichment of the proteins at all. Therefore, further experiments
were performed using wing imaginal discs as a model system. The first step was to
investigate whether the phenotypes found in the ovaries are transferable to wing

31 also causes a

imaginal discs. Firstly, it was investigated if the null mutation E(z)
reduction of H3T11ph in wing imaginal disc clones. Secondly, the histone mutants
(H3K27R and H3T11A) were characterized and analyzed for a putative misexpressi-

on of Hox genes in wing imaginal disc clones.
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4.6.1 Distribution of H3T11ph in E(z) mutant cells in wing imaginal

discs

The wings of D. melanogaster develop from the larval precursor cells of imaginal
discs. Imaginal discs are monocellular epithelial layers that consist of undifferentia-
ted, proliferating cells. During the larval stage the cells in the growing disc are undif-
ferentiated, but their developmental fate in the adult is already determined. The wing
imaginal disc comprises ~20 cells when it is formed during embryonic development.
These cells proliferate during the three larval stages to generate a disc of approxi-
mately 50.000 cells in the late third instar (Klein, 2001; Lawrence & Morata, 1977).
Shortly after the beginning of pupariation, cell divisions cease and the differentiation

31 and Su(z)12* cell clones in the

of adult structures begins. For induction of E(z)
wing imaginal discs larvae were heatshocked 72 h after egg laying. The dissection
and staining of the wing imaginal discs were accomplished as described in chapter

3.4.3. The discs were stained with antibodies for H3K27me3 (Figure 26).
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Figure 26: Distribution of H3K27me3 and H3T11ph in E(z)"*" and Su(z)712* mutant cell clones in
wing imaginal discs.

The wing imaginal discs were dissected from late wandering 3rd instar larvae. Mutant cell clones were
identified by the absence of GFP fluorescence (B, G). Two mutant clones were marked by white ar-
rowheads. The discs were stained with an H3T11ph antibody (C, H), with DAPI for staining of the DNA
(A,F) and with an H3K27me3 antibody (D,l). (A-E) In E(z)m mutant cell clones the signal for both
H3T11ph and H3K27me3 is downregulated. (F-J) In Su(z)124 mutant cell clones the signal for
H3K27me3 is absent and the signal for H3T11ph remains unchanged compared to the surrounding

non-mutant cells. Scale bars represent 100 um.
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In E(z)”*" mutant cell clones the signal for H3K27me3 is absent and the signal for
H3T11ph is downregulated as well (Figure 26 A-E, white arrowheads). In Su(z)124
mutant cell clones the signal for H3K27me3 is absent and the signal for H3T11ph is
unchanged compared to the neighbouring non-mutant cells (Figure 26 F-J, white ar-
rowheads). Thus, the earlier described phenotype in follicle cell clones regarding the

downregulation of H3T11ph in E(z)"*’

mutant cell clones is reproducible in wing im-
aginal disc cells. Hence this system can be used to study the biological function of

H3T11ph.

4.6.2 Adapting the histone replacement system to wing imaginal

discs

For induction of cell clones in wing imaginal discs using the histone replacement sys-
tem the first step was to investigate how many His-GUs are sufficient for survival and
proliferation of the mutant cells (Figure 27). In flies carrying the His® deletion without
any His-GUs, there are no His® mutant cell clones detectable in wing discs (Figure 27
A-D). However twin clones, which are homozygous for GFP, can be identified (Figure
27 B, black arrowhead) and survive as they have endogenous histones. The com-
plementation of the His® mutation with twelve His-GUs in wing imaginal disc clones
generates many cell clones (Figure 27 E-H). To test whether fewer His-GUs can
functionally compensate the histone deficiency in wing imaginal disc clones, cell clo-
nes were induced in flies which carry six His-GUs to complement the histone defi-
ciency. Analysis of wing imaginal disc cell clones revealed the presence of many mu-
tant clones carrying 6 His-GUs (Figure 27 I-L). Thus, in wing imaginal disc clones 6
His-GUs are sufficient to rescue the His® phenotype and in all following experiments
six His-GUs were used. As it was already shown in follicle cell clones that H3.3 can
compensate for the loss of the canonical histone H3 with regard to the histone marks
H3T11ph and H3K27ac (chapter 4.5.2 and 4.5.4 respectively), individuals were gene-
rated bearing the deletion of H3.3 in the genetic background. In wing imaginal disc
cell clones bearing only the deletion of both H3.3 genes, mutant cell clones were
found (Figure 27 M-P). Mutant cell clones carrying AH3.3; His®; 6xHis-GUs are visib-
le in wing imaginal disc (Figure 27 Q-T). The clones are smaller compared to His®;
6xHis-GUs cell clones, but nevertheless many cell clones were found. All wing ima-

ginal discs were stained for H3T11ph to investigate if the signal for this histone modi-
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fication is altered by different numbers of wildtype His-GUs. The signal intensity of
H3T11ph is not changed in any of the cell clones in figure 27 showing that the His®
and AH3.3; His® deletion and replacement with wildtype His-GUs had no influence on
the distribution of H3T11ph.
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Figure 27: Rescue of AH3.3; His® and His® mutant cell clones with wild type histone gene units
in wing imaginal discs.

The wing imaginal discs were dissected from late wandering 3rd instar larvae. Mutant cell clones
were identified by the absence of GFP fluorescence. Clones were marked by white asterisks. The
discs were stained with a H3T11ph antibody and DAPI (DNA). In all stainings made for H3T11ph
there is no visible effect on the signal intensity of H3T11ph. (A-D) In animals without any His-GUs the
wing imaginal discs have no His® homozygous clones. However twin clones, which are homozygous
for GFP and appear brighter, can be identified (black arrowheads). (E-H) His®; 12xHis-GUs mutant
cell clones in wing imaginal discs are detectable and are quite big. (I-L) The compensation of the
homozygous His® deletion with 6xHis-GUs results in cell clones that are comparable to His®; 12xHis-
GUs cell clones in size and frequency. (M-P) Homozygous AH3.3 cell clones without any transgenes
are found. The clones are small compared to His®; 6xHis-GUs cell clones. (Q-T) AH3.3; His®; 6xHis-
GUs cell clones were found but they are smaller compared to His®; 6xHis-GUs cell clones. Scale bars

represent 100 ym.

4.6.3 Characterization of AH3.3; His®; 6xT11A and His®; 6xT11A cell

clones in wing imaginal discs

Next, wing imaginal discs with transgenic His-GUs carrying the T11A mutation were
examined (Figure 28).
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Figure 28: Distribution of H3T11ph in AH3.3; His;6xT11A and His®;6xT11A cell clones.

Regions containing clones in A-D were marked by dashed white boxes and magnified in the insets.
Clones in E-H were marked by white arrowheads. (A-D) The compensation of the homozygous His®
deletion with 6xT11A results in small cell clones. The signal for H3T11ph is unchanged in His®;
6xT11A cell clones. (E-H) In AH3.3; His®: 6xT11A mutant cell clones in wing imaginal discs are even
smaller and less frequent compared to HisC; 6xT11A cell clones. The signal for H3T11ph is absent in

these cell clones. Scale bars represent 100 um.
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In His®; 6x T11A mutant cell clones in wing imaginal discs small cell clones were
found (Figure 28 B, D; regions containing clones were marked by dashed white bo-
xes and magnified in the insets) compared to wildtype His-GUs (Figure 27 J, L). The
signal for H3T11ph is still present and unchanged in His®; 6x T11A mutant cell clones
compared to non-mutant cells. This resembles the results from follicle cells of the
ovaries (see chapter 4.4.4). To clarify if an additional deletion of the histone variant
H3.3 results in a reduction of H3T11ph, AH3.3; His®; 6xT11A cell clones were in-
duced in wing imaginal discs and investigated (Figure 28 E-H). AH3.3; His®; 6xT11A
cell clones are very small (Figure 28 F, H; marked by white arrowheads) showing that
these cells clearly have a proliferation deficit. Nevertheless in AH3.3; His®; 6xT11A
cell clones the signal for H3T11ph is completely absent (Figure 28 G).

The distribution of H3K27me3 in AH3.3; His®; 6xT11A cell clones was investigated as
well and appeared not to be altered compared to the surrounding non-mutant cells
(Figure 29).
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Figure 29: Distribution of H3K27me3 in AH3.3; His®; 6xT11A cell clones.

The wing imaginal discs were dissected from late wandering 3rd instar larvae. Mutant cell clones were
identified by the absence of GFP fluorescence (B). Clones were marked by white arrowheads. The
discs were stained with a H3K27me3 antibody (C) and DAPI for staining of the DNA (A). (A-D) In
AH3.3; His®: 6xT11A cell clones the signal for H3K27me3 is not altered compared to the surrounding

non-mutant cells.
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4.6.4 Characterization of AH3.3; His®; 6xK27R and His®; 6xK27R cell
clones in wing imaginal discs

Next, the distribution of H3K27me3 in His®; 6xK27R cell clones was investigated (Fi-
gure 30). In His®; 6xK27R cell clones in wing imaginal discs many big cell clones we-

re obtained (Figure 30 B, D). In these cell clones the signal for H3K27me3 is comple-
tely absent (Figure 30 C, white arrowhead).

Figure 30: Distribution of H3K27me3 in His®; 6xK27R cell clones.

14

N .
N
X

>
(7}
5}
&
I

The wing imaginal discs were dissected from late wandering 3rd instar larvae. Mutant cell clones were
identified by the absence of GFP fluorescence (B). A Clone was marked by a white arrowhead. The
discs were stained with a H3K27me3 antibody (C) and DAPI (A). The compensation of the homozygo-
us His® deletion with 6xK27R transgenes resulted in many big cell clones. The signal for H3K27me3 is

absent in His®; 6xK27R cell clones. The scale bar represent 100 ym.
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The distribution of H3K27me3 and H3T11ph was investigated in AH3.3; His®;
6xK27R cell clones. The signal for H3K27me3 is absent in these cell clones as well
(Figure 31 E, F, insets marked by dashed white box) and the signal for H3T11ph is
not changed in AH3.3; His®: 6xK27R cell clones (Figure 31 A, B). AH3.3; His®;
6xK27R cell clones are small compared to AH3.3; His®; 6xHis-GUs cell clones (Figu-
re 27 R, T) indicating that AH3.3; His®; 6xK27R cell clones also have a proliferation
deficit.

Figure 31: Distribution of H3K27me3 and H3T11ph in AH3.3; His®; 6xK27R cell clones.

The wing imaginal discs were dissected from late wandering 3rd instar larvae. Mutant cell clones were

identified by the absence of GFP fluorescence. Regions containing clones were marked by dashed
white boxes and magnified in the insets. The discs were stained with a H3K27me3 and H3T11ph anti-
body and with DAPI (DNA). In AH3.3; His®; 6xK27R mutant cell clones in wing imaginal discs are
smaller compared to His®; 6xK27R cell clones. The signal for H3K27me3 is completely absent in these
cell clones (E, F) whereas the staining for H3T11ph revealed that the signal for H3T11ph remains

unchanged (A, B). The scale bar represents 100 ym.
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Next the distribution of H3K27ac in AH3.3; His®; 6xK27R cell clones was investigated
as well. In AH3.3; His®; 6xK27R cell clones of wing imaginal discs the signal for
H3K27ac is downregulated compared to the surrounding non-mutant cells (Figure 32
C).
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Figure 32: Distribution of H3K27ac in AH3.3; His®; 6xK27R cell clones.

Mutant cell clones were identified by the absence of GFP fluorescence (B). A mutant cell clone was
marked by a white arrowhead. The discs were stained with a H3K27ac antibody (C) and DAPI (A).
The signal for H3K27ac is downregulated in His®; 6xK27R cell clones. The scale bar represent 100

pm.

4.6.5 Influence of AH3.3; His®; 6xT11A on the expression of Hox

genes

The next step was to test whether the mark H3T11ph is linked to the regulation of
Hox gene expression. It was already published that His®; 6xK27R and E(z) mutant
clones in anterior body segments show misexpression of posterior Hox genes resul-
ting in a classical Polycomb phenotype (Pengelly et al., 2013). This data was repro-
ducible in wing imaginal discs with our His®; 6xK27R transgenic fly line as well as
with AH3.3; HisC; 6xK27R transgenic fly lines (data not shown). AH3.3; HisC; 6xT11A
cell clones were induced in 3rd instar larvae and stained for Sex-comb reduced (Scr),
Ultrabithorax (Ubx), Abdominal-B (Abd-B) and Antennapedia (Antp) (Figure 33). Ubx,
Scr and Abd-B are normally repressed in wing imaginal discs (Busturia & Morata,
1988). The Antp protein is normally observed in the part of the wing disc that will give
rise to thoracic structures of the prescutum (Wirz, Fessler, & Gehring, 1986). In none
of the stainings in wing imaginal discs carrying AH3.3; His®; 6xT11A mutant cell clo-
nes is misexpression of Hox genes detected. At the same time haltere discs were
also dissected and stained for Scr, Ubx, Abd-B and Antp to examine a potential

change of Hox gene expression resulting in a Trithorax phenotype. In none of the
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stainings in haltere discs is misexpression of Hox genes detected (data not shown).
Thus, the H3T11A mutation does not result in any alteration of the expression of
known Polycomb target genes.
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Figure 33: In AH3.3; His®; 6xT11A mutant cell clones Hox genes are expressed normally.

The wing discs were dissected from late wandering 3rd instar larvae. Mutant cell clones were identifi-
ed by the absence of GFP fluorescence (A’, B’, C’ and D’) and were marked by white arrowheads. The
discs were stained for Scr (A”), Ubx (B”), Abd-B (C”) and Antp (D”). The DNA was stained with Dapi
(A, B, C” and D). (A-A’’) Stainings with a Scr antibody revealed no change in AH3.3; His®;
6xT11A cell clones compared to the surrounding non-mutant cells. (B-B”’) In AH3.3; His®; 6xT11A cell
clones misexpression of Ubx is not detected. (C-C’) Stainings with an Abd-B antibody showed no
difference in AH3.3; His®; 6xT11A cell clones compared to the surrounding non-mutant cells. (D-D’”)
In AH3.3; His®; 6xT11A cell clones a change of the signal for Ubx is not detected. Scale bars re-

present 100 um.

4.7 Genome wide distribution of H3K27me3 and H3T11ph in
S2R+ cells using the ChIP-seq technique

Chromatin immunoprecipitation (ChlP) followed by high-throughput DNA sequencing
(ChlP-seq) has become a valuable and widely used approach for mapping the ge-
nomic location of transcription-factor binding and histone modifications in living cells
(Barski et al., 2007; Johnson, Mortazavi, Myers, & Wold, 2007; Robertson et al.,
2007). In brief, the DNA-associated protein is crosslinked to DNA in vivo by treating
cells with formaldehyde and then the chromatin is sheared by sonication into small
fragments, generally in the 200—600 bp range. Then an antibody specific to the pro-
tein of interest is used to immunoprecipitate the DNA-protein complex. Finally, the
crosslinks are reversed and the released DNA is assayed to determine the se-
quences bound by the protein. During the construction of a sequencing library, the
immunoprecipitated DNA is subjected to size selection (typically in the ~150-300 bp
range). Then the library is sequenced using a next-generation sequencing platform,
in this case the NextSeq 500 lllumina platform (Bonn, Zinzen, Perez-Gonzalez, et al.,
2012). To obtain a clearer view in which chromatin domains H3T11ph is located and
at which genes H3T11ph is enriched and depleted, Chip-Seq experiments were per-
formed. Simultaneously the genome wide distribution of H3K27me3 was also exa-
mined by ChIP-Seq experiments to compare the distribution of both modifications in

relation to each other.
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4.7 .1 Distribution of H3K27me3 and H3T11ph in S2R+ cells

The ModENCODE (Model organism Encyclopedia of DNA Elements) project is a
consortium which aims to define all of the functional elements in the human, worm
and fly genomes. The modENCODE project is run as an open consortium and its
database provides access to already generated data to unravel the epigenome of the
mentioned model organisms (Landt et al., 2012). For generation of the genome wide
high resolution profile of H3K27me3 and H3T11ph the modENCODE cell line S2R+
was used (Yanagawa, Lee, & Ishimoto, 1998). Initially, the distribution of H3K27me3
and H3T11ph in S2R+ were analyzed by immunofluorescence. Both histone modifi-
cations are highly abundant in S2R+ cells as shown in figure 34.

e

H3K27me3 H3T11Ph

Figure 34: Occurence of H3K27me3 and H3T11ph investigated by Immunofluorescence.

S2R+ cells were grown to confluency and then stained with antibodies against H3K27me3 (C) and
H3T11ph (D). The DNA was stained with Dapi (B). H3K27me3 is enriched in heterochromatic regions
of the chromatin (see white asterisks). H3T11ph is broadly distributed all over the chromatin.

As the mutation of E(z) shows an effect in both the germline and wing imaginal discs
of D. melanogaster, the question was whether the correlation between E(z) and
H3T11ph is also present in S2R+ cells. Thus, dsRNA against exon 6 of E(z) and
against exon 2 of Su(z)12 was generated. The cells were treated for 5 d with the cor-
responding dsRNA as described in chapter 3.3.6. Simultaneously untreated cells we-
re also grown to examine the normal level of H3K27me3 and H3T11ph in S2R+ cells
via western analysis. The treatment of S2R+ cells with dsRNA against E(z) and
Su(z)12 both result in a decrease for the signal of H3K27me3 (Figure 35). The signal
of H3T11ph decreases in cells treated with dsRNA against E(z) but remains the sa-
me in cells treated with dsRNA against Su(z)12 compared to untreated cells (Figure
35 B).
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Thus, a knockdown of E(z) in S2R+ cells results in a decrease of H3T11ph and the
knockdown of Su(z)12 has no influence on the level of H3T11ph. This resembles the
phenotype found in vivo indicating that the correlation between E(z) and H3T11ph
exists in general.

A dsRNA B dsRNA

S i 3 ¢ w a
&-Tubulin - 50 kDa o-Tubulin - 50 kDa
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Figure 35: H3T11ph is downregulated in E(z) knockdowns in S2R+ cells.

Western Blots of whole S2R+ cell extracts after 5-days treatment with E(z) or Su(z)12 dsRNAs (lanes
2 and 3 respectively). Untreated S2R+ cells in lane 1 serves as a general control for the presence of
the histone modifications. B-tubulin served as loading controls. (A) Untreated cells show the normal
enrichment of H3K27me3. S2R+ cells treated with E(z) and Su(z)12 dsRNA results in a decrease of
H3K27me3. (B) Untreated cells show the normal enrichment of H3T11ph in S2R+ cells. S2R+ cells
treated with E(z) dsRNA results in a decrease of H3T11ph, whereas S2R+ cells treated with Su(z)12
dsRNA does not change the signal of H3T11ph.
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4.7.2 Optimization of the conditions for ChiIP

The ChIP conditions are highly dependent on the quality of the antibody and the a-
bundance and accessibility of the target protein epitope. Before starting to optimize
the condition for the ChlP both antibodies were subjected to histone peptide arrays to
validate the cross-reactivity of the H3K27me3 and H3T11ph antibodies with other
PTMs (Figure 36). Each peptide array contains 384 unique histone modification
combinations in duplicate. Both antibodies show only a little cross-reactivity with
other histone modifications.

Specificity Factor
ity

Modification Modification

Figure 36: Results of Histone Peptide Arrays for validation of the specificity of the H3K27me3
and H3T11ph antibodies respectively.

Spot densitometry was used to analyze spot intensity from the ECL camera image. Results were
compared to the provided reference grid to determine the associated peptide content. The results
were graphed as a specificity factor, which is the ratio of the average intensity of all spots containing
the mark divided by the ratio of the average intensity of all spots not containing the mark. The results
for the H3K27me3 antibody is shown in (A) and for H3T11ph in (B). The results show that both antibo-

dies have little cross-reactivity with other histone modifications.

The optimal amount of chromatin, antibody and magnetic beads are the main as-
pects that have to be considered for a successful ChIP experiment (Bonn, Zinzen,
Perez-Gonzalez, et al., 2012). A sensitive yet specific antibody will give a high level
of enrichment compared to the background, making it easier to detect binding events.
The conditions of the ChIP for H3K27me3 were chosen as published before (Bonn,
Zinzen, Girardot, et al., 2012). However, currently there is no published ChlIP-Seq
data from D. melanogaster cells available for H3T11ph as this histone modification is
a less well characterized histone mark. Therefore, the first task to accomplish the
Chromatin Immunoprecipitation was to set up the conditions of the ChlIP for this anti-
body. To control the success of a ChIP experiment one has to keep two considerati-
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ons in mind, the enrichment and the recovery. Enrichment provides an indication of
the specificity of the ChIP and can be monitored by qPCRs of expected enriched re-
gions over suspected negative regions. The enrichment determined serves as a gui-
de in finding which antibody, chromatin and bead amounts allow for the best enrich-
ment (Bonn, Zinzen, Perez-Gonzalez, et al., 2012). For H3K27me3 there is publicly
available ChIP-seq data provided by ModENCODE. Thus, according to this data set,
primer pairs to control for positive and negative genomic regions were chosen. As
there is no genomic data available for the distribution of H3T11ph, the same primers
were used as a hint to investigate the enrichment of H3T11ph. Recovery provides an
indication of the efficiency of the ChIP and is especially important for subsequent
library generation. In total 5 ng material from the ChIP is needed for library generati-
on. The results for the determination of the efficiency of six performed ChlIPs are il-
lustrated in figure 37. For IP1-IP3 the H3K27me3 antibody was used in different
amounts (0.5 pg, 1 pug, 2 pg). The same was done in IP4-IP6 using the H3T11ph
antibody in different amounts (0.5 pg, 1 pg, 2 pg). The results of the gPCRs for three
positive regions (Abd-A, Ubx, Opa) and one negative region (Gapdh1) are shown for
IPs using both antibodies respectively (Figure 37 A, B). The negative region clearly
shows a depletion of all IPs using the H3K27me3 antibody as well as for IPs using
the H3T11ph antibody. The enrichment is finally obtained by calculating the ratio of
the gPCR result of the positive region versus the negative region (see chapter 3.2.6).
Values 5-fold over input are considered as specific (Figure 37 C). Thus, IP2
(H3K27me3) and IP5 (H3T11ph) were chosen for library generation as they showed
the highest enrichment.
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IP4 3,1 1,37 2,69
IP5 5,94 2,95 3,82
IP6 4,18 2,12 3,59

Figure 37: Results of the ChIP optimization.

(A, B) Chromatin IPs were performed using sheared S2R+ chromatin (8 x 10° cells per ChIP) and
different amounts of the indicated antibody respectively. gPCR was performed on DNA purified from
each of the ChIP reactions using primer pairs specific for the indicated genes. The data is presented
as % of input calculated from the ChIP antibody signal normalized to the input sample. (A) The positi-
ve gene regions Abdominal-A (Abd-A), Ultrabithorax (Ubx) and Odd-paired (Opa) are enriched in all
IPs. The values for the negative region Gapdh1 are very low. (B) Using 0.5 pg of the H3T11ph antibo-
dy results in no enrichment in any of the tested regions. The values for the positive regions using the
DNA from IP5 and IP6 show a clear enrichment and for the negative regions a depletion. (C) The final
enrichment is obtained by calculating the ratio of the qPCR results of the positive regions versus nega-

tive regions. IP2 and IP5 show the highest enrichment and are used for subsequent library preparati-
on.

After library generation the samples were committed to the sequencing core facility of
the Max Planck Institute for Molecular Genetics in Berlin. For sequencing the Next-
Seq 500 lllumina platform was used.
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4.7.3 Genome wide distribution of H3K27me3 and H3T11ph

The bioinformatic analysis of the obtained data from the sequencing facility was per-
formed in collaboration with Dr. Alisa Fuchs from the research group ,Computational
Epigenomics® from the MPI for Molecular Genetics in Berlin. All bioinformatics analy-
sis was run on a server at the MPI for Molecular Genetics and operated by using a
locally installed version of the GALAXY platform (Blankenberg et al., 2010; Giardine
et al., 2005; Goecks et al., 2010). Effective analysis of ChlP-seq data requires suffi-
cient coverage by sequencing reads (sequencing depth). The required depth de-
pends mainly on the size of the genome and the number and size of the binding sites
of the protein (Bailey et al., 2013). For the input sample 73.8 million reads were ac-
quired, for H3K27me3 99.1 million reads and for H3T11ph 82.3 million reads. This
sequencing depth is very deep indicating that the whole genome is covered by mul-
tiple reads. The reads were then mapped to the D. melanogaster genome Dm 2006 -
BDGP R5/dm3 which was provided by the Berkeley Drosophila Genome Project
(BDGP) using the short read aligner Bowtie (Langmead et al., 2009). After mapping,
a peak calling analysis was conducted to predict the regions of the genome where
the ChlPed protein is bound by finding regions with significant numbers of mapped
reads (peaks) (Bailey et al., 2013). A fine balance between sensitivity and specificity
depends on choosing an appropriate peak-calling algorithm and normalization me-
thod based on the type of protein ChlPed: point-source factors such as most
transcription factors or broadly enriched factors such as histone marks. For both
H3K27me3, as it is known to be a broadly distributed mark, and H3T11ph the peak
calling algorithm MACS (Model-based Analysis of ChlP-Seq) was used (Feng, Liu,
Qin, Zhang, & Liu, 2012; Feng, Liu, & Zhang, 2011; Zhang et al., 2008). All peaks
were called against input controls with low stringency using the MACS2 program
(Diaz, Park, Lim, & Song, 2012). It corrects mainly for bias related to the variable so-
lubility of different regions, shearing of the DNA, and amplification. The peak caller
also eliminates peaks that are not significant with respect to local background.
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Next, the data was uploaded to the UCSC Genome Browser to visualize and com-

pare the data sets (Figure 38).
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Figure 38: Representative genomic region of chromosome 2 showing the distribution of
H3K27me3 and H3T11ph peaks.

The distribution of H3K27me3 and H3T11ph is shown in a genomic region of 180 kbp length. In some
parts of the genome the peaks of H3T11ph are overlapping with peaks of H3K27me3 showing appro-
ximately the same shape of the peaks (green squares). In other parts H3T11ph is highly enriched in
genomic regions resulting in very high peaks where H3K27me3 is depleted (red squares). IN: input

sample

The height of the peaks represents the number of reads obtained in each region sca-
led to the total number of reads. The distribution of H3T11ph shows two different
kinds of peaks. On the one side H3T11ph seems to be a broadly enriched factor
covering a big part of the genome with a medium high peak enrichment (green bo-
xes, Figure 38). From now on these peaks are called 'H3T11ph low peaks’. On the
other side there are genomic regions where H3T11ph is highly enriched resulting in
very high, sharp peaks as expected from point-source factors (red boxes, Figure 38).
From now on these peaks are called '"H3T11ph high peaks’.
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H3T11ph low peaks show a big overlap with H3K27me3, indicating that these histone
modifications are co-localized and enriched in similiar genomic regions (Figure 39 A).
For quantification of the overlap of the peaks of H3K27me3 and H3T11ph low peaks
a Venn diagram was generated (Figure 39 B).
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Figure 39: H3T11ph low peaks are highly overlapping with H3K27me3 peaks.

(A) A representative genomic region of approximately 40 kbp on chromosome 2 R shows that the
peaks of H3K27me3 and H3T11ph low peaks are overlapping and that the shape of the peaks
appears to be very similiar to each other. (B) A Venn diagram is shown comparing the datasets for
H3K27me3 and H3T11ph low peaks. 73,85 % of all H3T11ph low peaks overlap with H3K27me3 and
87.09 % of all H3K27me3 peaks overlap with H3T11ph low peaks.

73.8 % of all H3T11ph low peaks overlap with H3K27me3 peaks and 87,09 % of all
H3K27me3 peaks overlap with H3T11ph low peaks. Thus, H3K27me3 and H3T11ph
low peaks are overlapping, indicating that they are enriched in the same genomic

regions.
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4.7.4 Distribution of H3T11ph high peaks and H3K27me3

At genomic regions where H3T11ph high peaks are located the signal for H3K27me3
is depleted (red boxes, Figure 40). Furthermore, H3T11ph high peaks seem to be
located at borders of H3K27me3 domains as many of the H3T11ph high peaks are
located at genomic regions where H3K27me3 is enriched on one side of the peak
and depleted at the other side of the peak. H3T11ph high peaks furthermore appear
to be primarily enriched at promotors and transcription start sites (TSS).
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Figure 40: H3T11ph high peaks are enriched at promotors and transcription start sites (TSS).

A representative genomic region of 10 kbp shows that H3T11ph high peaks are enriched at promotors
and TSS of genes. H3K27me3 is depleted at H3T11ph high peaks (red boxes). H3T11ph high peaks
also appear to be located at borders of H3K27me3 domains indicated by the enrichment of

H3K27me3 peaks at one side of H3T11ph high peaks and the depletion on the other side.

To further characterize and quantify the distribution of H3T11ph high peaks in regard
to H3K27me3 domains, heatmaps were generated to investigate the overall distribu-
tion of H3K27me3 around H3T11ph high peaks (Figure 41). First, all genomic
H3T11ph high peaks were aligned with the high peaks in the center. The regions 3
kbp upstream and downstream of the center are plotted. The peaks of H3K27me3
were then sorted according to the H3T11ph high peaks. Over the heatmaps a line
plot of the averaged strength of reads is also shown (Figure 41 A). The line plot in
figure 41 A shows the depletion of the H3K27me3 signal at sites of H3T11ph high

peaks.
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Figure 41: Line plots and heatmaps of H3K27me3 signal sorted according to H3T11ph high
peaks and split into 4 clusters.

The signal intensity is shown as a spectogram with blue reflecting a high enrichment signal and red
reflecting no signal. All genomic regions were scaled to have the same length (3 kbp upstream and
downstream of H3T11ph high peaks). The center represents the aligned H3T11ph high peaks. Over
the heatmaps a line plot of the averaged strength of reads is also shown. (A) The heatmap of
H3K27me3 sorted according to H3T11ph high peaks is shown. The line plot shows a depletion of
H3K27me3 around H3T11ph high peaks and an averaged signal on both sides of H3T11ph high
peaks of about 40. (B) The signal for H3K27me3 sorted according to H3T11ph was split into four
clusters. Cluster 1: Depletion of H3K27me3 of both sites of H3T11ph high peaks. Cluster 2: Enrich-
ment of H3K27me3 downstream of H3T11ph high peaks. Cluster 3: Enrichment of H3K27me3 up-
stream of H3T11ph high peaks. Cluster 4: Enrichment of H3T11ph at both sites of H3T11ph high
peaks. The line plot summarizes the results of the heatmap showing the averaged peak signal of
H3K27me3 around H3T11ph high peaks for each cluster.
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The signals for H3K27me3 sorted according to H3T11ph was split into 4 clusters (Fi-
gure 41 B). In regions of cluster 1 H3K27me3 is depleted upstream and downstream
of H3T11ph high peaks. This represents the majority of the distribution of H3K27me3
around H3T11ph high peaks. In regions of cluster 2 H3K27me3 is depleted upstream
of H3T11ph high peaks and enriched downstream of H3T11ph high peaks. In regions
of cluster 3 the distribution of H3K27me3 is exactly reversed namely H3K27me3 is
depleted downstream of H3T11ph high peaks and enriched upstream. Regions of
cluster 4 shows genomic areas where H3K27me3 is enriched at both sites of
H3T11ph high peaks. This pattern of H3K27me3 around H3T11ph high peaks indica-
tes that H3T11ph high peaks might be a mark acting as a barrier for the H3K27me3
signal setting up borders to prevent the H3K27me3 signal from spreading in regions
of actively transcribed genes. Therefore, the distribution of H3K27me3 and H3T11ph
peaks were compared to the distribution of a histone modification which correlates

with actively transcribed genes, namely H3K36me3 (Bannister et al., 2005).

4.7.5 Distribution of H3K36me3 around H3T11ph high peaks

The ChlP-seq data for H3K36me3 was an external data set derived from a recently
published paper (Lhoumaud et al., 2014). This data-set was compared to H3K27me3
and H3T11ph, especially around H3T11ph high peaks (Figure 42).
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Figure 42: Distribution of H3K36me3 and H3K27me3 around H3T11ph high peaks.

The distribution of H3K27me3, H3T11ph and an external data set for H3K36me3 is shown in a re-
presentative genomic region of approximately 12 kbp. Around some H3T11ph high peaks the signal
for H3K27me3 decreases (marked by red boxes) on one side and the signal for H3K36me3 increases
on the other side.The data set for H3K36me3 was derived from a recently published paper (Lhoumaud
etal.,, 2014).
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It appears that H3T11ph high peaks function as a mark for the transition between
H3K27me3 and H3K36me3 as H3T11ph high peaks seem to determine the decline
of H3K27me3 on the one side and the increase of H3K36me3 on the other side. This
most likely marks the transition from silenced gene regions to actively transcribed
gene regions. In general the eukaryotic genome is structured into domains, which
serve different functions. One of these functions is to group euchromatic and hete-
rochromatic genomic regions into separate domains. The definition of a domain bor-
der is the switch from repressive marks to active marks on the chromatin landscape.
Insulators functionally separate and demarcate these domains from each other to
ensure the proper maintenance of their corresponding activity status (Ghirlando et
al., 2012; Kyrchanova & Georgiev, 2014) and the spreading of H3K27me3 into
neighbouring domains respectively (Bowman et al., 2014). To further investigate a
potential role of H3T11ph in setting up borders, the interplay between H3T11ph high

peaks and insulator proteins was examined.

4.7.6 H3T11ph high peaks overlap with insulator proteins

Classically, insulators are meant to have two major functions. One function is to block
the propagation of heterochromatic structures into adjacent euchromatin and the se-
cond is to block the interaction between an enhancer and promoter when placed
between them (Gurudatta & Corces, 2009). Insulators are DNA-protein complexes
and many protein components of insulator elements have been characterized
(Gerasimova & Corces, 1998). Their distribution across the genome of D. melano-
gaster was published before (Cuddapah et al., 2009; Negre et al., 2010). At least 5
subclasses of insulators are described in D. melanogaster. Each subclass contains a
different DNA binding protein (Beaf, dCTCF, Su(Hw), Gaf, Zw5) that may define the
specific function of the corresponding subclass. Most insulators share the common
cofactor CP190, which is required for the functional activity of insulator proteins and
is involved in the aggregation of the insulator proteins into specific structures named
nuclear speckles (Oliver, Sheehan, South, Akbari, & Pai, 2010). In addition, all sub-
classes may also have one Mod(mdg4) isoform which is also necessary for homo-
multimerization (Bushey, Dorman, & Corces, 2008; Gurudatta & Corces, 2009). To
further investigate the question of whether H3T11ph high peaks coincide with insula-
tors, a combinatorial track of 5 insulator proteins obtained by multiple Chip-Seq expe-
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riments was compared to H3T11ph high peaks. A representative genomic region of
about 65 kbp is shown in figure 43 A combining the tracks for H3K27me3, H3T11ph
and the insulator track. The insulator track was obtained from experiments performed
by Dr. Alisa Fuchs and shows the overlap of the peaks of the five individual single
insulator tracks. The insulator track combines individual tracks for the insulator pro-
teins CP190, CTCF, Mod(mdg4), Beaf and Su(Hw). The insulator peaks appear to
coincide with H3T11ph high peaks (Figure 43 A, red boxes). This indicates that
H3T11ph high peaks are indeed located at genomic positions where insulator pro-
teins are also enriched. To further charaterize the overlap of H3T11ph high peaks
and insulator proteins a Venn diagram was generated (Figure 43 B). The combined
insulator track consists of 2407 peaks, the H3T11ph track has 3452 high peaks in
total. 22.7 % of all H3T11ph high peaks overlap with the insulator peaks and 32.6 %
of the combined insulator peaks overlap with H3T11ph high peaks.
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Figure 43: H3T11ph high peaks are overlapping with boundary proteins.

(A) A representative genomic region of approximately 65 kbp on chromosome 3 R shows that
H3T11ph high peaks are overlapping with insulator peaks of a combined Chip-Seq track of 5 individual
insulator protein tracks (red boxes). Both H3T11ph high peaks and the insulator track are enriched at
H3K27me3 borders meaning the boundary of enrichment and depletion of H3K27me3.

(B) Shown is a Venn diagram comparing the datasets for H3T11ph high peaks and insulator peaks. In
total there are 2407 peaks in the insulator track and 3452 peaks of H3T11ph high peaks. 22.7 % of all
H3T11ph high peaks overlap with insulators and 32.6 % of the insulator peaks overlap with H3T11ph
high peaks.
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The overlap of H3T11ph high peaks and insulator peaks was further visualized by
generation of a heatmap. Firstly, the insulator peaks were sorted with all peaks in the
center of the heatmap and then the H3T11ph high peaks were aligned accordingly
(Figure 44).
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Figure 44: Line plot and heatmap showing the overlap of H3T11ph high peaks with boundary
proteins.

The signal intensity is shown as a spectogram with blue reflecting a high enrichment signal and red
reflecting no signal. All genomic regions were scaled to have the same length (3 kbp upstream and
downstream of insulator proteins). The sorted insulator protein peaks are located in the middle of the
heatmap. The heatmap of H3T11ph high peaks over insulator peaks in D. melanogaster S2R+ cells

shows a big overlap of their high peaks.
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The genomic regions 3 kbp upstream and downstream of the center are plotted. The
two tracks overlap very well, which is also indicated by the line plot over the heatmap
in figure 44. The line plot shows a big enrichment of H3T11ph high peaks with the
peaks of insulator proteins sorted in the center of the heatmap. As the insulator track
is a combination of 5 individual tracks derived from independent ChIP-Seq experi-
ments, the single tracks were also analyzed regarding their overlap with H3T11ph
high peaks respectively. In figure 45 the tracks for Beaf, CP190, CTCF, Mod(mdg4),
Su(Hw), H3K27me3, H3T11ph and the combinatorial insulator track are plotted in a
representative genomic region of 10 kbp. In this region the H3T11ph high peak does
not overlap with the combinatorial insulator track as indicated by the blue arrow and
the red box. Nevertheless the H3T11ph high peak overlaps with CP190 and
Mod(mdg4) indicating that the H3T11ph high peaks might not overlap with the com-
binatorial track but with a smaller subset of insulator proteins.
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FigureGZS: H3T11ph high peaks are overlapping with boundary proteins.

A representative genomic region of 10 kbp is shown. Tracks for H3T11ph, H3K27me3, input, Su(Hw),
Mod(mdg4), CTCF, Cp190, Beaf and the combinatorial insulator track are plotted. The combinatorial
track summarizes the highest overlap of the individual tracks here marked by a blue arrow. In this
case the combinatorial track does not coincide with the H3T11ph high peak. Nevertheless, the
H3T11ph high peak situated a little bit upstream of the insulator peak overlaps with CP190 and
Mod(mdg4).
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All H3T11ph high peaks, in total 3452 peaks, were analyzed for their overlap with

single insulator proteins (table 8).

number of peaks peak overlap % of overlap
H3T11Ph_high 3452
insulator track 2407 786 22.7%
cP190 9019 1519 44.1%
‘mod(mdgd4) 7417 1441 41.7%
Su(Hw) 7798 1419 41.1%
CTCcF 5456 1189 34.4%
Beaf 5968 836 24.2%
Rad21 3611 815 23.6%
Chromator 4944 713 20.6%
BBmbt 3213 698 20.2%
TF3C 2081 598 17.3%
Dref 2127 539 15.6%
Caph2 3280 539 15.6%

Table 8: Overlap of different boundary proteins with H3T11ph high peaks.

The overlap of H3T11ph high peaks with peaks of 11 insulator proteins was calculated. The insulator
proteins are indicated on the left side. The total amount of peaks for each track is indicated under
number of peaks. Next the overlap of peaks of each insulator track with H3T11ph high peaks is listed.
Under % of overlap the proportion of each insulator protein overlapping with H3T11ph high peaks,

referring to the total amount of H3T11ph high peaks, is indicated.

The highest overlap of H3T11ph high peaks was found for CP190 with 44.1 % over-
lap. The overlap of all H3T11ph high peaks with Mod(mdg4) was 41.7 % and with
Su(Hw) 41.1 %. For CTCF the percentage of all H3T11ph high peaks overlapping
with the CTCF peaks is 34.4 %. All other analyzed boundary proteins show an over-
lap of approximately 20 %. Thus, the H3T11ph high peaks appear to be located at

genomic regions preferentially where CP190, Mod(mdg4) and Su(Hw) are located.
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5 Discussion

Genomes of all eukaryotes are characterized by the assembly of chromatin compo-
sed of DNA and a variety of histone proteins (Marzluff & Duronio, 2002). Histones
carry posttranslational modifications on their tails. These epigenetic marks in the
context of the histone code hypothesis are thought to have regulatory potential for
the transcription of target genes (Jenuwein & Allis, 2001). In the present work the
interplay of epigenetic regulators and histone modifications was characterized in vivo
and in vitro using the D. melanogaster Polycomb system as a model. The loss of the
activity of E(z) and Su(z)12 leads to the loss of two different stem cell types in the
ovary of D. melanogaster indicating that H3K27me3 is an epigenetic mark required
for the maintenance of undifferentiated cells. Furthermore the loss of the enzymatic
activity of E(z) leads to a reduction of H3T11ph. | could show that in E(z) mutant cells
the signal for H3T11ph is reduced, whereas in Su(z)12 mutant cells the signal for
H3T11ph remains unchanged indicating that E(z) has a PRC2 independent function
in mediating the phosphorylation of H3T11ph. Furthermore, | successfully generated
transgenic flies with 6 His-GUs carrying the H3T11A mutation. | was able to show
that the histone 3 variant H3.3 and the cannonical histone H3 can redundantly act as
substrates for T11 phosphorylation in vivo. Cells that solely depend on the expressi-
on of a H3 T11A mutant protein show a severe proliferation defect when they are
simultaneously mutant for H3.3. Furthermore, | found that the H3K27me3 modificati-
on dramatically increases in AH3.3; His®; 6xT11A follicle cells in late egg chambers.
In ChlP-seq experiments | was able to unravel the genomic distribution of H3T11ph
and H3K27me3 in S2R+ cells. H3T11ph overlaps with a significant portion of

H3K27me3 and furthermore overlaps with the binding sites for insulator proteins.
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5.1 E(z) and Su(z)12 are regulators of pluripotency

All cells of an organism share the same genome but exhibit different phenotypes and
carry out diverse functions. Individual cell types, characterized by distinct gene ex-
pression patterns, are generated during development and then stably maintained.
The chromatin state, characterized by the combinatorial presence or absence of spe-
cific histone modifications, shows a profound correlation with gene expression and is
believed to contribute to the establishment and maintenance of cell identities. Geno-
me-wide profiling of pluripotent cells and differentiated cells suggests global chroma-
tin remodeling during differentiation, resulting in progressive transition from a rela-
tively open chromatin configuration to a more compact state (T. Chen & Dent, 2014).

My approach to characterize histone modifications and their regulators that are invol-
ved in the regulation of cellular differentiation was to identify PTMs as candidates for
regulating the undifferentiated state of tissue specific stem cells in D. melanogaster.
In an antibody screen for histone modifications specifically enriched in germline stem
cells of the ovary of D. melanogaster, | found that H3K27me3 is highly abundant in
these undifferentiated, pluripotent cells. Upon differentiation it appears that
H3K27me3 and most likely PcG activity gets restricted to domains of highly compac-
ted heterochromatin. In the karyosome the signal of H3K27me3 is also highly a-
bundant all over the chromatin. Enrichment of H3K27me3 in the karyosome may be
due to the fact that upon fertilisation, the oocyte would regain the potential to form the
whole organism as a zygote. Hence H3K27me3 might be an epigenetic mark needed
to maintain pluripotency. In mammalian embryonic stem (ES) cells it was shown that
there is a large cohort of developmental gene promoters that are simultaneously
marked by both activating H3K4me3 and repressive H3K27me3 modifications. These
patterns of seemingly opposing histone marks on the same promoter are referred to
as “bivalent” domains (Bernstein et al., 2006; Boyer et al., 2006). Bivalent domains
appear to silence developmental genes in ES cells while keeping them poised for
activation until developmental cues lead to their expression. It was shown in ES cells
that bivalent domains consist of large regions of H3K27me3 harboring smaller regi-
ons of H3K4me3 (Bernstein et al., 2006). This is consistent with the finding that
H3K27me3 is found broadly distributed all over the chromatin of GSCs and that
H3K4me3 is enriched in smaller regions of the chromatin (data not shown, result
from antibody screen in chapter 4.1.1) in these cells. Nevertheless it is not yet proven
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that bivalent domains containing both H3K4me3 and H3K27me3 do exist in D. mela-
nogaster. Analysis of D. melanogaster embryos and testis-derived stem cells did not
yield evidence for significant coexistence of both marks (Gan et al.,, 2010;
Schuettengruber et al., 2009). Instead RNA polymerase Il pausing may constitute an
alternative means to coordinate the expression of early developmental genes in D.
melanogaster (Muse et al., 2007; Zeitlinger et al., 2007). Stalled Pol Il is particularly
associated with developmental genes that are repressed and poised for activation.
Maybe Pol Il stalling allows genes to rapidly respond to developmental signals and
thus facilitates the dynamic temporal and spatial expression patterns of developmen-
tal control genes. It might be that the local action of PRC1 in causing H2AK119ub at
transcription start sites might block efficient clearing of Pol Il from the preinitiation
complex and prevents transcription elongation (X. Chen, Lu, Morillo Prado, Eun, &
Fuller, 2011; H. Wang et al., 2004).

It was shown recently that during postembryonic neurogenesis in D. melanogaster,
null mutations in E(z) and Su(z)12 lead to a dramatically reduced proliferation of neu-
roblasts, which are pluripotent cells that divide and give rise to differentiated neuronal
cells. Moreover proliferating neuroblasts are absent in most of these mutant clones
due to apoptosis and posterior Hox genes are ectopically expressed in the postemb-
ryonic neuroblast lineages (Bello, Holbro, & Reichert, 2007). The quantification of
clonal E(z)- and Su(z)12-deficient stem cells in the germarium revealed that both fac-
tors are indispensable for the maintenance of germline stem cells as well as for follic-
le stem cells. Apparently these cells are forced to undergo differentiation as no
apoptotic GSCs or FSCs were found. Most likely the corresponding non-mutant
GSCs/FSCs are competing to replace the proliferation deficient mutant GSC/FSC.
Cell competition is an important mechanism to eliminate cells that are potentially
dangerous for the tissue, including those with insufficient growth or aberrant fates or
cells with damage (de Beco, Ziosi, & Johnston, 2012). For homeostasis of the whole
tissue and for continuous egg production it is indispensable that fitter cells compete
and replace handicapped weaker stem cells.

It seems that the loss of GSCs/FSCs in the ovary due to the E(z) null mutation is a
cell autonomous effect. A knockdown of E(z) in neighbouring somatic gonadal cells in
the testis of D. melanogaster resulted in the upregulation of the somatic cell marker

Zfh-1 in germline cells. This suggests that stem cell fate maintenance in testes of
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adult males depends on the presence of an enzymatically intact E(z) protein in niche
cells (Eun, Shi, Cui, Zhao, & Chen, 2014). This might also be true in the female
germline and needs to be investigated by knockdowns of E(z) or other PRC2 subu-
nits in cap cells, terminal filament cells and escort cells.

The causality for the disadvantage of E(z)/Su(z)12 mutant stem cells towards non-
mutant stem cells in the ovary is still unknown. Inducing E(z) mutant oocytes abolis-
hed spatial and temporal control of the cell cycle and caused sterility via transdeter-
mination of the oocyte into a nurse-like cell (lovino, Ciabrelli, & Cavalli, 2013). This
fate switch depends on loss of silencing of two PRC2 target genes, Cyclin E and
dacapo which prevent the oocyte to undergo a fate switch into an endoreplicative
program. Stainings for Hox genes in E(z)/Su(z)12 deficient cell clones showed no
misexpression in GSCs or FSCs and stainings for known differentiation marker as
well as pluripotency marker also showed no effect. For identification of genes that are
misexpressed upon E(z)/Su(z)12 knockout in stem cells it might be possible in a
broader approach to isolate mutant GFP negative germline cells from the ovary by
dissection, FACS sorting and subsequent microscopical analysis for proper identifica-
tion of GSCs. A microarray might then reveal the differences of gene expression of

mutant versus non-mutant GSCs. This approach might be followed up in the future.

5.2 PRC2 independent function of E(z)

731 mutant follicle cells revea-

The analysis of the signal intensity of H3T11ph in E(z)
led a significant reduction of H3T11ph, whereas the H3T11ph level remained
unchanged in Su(z)124 mutant follicle cells. These results indicate that E(z) is inde-
pendent of the PRC2 complex mediating the phosphorylation of H3T11 and/or the
maintenance of this phosphorylation mark. Traditionally, the main function of Poly-
comb group proteins is the maintenance of gene silencing which has been thought to
involve recruitment of the PRC1 by PRC2-mediated trimethylation of K27 on histone
H3. Biochemical in vitro assays identified H3K27 as the major site of methylation by
E(z) in complex with the other PRC2 components (Muller et al., 2002) and recently it
was demonstrated that H3K27 methylation directly mediates the function of PRC1
(Pengelly et al., 2013). The quantification of H3T11ph in His®; 6xK27R mutant follcile
cells however revealed that the absence of the H3K27me3 mark has no influence on

the level of H3T11ph, suggesting again that E(z) independent of the PRC2 complex
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might be necessary for the phosphorylation of H3T11 and/or the maintenance of this
phosphorylation mark. There is in fact evidence for PRC2 independent functions of
E(z). One recent study in mammalian prostate cancer cells showed that EZH2 has an
PRC2 independent function (Xu et al., 2012). This study demonstrated that phospho-
rylation of EZH2 at Ser®', mediated directly or indirectly by the PI3K-Akt pathway, can
switch its function from a Polycomb repressor to a transcriptional coactivator of the
androgen receptor (and potentially other factors). Rescue experiments and the lack
of correlation with H3K27me3 levels support a role for EZH2-directed methylation of
substrates other than H3K27, including potential nonhistone proteins. This PRC2 in-
dependent function also requires an intact methyltransferase domain (Xu et al.,
2012). Therefore, it might also be possible that E(z) dependent methylation of non
histone targets could be involved in the establishment of H3T11ph. In cells of D. me-
lanogaster, E(z) likely leaves the canonical PRC2 complex and on its own or together
with other components leads to the methylation of a H3T11ph kinase or its regulator
and thereby activating it. How the balance of histone and non-histone methylation
activity by E(z) is determined still remains to be solved. As E(z) itself can be phos-
phorylated at different positions (Zhai, Villen, Beausoleil, Mintseris, & Gygi, 2008), it
is very likely that the histone and non-histone methylation activity of E(z) is regulated
by a kinase as shown before in mammalian cells (Xu et al., 2012). Interestingly, it
was shown that H3T11ph is also highly enriched in mammalian prostate cancer cells
upon ligand-dependent recruitment to androgen receptor target genes by the Protein
Kinase C-related Kinase 1 (Pkn1) leading to the activation of androgen receptor-
dependent transcription (Metzger et al., 2008), which indicates a potential link
between EZH2 and H3T11ph in mammalian cancer cells. Furthermore, in mammali-
an prostate cancer cells it was also shown that Pkn1 and H3T11ph facilitate the re-
cruitment of WD repeat-containing protein 5 (WDRS5) and the associated MLL1 com-
plex, which leads to subsequent trimethylation of H3K4 and acetylation of H4K16 at
androgen receptor target genes (Kim et al., 2014). This indicates that H3T11ph plays
a role in the maintenance of activating marks or removal of repressing marks respec-
tively. However, until now the functions of H3T11ph in D. melanogaster are unchara-

cterized and recent publications only hint at the functions of H3T11ph.
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5.3 H3T11ph potentially restricts spreading of H3K27me3

The recruitment of PcG proteins to PREs leads to the establishment of a core of
H3K27me3 modification at specific target sites. From there the H3K27me3 mark
spreads along chromatin in a process that involves the PRC1 complex (Talbert &
Henikoff, 2006). The PRC2 subunit ESC was shown to bind already existing
H3K27me3 which leads to an allosteric stimulation of the PRC2 complex and propa-
gation of the H3K27me3 mark (Hansen et al., 2008; Margueron et al., 2009). The
exact mechanism of H3K27me3 spreading is still not entirely known, but it has been
suggested that spreading is achieved by local diffusion of PRC2 or by the formation
of chromosome loops (Y. B. Schwartz & Pirrotta, 2007; Talbert & Henikoff, 2006).
Whereas mechanisms that lead to the spread of H3K27me3 are at least partially un-
derstood, much less is known about how this spread is limited. One proposed me-
chanism for regulating the spreading of the H3K27me3 mark is the incorporation of
the histone variant H3.3 into chromatin at insulator regions thereby removing the
H3K27me3 mark (Weth et al., 2014). Most likely the lack of the H3K27me3 mark in-
terferes with ESC binding, leading to the release of the PRC2 complex from the
chromatin and in the end to the establishment of a demarcated chromatin domain.
Classically insulator proteins are thought to have one major role in blocking the
spreading of heterochromatin into euchromatin. The mode of action of distinct insula-
tor proteins is still not completely solved. It was suggested before that insulators are
required to mediate long-range interactions important for PcG repression (Comet,
Schuettengruber, Sexton, & Cavalli, 2011), and the recent identification of CTCF in
transcription factories (Melnik et al., 2011) suggests that insulators may direct the
localization of specific genomic loci to discrete nuclear subcompartments for gene
regulation (Pirrotta & Li, 2012). In D. melanogaster S2 cells the distribution of CP190
and CTCF, which are two main insulator proteins in D. melanogaster, showed an en-
richment of both factors at the borders of many PcG chromatin domains. RNAi
knockdowns of CP190 and CTCF in D. melanogaster S2 cells results in an upregula-
tion of H3K27me3 around many ,H3K27me3 islands® (Bartkuhn et al., 2009) indi-
cating that the presence of insulator proteins indeed blocks the spreading of
H3K27me3 directly. However, surprisingly it was also shown in a more recent study
that the knockdown of CTCF in D. melanogaster Kc cells does not lead to an in-

crease of H3K27me3 around insulator regions by spreading into flanking domains
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(Van Bortle et al., 2012). In this study the down-regulation of D. melanogaster insula-
tors by RNAI, individually or in combination, resulted in a decrease of H3K27me3 le-
vels within the domain and no clear spreading of the modification. Interestingly, ex-
pression of genes within repressive H3K27me3 domains was not significantly affec-
ted by depletion of insulator proteins, suggesting that PcG mediated gene silencing
was not abrogated or that additional steps are required to activate these develop-
mental genes (Van Bortle et al., 2012). These controversial results indicate that bar-
riers are complex genomic elements that require combinatorial action of multiple pro-
teins and chromatin modifications with distinct roles. The primary role for insulators in
these modular elements may be to mediate intra- or inter-chromosomal interactions
that form the topological basis of barrier function, whereas other proteins and epige-
netic modifications have the causal responsibility of preventing the spread of the re-
pressive chromatin mark. A potential function of H3T11ph might be in contributing to
the maintenance of H3K27me3 chromatin domains via regulation of certain boundary
elements. In ChlP-seq experiments | could show that the H3T11ph peaks colocalize
with a distinct set of insulator proteins and are localized at borders of H3K27me3. In
AH3.3; His®:6xT11A mutant follicle cell clones of late egg chambers the chromatin
appeared to be highly compacted compared to the non-mutant neighbouring cells.
Moreover, the signal for H3K27me3 was highly enriched indicating that the loss of
H3T11ph leads to the spreading of H3K27me3 which subsequently causes a higher
compaction of the chromatin. As discussed above the signal for H3K27me3 seems to
be broadly distributed in stem cell and becomes more restricted to smaller hete-
rochromatic regions as the cells undergo differentiation. Most likely H3T11ph has
different functions in distinct cell types. In postmitotic cells, which are terminally diffe-
rentiated, H3T11ph appears to be indispensable for the maintenance of H3K27me3
domains and might be involved in setting up distinct types of insulators. In early follic-
le cells, where H3K27me3 is still broadly distributed all over the chromatin and is
about to become restricted to heterochromatin, the loss of H3T11 does not show any
effect towards H3K27me3. This resembles what was found for knockdowns of diffe-
rent insulators in Kc cells in which some knockdowns had no effect on the overall
level of H3K27me3 (Van Bortle et al., 2012). In AH3.3; His®;6xT11A cell clones of
wing imaginal discs the depletion of T11ph does not lead to any misexpression of
Hox genes which are classically silenced Polycomb target genes in wing imaginal
discs. These genes are expressed in a tightly spatial and temporal manner for esta-
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lishment of the anterior-posterior axis (Schuettengruber et al., 2007). This indicates
that an abrogation of T11ph does not affect PcG mediated gene silencing but rather
other target genes which still remain to be elucidated. Interestingly, the expression of
genes within repressive H3K27me3 domains was not significantly affected by deple-
tion of insulator proteins in Kc cells suggesting that PcG mediated gene silencing
was not abrogated or that additional steps are required to activate these develop-
mental genes (Van Bortle et al., 2012), which might be also the case for the loss of
T11ph.

5.4 H3.3 can compensate for the loss of H3K27ac and
H3T11ph

The variant histone H3.3 is synthesized in a replication-independent manner and has
been shown to replace canonical H3 at actively transcribed genes in D. melanogaster
(Ahmad & Henikoff, 2002; B. E. Schwartz & Ahmad, 2005). Remarkably, this re-
placement variant H3.3 is one of the most conserved proteins present in all eukaryo-
tes (Goldberg et al., 2010). H3.3 is associated with euchromatin and enriched in acti-
ve histone modifications such as H3K4me2/3, H3K9Ac, and H3K14Ac (Chow et al.,
2005; McKittrick et al., 2004). In Hisc;6xT1 1A mutant cell clones in the ovary and
wing imaginal discs the signal for H3T11ph was still detectable at a level similiar to
non-mutant cells. Analogous the same result was obtained for His®; 6xK27R mutant
cell clones for H3K27ac. In His®; 6xK27R mutant cell clones the signal for H3K27me3
is completely abolished whereas the signal for H3K27ac is still detectable at normal
non-mutant levels. In both cases an additional deletion of both genes encoding for
H3.3 leads to the depletion of H3T11ph and H3K27ac respectively. This shows that
H3.3 carries a substantial fraction of H3K27ac and H3T11ph in case canonical histo-
ne H3 is mutated at the respective sites. This suggests the H3T11ph modification is
enriched in actively transcribed gene regions much like H3K27ac. If T11ph is enri-
ched predominantly on the canonical histone one would expect the signal for T11ph
to decrease in His®; 6xT11A cell clones at least to some degree. Thus, it would be
important to validate the signal of T11ph in H3.3T171A mutant cell clones in the
presence of the canonical histone complex. This might help to answer the question if
T11ph is predominantly found on the canonical H3 or the histone variant H3.3.
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In recent studies investigating the composition of histone modifications on H3.3, no
modifications were found to be exclusively found on H3.3 (McKittrick et al., 2004). All
sites of known modification are shared between the two variants. Thus, it is also pos-
sible that T11ph is present on both the canonical H3 and the variant H3.3. Potentially
the T11ph low peaks found in ChlP-seq experiments could be on the canonical his-
tone H3. The phosphorylation of H3T11 in these low peaks is most likely linked to the
activity of E(z) as H3T11ph appears to follow the genomic distribution of H3K27me3.
The high peaks might be due to phosphorylation of the histone variant H3.3 marking
borders of H3K27me3 regions as H3.3 was shown to replace H3 at insulator regions
(Weth et al., 2014). This would also explain why the null mutation of E(z) in follicle
cell clones does not lead to a complete loss of T11ph but to a reduction of about 50
%. The remaining signal most likely can be traced back to the T11ph signal enriched

on H3.3 in insulator regions.

5.5 Disruption of T11ph leads to a proliferation deficit

The analysis of cell clones in follicle cells and wing imaginal disc cells indicates a
clear proliferation deficit in the absence of functional H3T11ph and H3.3T11ph. This
indicates that the deposition of T11ph is important for the regulation of the cell cycle
and/or metabolism. In a recent publication it was shown in S. cerevisiae that
H3T11ph is phosphorylated by a kinase called Pyk1, which is a key enzyme for gly-
colysis, catalyzing the conversion of phosphoenolpyruvate to pyruvate generating
ATP (S. Li et al., 2015). Pyk1 was shown to be a part of a multi enzyme complex cal-
led SESAME which also harbors the SET1 H3K4 methyltransferase complex. The
SESAME complex seems to regulate a crosstalk between H3K4 methylation and
H3T11ph by regulating gene expression, responding to cellular metabolism via
chromatin modifications. A link between H3T11ph and the metabolism in D. melano-
gaster might also be plausible as H3T11A mutant cells show a severe proliferation
deficit. Nevertheless it appears that H3T11ph in S.cerevisiae is linked to H3K4 me-
thylation which is in contrast to what was found in this present work linking H3T11ph
to H3K27 methylation. The kinase responsible for H3T11ph in the fly is not known
yet, but as a homolog of Pyk1 also exists in D. melanogaster it might be interesting to
assess whether RNAi knockdown of this kinase in S2R+ leads to a reduction of
H3T11ph levels.
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5.6 H3T11ph coincides with boundary elements

ChlP-seq experiments in D. melanogaster S2R+ cells revealed that H3K27me3 and
H3T11ph are overlapping in major parts of the genome. Additionally, high enrichment
sites of H3T11ph (H3T11ph high peaks) were found, which are regions depleted of
H3K27me3. Systematically generated heatmaps revealed that in two clusters
H3K27me3 is enriched at one side of a H3T11ph high peak and depleted on the
other side. The pattern of H3K27me3 around H3T11ph high peaks indicates that
H3T11ph high peaks might be involved in the formation of chromatin boundaries. It
was published before that chromatin in D. melanogaster as well as in humans can be
sub-divided into specific chromatin regions (de Wit, Braunschweig, Grell,
Bussemaker, & van Steensel, 2008; Filion et al., 2010; Guelen et al., 2008;
Kharchenko et al., 2011). In D. melanogaster five principal chromatin types were cha-
racterized where ,Polycomb chromatin’ is characterized by the presence of
H3K27me3 and the presence of PcG proteins covering chromatin (Filion et al., 2010).
The other chromatin types are chromatin regions covered by various combinations of
specific repressive or activating marks and proteins, respectively. As H3T11ph high
peaks appear to be enriched at border regions of H3K27me3 domains the arising
question is, if H3T11ph might be a histone modification which demarcates silenced
chromatin from actively transcribed chromatin. Indeed an overlap of enrichment sites
on the genome for H3T11ph high peaks with different insulator proteins was found.
H3T11ph high peaks appear to be preferentially located at genomic regions where
CP190, mod(mdg4), Su(Hw) and CTCF are localized. Chromatin conformation cap-
ture studies have revealed that the genomes of higher eukaryotes are divided into
megabase size chromatin domains, within which smaller sub-domains are formed by
local interactions at kilobase scale (Matharu & Ahanger, 2015). The large Mb scale
domains are termed topologically associated domains (TADs). Within TADs, chroma-
tin is organized into chromatin loops, via locus-specific interactions, and this orga-
nization is tightly related to genome function (Sexton et al., 2012). CTCF together
with CP190, Mod(mdg4), Rad21 and other factors was shown to be frequently
associated with TAD boundaries (Ghavi-Helm et al., 2014). Su(Hw), on the other
hand, was generally absent from TAD borders and mostly localized within TADs (Van
Bortle et al., 2014). Most likely H3T11Ph is a common factor at boundaries depen-
ding on the specific state of the cells.



Discussion 123

The question is, how do insulator complexes mechanistically prevent the spreading
of chromatin marks beyond a boundary? The boundary regions themselves are
depleted for the repressive mark H3K27me3 and are enriched for active marks
(Dixon et al., 2012). This matches with the sequencing results which showed a com-
plete depletion of H3K27me3 at T11ph high peak sites on the genome. It was shown
recently that histone demethylation at genomic insulator sites is accompanied by
transient incorporation of the histone variant H3.3, suggesting that histone exchange
is the mechanism for histone demethylation, and that this might be the mechanism to
prevent spreading of histone marks from one domain through the insulator into the
neighbouring domain (Jin et al., 2009; Weth et al., 2014). H3.3 is enriched in histone
modifications associated with transcriptional activity and deficient in H3K27me3 and
H3K9me3 (McKittrick et al., 2004). As H3T11ph high peaks are found to be enriched
at promotor regions and TSS, thus correlating with actively transcribed gene regions,
and enriched at insulator regions, it might be that T11ph high peak are enriched at
nucleosomes carrying H3.3. This also matches the previously discussed findings that
the loss of the canonical histone gene complex does not result in a loss of T11ph in
T11A mutant cells. A complete loss of the T11ph signal is only achieved in cell car-
rying a double knockout of H3.3 and the canonical H3 together with the T11A mutati-
on. The enrichment of T11ph high peaks at insulator sites also supports the findings
that a complete loss of H3.3T11ph/H3T11ph results in an upregulation of H3K27me3
in mutant follicle cells indicating a functional role of H3T11ph in limiting the spreading
of H3K27me3.
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Summarizing the previously discussed data a putative model for the distribution of
H3K27me3 and H3/H3.3T11ph can be seen in figure 46.

A PRC2 dependent B

insulator region
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H3T11Ph low peaks H3T11Ph high peaks

Figure 46: Summary model for a potential barrier function of H3T11ph.

In heterochromatic regions H3K27me3 and H3T11ph overlap which is reflected by the occurence of
H3K27me3 and H3T11ph in frans on the two histone H3 of one nucleosome. In a PRC2 dependent
manner E(z) leads to the trimethylation of H3K27. In a PRC2 independent manner E(z) leads to the
activation of a so far unknow Kinase X which leads to the phosphorylation of H3T11. This leads to the
overlap of H3K27me3 peaks and H3T11ph low peaks found via ChlP-seq experiments. In border regi-
ons of Polycomb chromatin domains the histone variant H3.3 is incorporated into the chromatin
thereby replacing the canonical H3. This leads to the depletion of H3K27me3 in insulator regions.
Most likely a Kinase Y is recruited to these insulator regions which leads then to the phosphorylation

of both H3.3 molecules in a nucleosome establishing a functional barrier for H3K27me3 spreading.

At genomic regions, where H3K27me3 is enriched for the silencing of Polycomb tar-
get genes and establishment of heterochromatin, H3T11ph might be enriched only

on one of the H3 tails of the nucleosome, which would explain the lower signal inten-
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sities (low peaks). It might be possible that E(z) itself is phophorylated and therefore
leaves the classical PRC2 complex. E(z) together with other components or on its
own then leads to the methylation of a so far unkown kinase (Kinase X in figure 45)
which then phosphorylates H3T11ph. This might explain the big overlap of H3T11ph
and H3K27me3 peaks and the similarity of their peak shapes. Recently the PRC2
complex purified from human sfh cells was shown to be present in these cells as a
dimer (Davidovich, Goodrich, Gooding, & Cech, 2014). It is also possible that the
PRC2 complex is present in D. melanogaster cells as a dimer. One PRC2 complex
might methylate H3K27 and the second PRC2 complex might methylate a kinase that
leads then to the phosphorylation of H3T11ph. For a putative methylation of a H3T11
kinase, E(z) does not require the other PRC2 subunits to be functional as a mutation
in Su(z)12 does not lead to a reduction of H3T11ph.

At T11ph high peaks this situation appears be different. T11ph high peaks colocalize
with a variety of different insulator proteins and is enriched at chromatin borders whe-
re H3K27me3 is depleted. It has previously been shown that the canonical histone
H3 is displaced by H3.3 at insulator regions providing an explanation for the depleti-
on of H3K27me3 at these genomic areas. T11ph high peaks are most likely enriched
on the histone variant H3.3. The kinase for H3.3T11ph gets recruited to these regi-
ons via a so far unknown mechanism leading to the phosphorylation of both H3.3
molecules in a nucleosome. It is conceivable that H3.3T11ph at these insulator regi-
ons limits the spreading of H3K27me3 through a so far unknown mechanism.
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Abbreviations

A deletion

A
Abd-A Abdominal-A
Abd-B Abdominal-B
Antp Antennapedia
attB attachment site B
attP attachment site P

B
BDGP Berkeley Drosophila Genome Project
Beaf Boundary element-associated factor
bp base pairs

C
Caf1 Chromatin assembly factor 1
CB cystoblast
CC cap cells
C.elegans Caenorhabditis elegans
CENP-A Centromere Protein A
CTCF corrected total cell fluorescence
ChiP Chromatin Immunoprecipitation
CP190 Centrosomal protein 190kD

D
DAPI 4',6-Diamidin-2-phenylindol
D. melanogaster Drosophila melanogaster
DMSO Dimethylsulfoxide
DNA Desoxyribonuclein acid
dNTPs Deoxynucleotide

dsRNA double stranded RNA
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E. coli
ES
ESC
E(z)

Fas-3
FBS
FSC
FC
Flp
FRT

Gapdh1
GC
GFP
GU

GS
GSC

His®
His-GU
HMTase
HP1
HRP
HTS
H3K27
H3K27R
H3T11
H3T11A

P

Escherichia coli
embryonic stem cells
extra sex combs

Enhancer of zeste

Fasciclin-3

fetal bovine serum
follicle stem cell

follicle cell

flipase

flipase recognition target

Glyceraldehyde 3 phosphate dehydrogenase 1
guanine/cytosine

green fluorescent protein

gene unit

goat serum

germline stem cell

Histone complex deletion

histone gene unit

histone methyltransferase

heterochromatin protein 1

horseradish peroxidase

hu-li tai shao

lysine 27 of histone H3

alteration of lysine at position 27 to arginine
threonine 11 of histone H3

alteration of threonine at position 11 to alanine

immunoprecipitation
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MACS

MBT

mRNA
modENCODE
Mod(mdg4)
MPI

ON
Opa
ORC

PAGE
Pc
PcG
PCR
PFA
Ph
PhoRC
PKN1
PMSF
Pol I
PRC1
PRC2
PRE
Psc
PTMs

Qc
gPCR

RNA
RNase
RT

Model-based Analysis of Chip Seq

malignant brain tumor

messenger RNA

Model organism Encyclopedia of DNA Elements
modifier of mdg4

Max-Planck Institute

over night
odd-paired

origin recognition complex

Polyacrylamide gel electrophoresis
Polycomb

Polycomb-group

polymerase chain reaction
paraformaldehyde

Polyhomeotic

Pho repressive complex

protein kinase C related kinase 1
Phenylmethylsulfonyl fluoride
Polymerase |l

Polycomb repressive complex 1
Polycomb repressive complex 2
Polycomb response element
Posterior sex combs

posttranslational modifications

quality control
quantitative PCR

ribonucleic acid
ribonuclease

room temperature
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S

S2R+
SAM
SAP
Scr
SDS
Su(Hw)
Su(z)12

TADs
Taq
TF
trxG
TSS

Ubx
uv

WDR5
Wit

Schneider’s line 2
S-adenosyl-L-methionine
shrimp alkaline phosphatase
Sex combs reduced

sodium dodecyl sulphate
Suppressor of hairy wings
Suppressor of zeste 12

Topologically associated domains
Thermus aquaticus

terminal filament

Trithorax-group

transcription start site

Ultrabithorax

ultraviolet

WD reapeat containing protein 5
wildtype
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