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Abstract

Ballchen (BALL) is a conserved Serine/Threonine kinase of Drosophila melanogaster
suggested to participate in stem cell function. Here, | report the pattern of the ball
transcripts and the ball protein (BALL). The results show that in the central nervous
system (CNS) ball transcripts are enriched in the stem cells, referred to as
neuroblasts (Nbs) and germline stem cells (GSCs), respectively. BALL is expressed
not only in the stem cells, but also in their differentiating progeny. | identified the cis-
acting regulatory region of ball gene, which is both necessary and sufficient to drive
the expression of a reporter gene in a ball-like pattern in the CNS. | used the
corresponding DNA region to isolate proteins of nuclear extracts of staged embryos
which bind to the corresponding DNA in vitro. Using mass spectrometry and rigorous
in silico selection criteria, a total of 296 factors were assigned to a putative ball trans-
acting factor proteome. | also addressed the function of BALL in the two stem cell
populations by asking whether ball activity is required in larval Nbs and adult male
GSCs and in which processes BALL is involved. Removal of the BALL activity in
male GSCs causes them to leave the stem cell niche and to differentiate. Removal of
the BALL activity from Nbs caused the loss of the functional marker protein Miranda
and resulted in fewer differentiating cells. The results indicate that ball is essential for

the maintenance of the stem cell character in both stem cell systems analyzed.
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1. Introduction

Multicellular organisms consist of different types of differentiated cells, which can be
distinguished by morphological and functional criteria. The majority of cells is short
lived as compared to the lifespan of the organism and they are continuously
replenished from pools of tissue specific stem cells (Kay, 1965; Reya et al., 2001). A
fundamental feature of stem cells is their ability to undergo multiple asymmetric
divisions, through which they self-renew and produce differentiating cells (Kay, 1965;
Reya et al.,, 2001). The balance between the processes of self-renewal and
differentiation is very important, since imbalance in the regulation of these processes
can lead to malignancy (Al-Hajj & Clarke, 2004; Singh et al., 2003; Alison & Lovell,
2005). A major scientific challenge is to understand how a stem cell retains its stem
cell character through multiple cell divisions and how the differentiation process is

initiated in the daughter cells.

In recent years, the neuroblasts (Nbs) and the male and female germline stem cells
(GSCs) of Drosophila melanogaster (referred to as Drosophila) have been
established as model stem cell systems and thus, well characterized. (Doe, 2008;
Egger et al., 2008; Fuller & Spradling, 2007; Gilboa & Lehmann, 2004). Nbs and
GMCs have in common that they undergo self-renewing divisions and generate cells
with distinct fates. However, there are fundamental differences in the way Nbs and
GSCs maintain the stem cell character. In GSCs, the stem cell behavior is governed
predominantly by extrinsic signaling from a group of somatic cells situated nearby,
which form the so called “niche” (Gilboa & Lehmann, 2004; Spradling et al., 2001; Li
& Xie, 2005). In contrast, Nb self-renewing division is dependent on the asymmetric
distribution of fate determinants between the two daughter cells (Knoblich, 2008;
Wodarz & Huttner, 2003; Egger et al., 2008). Unraveling the mechanisms that govern
stem cell maintenance in those two systems will bring further insights into the
fundamental principles of stem cell biology and contribute to the understanding of the

mammalian stem cell system.
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1.1 Drosophila neuroblast system

The central nervous system (CNS) of Drosophila is derived from the neuroectoderm,
which is an epithelial sheet of cells with apico-basal polarity on the ventral side of the
embryo (Campos-Ortega & Hartenstein, 1997; Wheeler, 1893; Wheeler, 1891). From
embryonic stage eight onwards the Nbs delaminate from the neuroectoderm
(Campos-Ortega & Hartenstein, 1997; Wheeler, 1893; Wheeler, 1891). They divide
continuously during embryonic development and, after a period of quiescence,
continue proliferation during larval and pupal development to generate approximately
90% of the adult CNS cells (Prokop et al., 1998; Prokop & Technau, 1991; Truman &
Bate, 1988). Nbs represent stem cells, which proliferate by dividing in an asymmetric
fashion, thereby generating another Nb, a process termed self-renewal, and a
smaller daughter cell, called a ganglion mother cell (GMC) (Campos-Ortega &
Hartenstein, 1997; Doe, 1992). GMCs divide once to produce two lineage-specific
post-mitotic cells, giving rise to either neurons or a glia cells (Campos-Ortega &
Hartenstein, 1997; Doe, 1992).

Within the epithelial sheet, neuroectodermal cells divide parallel to the epithelial layer
and thus, the cell fate determinants are symmetrically distributed between the
daughter cells (Kaltschmidt et al., 2000). Once Nbs delaminate, their mitotic spindles
rotate by 90°, which orients the following divisions perpendicular to the epithelial
layer and along the apico-basal axes. This rotation and the asymmetric divisions of
Nbs lead to an unequal distribution of cell fate determinants to the daughter cells
(Broadus & Doe, 1997). the Nbs inherit the apico-basal polarity from the
neuroectodermal cells and thus, the basally localized cell fate determinants (Broadus
& Doe, 1997) segregate into the GMCs (Kaltschmidt et al., 2000).

In Nbs, a group of proteins organized in two complexes at the apical cortex directs
cell-fate determinants to the basal cortex. The first apical complex (Par complex)
consists of Bazooka, Par6 and Drosophila atypical protein kinase C (DaPKC)
(Kuchinke et al., 1998; Schober et al., 1999; Wodarz et al., 1999; Petronczki &
Knoblich, 2001). This complex binds through Bazooka to Inscuteable (Kraut &
Campos-Ortega, 1996) which in turn binds to the second apical complex. The second
complex (Pins/ Gai complex) includes the proteins Partner of Inscuteable (Pins),
Locomotion defective (Loco) and the heterotrimeric G protein subunit Gai (Kraut &
Campos-Ortega, 1996; Parmentier et al., 2000; Yu et al., 2000; Yu et al., 2003; Yu et
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al., 2005; Schaefer et al., 2001). These complexes have distinct functions in Nb
asymmetric divisions. The role of the Pins/ Gai complex is to orient the mitotic spindle
perpendicular to the neuroectodermal layer, whereas the Par complex serves to
localize cell fate determinants to the basal cortex (Wodarz et al., 1999; Schober et
al., 1999; lzumi et al., 2004).

The Par complex functions together with two tumor suppressor proteins, Discs large
(Dlg) and Lethal(2) giant larvae (Lgl), and is required to localize the cell fate
determinants Prospero (Pros), Brat and Numb as well their adaptor proteins Miranda
and Partner of Numb at the basal cortex (Ohshiro et al., 2000; Peng et al., 2000;
Betschinger et al., 2003; Doe, 2008; Egger et al., 2008). Miranda is an adaptor
protein that associates with Pros and Brat. Once this complex is formed and
segregated to the GMC, Miranda is rapidly degraded, thereby releasing its cargo
(Ikeshima-Kataoka et al., 1997; Shen et al., 1997; Matsuzaki et al., 1998; Lee et al.,
2006). Miranda is therefore only present in the Nb and not in the GMC and the
descending neural cell lineage. The presence of both Pros and Brat in GMCs is
important for fate decisions of these cells (Broadus et al., 1998; Bello et al., 2006;
Betschinger et al., 2006). In contrast, Numb (Uemura et al., 1989) continues to be
segregated from the GMC and is required to distinguish fates of sibling neurons that
derive after GMC division (Spana et al., 1995; Spana & Doe, 1996; Buescher et al.,
1998).

The localization process resulting in the asymmetrical distribution of factors in Nbs is
based on the DaPKC-dependent phosphorylation of Lgl in the apical cortex region,
causing Lgl inactivation. This process prevents the association of Lgl with the Par
complex (Betschinger et al., 2003). In contrast, Lgl is not phosphorylated at the basal
cortex and thus, it can recruit Miranda in this region of the cell (Betschinger et al.,
2003). Aside from these distinct factors and complexes, the cytoskeleton also plays a
role in assembly of these apical/basal complexes involving motor proteins Myosin |l
and Myosin VI in differential protein localization (Barros et al., 2003; Petritsch et al.,
2003). Myosin Il is restricted to the apical cortex and associates with phosphorylated
Lgl to prevent an apical localization of cell fate determinants (Barros et al., 2003).
Conversely, Myosin VI is necessary for basal localization of these determinants
(Petritsch et al., 2003).
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The balance between self-renewal and differentiation depends on correct asymmetric
localization of cell fate determinants in Nbs and their segregation into GMCs
(Gonzalez, 2007; Yu et al., 2006). It was recently shown that the DaPKC activity is
essential for the Nb self-renewal (Lee et al., 2006). During mitosis, DaPKC
segregates to the Nb and not to the GMC. Its proper localization depends on Igl gene
activity (Lee et al., 2006) as observed with Igl mutants where DaPKC is partially
delocalized to the basal cortex in some of the Nbs. As a result both Nb daughter cells
develop into Nbs again and no GMC is generated. In pins Igl double mutants DaPKC
is uniformly distributed throughout the Nb cortex, and a Nb overproliferation
phenotype was found. Furthermore, ectopic expression of DaPKC, which is localized
uniformly in the cortical region of Nbs, results also in an excessive number of Nbs
(Lee et al., 2006). Thus, Lgl and DaPKC negatively regulate each other’s activity. As
already mentioned (see above), DaPKC phosphorylates and thereby inactivates Lgl
at the apical cortex (Betschinger et al., 2003; Mayer et al., 2005). Conversely, Lgl
restricts DaPKC activity to the apical cortex in Nbs (Lee et al., 2006).

Both Brat and Pros play a role in Nb maintenance. Pros is a homeodomain
transcription factor (Hirata et al., 1995; Doe et al., 1991; Vaessin et al., 1991;
Matsuzaki et al., 1992), which can act as a tumor suppressor in larval brain (Bello et
al., 2006; Betschinger et al., 2006; Lee et al., 2006). In the embryonic nervous
system, Pros is thought to activate genes required for terminal differentiation and
repress Nb specific genes (Choksi et al., 2006). It acts in the process that decides
whether stem cells undergo self-renewal or form GMCs. Consistent with this
conclusion, GMCs are transformed into Nbs in pros mutant embryos (Choksi et al.,
2006). Brat, a third factor required to distinguish between Nb and GMC identity, acts
as a negative regulator of cell growth and ribosomal RNA synthesis (Frank et al.,
2002). brat mutant Nbs divide asymmetrically as wild type, but the smaller putative
GMCs grow in size and start expressing again Nb cell marker proteins such as
Deadpan and Miranda. In addition, cell clones originating from a single larval brat
mutant Nb produce an excess of cells which express Nb cell markers. This finding
not only confirms the results obtained with embryonic Nbs, but also indicates that
Brat function is required in Nb cells and thus acts in a cell-autonomous fashion (Bello
et al., 2006; Betschinger et al., 2006; Lee et al., 2006). It remains unclear, however,
how Brat inhibits the proliferation of GMCs which inherit the protein (see above). One
possibility is that Brat inhibits the cell cycle inhibitor dMyc in GMCs. This proposal is
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based on studies where Brat activity was abolished in Nbs and elevated levels of
dMyc in all Nb daughter cells, which normally do not express this gene (Betschinger
et al., 2006). In addition, there might be a functional connection between Pros and
Brat, since brat expression is downregulated in pros mutant clones and the correct
localization of Pros depends on Brat (Betschinger et al., 2006; Lee et al., 2006). In
addition, expression of pros in brat mutant clones can rescue the Nb overproliferation
phenotype. Thus, Brat function might be mediated directly or indirectly by Pros (Bello
et al., 2006).

1.2 Germline stem cells in testis

The stem cell character of Nbs is maintained predominantly by Nb intrinsic cues. In
contrast, maintenance of germline stem cells (GSCs) depends on external signals
that derive from their microenvironment called “niche”, which refers to cells and the
extracellular matrix that surround the stem cells (Gilboa & Lehmann, 2004; Tulina &
Matunis, 2001; Kiger et al., 2000; Tran et al., 2000). In testis, the niche is termed
“hub” and represents a distinct group of somatic cells, on average nine, at the very tip
of the organ (Hardy et al., 1979). Stem cell division generates another stem cell,
which remains directly attached to the hub, and a so called gonialblast, which moves
away from the hub and differentiates (Hardy et al., 1979). Both stem cells and
gonialblasts can be identified by the presence of a spherical organelle termed
“spectrosome”, which consists of cytoskeletal proteins and vesicles (Lin et al., 1994;
Roper & Brown, 2004; Leon & McKearin, 1999; McKearin & Ohlstein, 1995). The
gonialblast undergoes four rounds of mitotic divisions to produce the 16-cell germline
cyst (Fuller, 1993). The germline cyst cells remain interconnected by cytoplasmic
bridges, the “fusomes” (Lin et al.,, 1994; Roper & Brown, 2004; Leon & McKearin,
1999). Subsequently, the germline cells enter meiosis and generate a total of 64
interconnected spermatids, which continue differentiation into mature sperms (Fuller,
1993). The hub region also contains somatic stem cells in addition to the GSCs
(Lindsley & Tokuyasu, 1980). These somatic stem cells divide in a stem cell fashion
to produce new stem cells which remain attached to hub and cyst cells, surrounding
the differentiating germline cells (Lindsley & Tokuyasu, 1980; Hardy et al., 1979).

Physical attachment of stem cells to the niche cells seems to be a general
requirement for stem cell maintenance in different niche-controlled stem cell systems
of Drosophila (Yamashita et al., 2003; Song et al., 2002; Song & Xie, 2002) as well
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as in vertebrates (Mitsiadis et al., 2007). In the Drosophila male GSC stem cell
system, both hub cells and GSCs express high levels of DE-cadherin, a component
of adherens junctions. They accumulate at the membranes where the two cell types
are in contact (Yamashita et al., 2003). In addition, Armadillo, another component of
adherens junctions, also co-localizes with DE-cadherin (Yamashita et al., 2003). If
GSCs lack DE-cadherin, they leave the hub and differentiate (Yamashita et al.,
2003).

In addition to being in physical contact with the niche, GSCs receive niche-dependent
signals that are essential to maintain the GSC character in both the male and female
germline (Xie & Spradling, 1998; Xie & Spradling, 2000; Song et al., 2004; Silver &
Montell, 2001; Kiger et al., 2001; Tulina & Matunis, 2001; Kawase et al., 2004;
Schulz et al., 2004; Shivdasani & Ingham, 2003). In males, the self-renewing process
of GSCs depends on JAK-STAT signaling (Kiger et al., 2001; Tulina & Matunis, 2001;
for review of the pathway see Arbouzova & Zeidler, 2006), whereas in females, GSC
maintenance depends mainly on Decapentaplegic and Glass Bottom Boat signaling
independent of JAK-STAT signaling (Xie & Spradling, 1998; Xie & Spradling, 2000;
Song et al., 2004). The major components of the JAK-STAT signaling pathway are
the ligand Upd, its receptor Domeless, the JAK kinase Hopscotch and the
transcription factor Stat92E (Arbouzova & Zeidler, 2006). In testis, Upd is expressed
in hub cells. Experimentally induced overexpression of upd, which causes
constitutive activation of the signaling pathway, results in overproliferation of GSCs
(Kiger et al., 2001; Tulina & Matunis, 2001). However, if the GSCs carry a mutation of
the hopscotch gene, and thus lack the kinase activity which acts downstream of the
Upd and its receptor, the GSCs get lost because they differentiate (Kiger et al., 2001;
Tulina & Matunis, 2001). In addition to JAK-STAT signaling, Decapentaplegic
signaling plays also a role in male GSCs maintenance, but its effect is less
pronounced as compared to female GSCs (Schulz et al., 2004; Kawase et al., 2004,
Shivdasani & Ingham, 2003).

1.3 Molecular and cellular functions of ballchen

The ballchen (ball) gene has recently been implicated to participate in the proper
establishment of the male germline (Klinge, 2006). It encodes a conserved nuclear
Ser-Thr protein kinase of the VRK1 family of kinases, but the conserved portion of
BALL is restricted to the kinase domain (Klinge, 2006). This domain is 42% identical
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with the human VRK1 (SwissProt ID: Q99986) and 43% with mouse VRK1
(SwissProt ID: Q80X41) (Klinge, 2006), whereas both the N- and C-terminal regions
of BALL are not conserved. In Drosophila there is a second gene, CG8878 (Flybase
ID: FBgn0027504), which encodes a protein kinase with 36% sequence identity to
the BALL kinase domain (Klinge, 2006). A null mutation of the ball gene, however,
causes 100% pupal lethality, which shows that ball carries an essential function,

which cannot be compensated for by the normal activity of CG8878 (Klinge, 2006).

ball encompasses approximately 2,200 bp of genomic sequence at cytological
position 97D on the right arm of third chromosome (Klinge, 2006). It has two
annotated transcripts ball-RA (FlyBase ID: FBtr0085095) and ball-RB (FlyBase ID:
FBtr0085096). The two transcripts differ in their non-coding 5’UTR due to an intron
positioned in the 5’UTR sequence of ball-RA. The processed ball-RA transcript is
2027 bp long including its 133 bp 5UTR sequence. The total length of the ball-RB
transcript is 2049 bp, including its 185 bp 5’UTR sequence. The two transcripts have
the same open reading frame (ORF) of 1800 bp which translates into a single protein
of 599 amino acids, with a calculated molecular weight of 65.9 kDa. A detailed study

of the molecular analysis of the gene is described by (Klinge, 2006).

There is an accumulating body of evidence that ball has a conserved function in
chromatin organization (lvanovska et al., 2005; Lancaster et al., 2007; Nichols et al.,
2006; Gorjanacz et al., 2007) . In Drosophila, ball has been described to be required
for female meiosis (lvanovska et al., 2005; Lancaster et al., 2007). A hypomorphic
mutation in ball results in defective oocytes that fail to build a metaphase | spindle
and polar bodies (lvanovska et al., 2005). In addition, a reduction in the level of ball
protein in oocytes leads to a less compact karyosome and chromosomes tend to
form extensive contacts with the nuclear envelope (Lancaster et al., 2007).
Interestingly, vrk-1, the C. elegans homologue of ball, seems to have a different
function because it is required for nuclear envelope assembly. vrk-1 mutants fail to
form a functional nuclear envelope and are unable to segregate chromosomes
properly. VRK-1 localizes both to the nuclear envelope and the chromosomes, the

latter in a cell-cycle specific manner (Gorjanacz et al., 2007).

Consistent with the VRK-1 localization to both nuclear envelope and chromosomes,
biochemical studies revealed that the function of ball in chromatin organization is

mediated by a conserved nuclear protein called BAF (Gorjanacz et al., 2007;
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Ivanovska et al., 2005; Lancaster et al., 2007). BAF binds to both DNA (Lee &
Craigie, 1998; Zheng et al., 2000; Suzuki & Craigie, 2002) and the LEM-domain
proteins (Furukawa, 1999; Lee et al., 2001; Shumaker et al., 2001; Holaska et al.,
2003; Mansharamani & Wilson, 2005) at the inner nuclear membrane. These
features are consistent with the proposed function of BAF in chromatin organization
during replication (Shumaker et al., 2001; Shimi et al., 2004). During interphase, BAF
is found predominantly at the nuclear periphery (Shimi et al., 2004), where it is
thought to participate in anchoring DNA at the inner nuclear membrane. During
mitosis, the BAF distribution pattern becomes gradually diffuse and later, in
anaphase, BAF is found associated with telomeres (Shimi et al., 2004; Haraguchi et
al., 2001). At that stage, BAF was shown to be required for reassembly of the nuclear
envelope (Haraguchi et al., 2001). In support of a functional interaction between BAF
and BALL, in vitro phosphorylation studies have shown that BALL is able to
phosphorylate BAF (Lancaster et al., 2007; Nichols et al., 2006; Gorjanacz et al.,
2007). Phosphorylation of the extreme N-terminus of the human BAF protein by the
human homologues of BALL, VRK1 and VRK2, disturbs its interaction with DNA and
reduces its interaction with the LEM domain at the same time (Nichols et al., 2006).
In Drosophila, overexpression of a BAF mutation which cannot be phosphorylated in
oocytes causes an extensive contact of chromosomes with the nuclear envelope as
has been observed in ball mutants (Lancaster et al.,, 2007). In C. elegans,
downregulation of VRK-1 during mitosis results in an abnormal accumulation of BAF
on chromatin, suggesting that VRK-1 activity is required for the dissociation of BAF

from chromatin (Gorjanacz et al., 2007).

The hypomorphic allele ball* (EP0863) of Drosophila carries a transposable element
inserted in the 5’UTR of the ball gene (Klinge, 2006). The ball' homozygous mutants
are viable, but mutant males are sterile. Examination of the testes of ball*
homozygous mutants reveals that the organs are reduced in size and lack GSCs.
This observation suggests that ball is required for spermatogenesis. The mutant
testes contained a few cyst cells at early stages of differentiation and a few mature

but immobile spermatozoa (Klinge, 2006).

Mobilization of the EP0863 insertion led to the generation of the amorphic ball? allele.
In this allele, 35 bp of the genomic DNA upstream of the translation start site and 117

bp of the open reading frame of the ball gene were deleted, which deleted the coding
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sequence for the ATP binding site of the kinase domain, thereby abrogating
functional BALL production (Klinge, 2006). In fact, ball> homozygous mutants die in
early pupal stage. Examination of the pupae revealed that no adult tissues are
formed, which is consistent with the fact that ball®> homozygous mutant larvae lack
imaginal discs from which adult appendages are formed (Klinge, 2006). The mutant
larvae show also strong defects in CNS development as shown by their reduced
brains, in which the optic lobes (Bate & Arias, 1993) were either remnants or absent
(Klinge, 2006).

The expression pattern of ball is spatially and temporally controlled. Maternally
deposited ball transcripts are ubiquitously distributed in the early embryo (Klinge,
2006). Later, ball mRNA, probably due to zygotic expression of the gene, is enriched
in the elongating germ band. From embryonic stage eleven onwards, mitotic
proliferation starts also in the CNS, the epidermis and the germline cells (Campos-
Ortega & Hartenstein, 1997). At this stage, enrichment of ball mRNA correlates with
the mitotic pattern in the CNS, where ball mMRNA shows a dynamic spatiotemporal
profile (Klinge, 2006). Towards the end of embryogenesis, ball transcripts are also
detectable in germline cells which enter mitosis at that stage. The expression of ball
in the CNS and the germline of both males and females remains persistent
throughout development. ball transcripts are detectable in the germaria of the
females as well as at the tips of the male testes where the proliferation of GSCs
takes place. Taken together, the expression pattern of ball as well as the phenotype
of the ball mutants suggest a role of ball during the proliferation of yet undetermined

cells, including the stem cells (Klinge, 2006).

Here | report a detailed analysis of the expression patterns of both ball mMRNA and
BALL protein in the embryonic and larval CNS. | report also the characterization of
the cis-acting control region of the ball gene which is required for its expression in the
CNS. In addition, | isolated proteins which are able to bind specifically to DNA
intervals of the control element. The identified proteins represent candidates which
may act as transacting factors that regulate CNS expression of ball. In order to
examine the function of ball in both Nbs and GSCs, | performed genetic studies
involving mitotic recombination to generate ball mutant cell clones that were

characterized with a variety of molecular markers to identify specific cell types. The
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results show that BALL acts in a cell-autonomous fashion in both cell types and that

its activity is required to maintain their stem cell character.
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2. Materials and methods

2.1 Molecular biology

2.1.1 Quantification of nucleic acid concentrations

For the determination of nucleic acid concentrations, a NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, USA) was used, and measurements were
done according to the protocol of the manufacturer. In addition, nucleic acids were
loaded on agarose gels containing 0.5 pg/ul ethidium bromide along with nucleic
acids marker (GeneRuler, Fermentas, Burlington, Canada) of known molecular

weight.

2.1.2 Polymerase chain reaction (PCR)

PCR to amplify DNA fragments was carried out according to standard protocols
(Ausubel et al., 1999). Annealing temperatures and extension times were adjusted to
fit the respective primer melting temperature and the length of the expected PCR
product. The PCR conditions were varied to optimize the product yield. Pfu
polymerase (Stratagene, Cedar Creek, USA) was used for the amplification

reactions.

2.1.3 Primer design
Primers were designed with the program Lasergene (DNASTAR, Madison, USA).

The primers used in this study are shown in Table 3.

2.1.4 Preparation of plasmid DNA
Plasmid DNA was purified using the QIAGEN Mini or Midi Kits (QIAGEN, Hilden,

Germany) following the manufacturer’s instructions.

2.1.5 Sequencing of DNA
DNA for sequencing was submitted to MWG (Eurofins MWG Operon, Ebersberg,

Germany). The submitted DNA and primers were prepared according to the

instructions.
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Table 1. List of oligo-nucleotides.

Name Purpose Tag Sequence 5’->3’
ball-CDS-5'Spel Generating pBSSK+AgBall2 Spel ccaaactagtaatgccgcgtgtagccaag
ball-CDS-3'Nhel Generating pBSSK+AgBall2 Nhel cetagctagectateectggtattteeg
; Generating pBSSK+ABgBall2
ABgBall2-5'Xhol and pBSSK+AgBall2 Xhol cctactcgaggaaattttttcggggaaaagacg
Generating pBSSK+ABgBall2,
gBall2-d-3’ pBSSK+BgBall2, None ccgagtgcccagagtcacg
pBSSK+AgBall2
BgBall2-Xhol5' Xhol cctactcgagaatatatccttgaaatcataatcatc
AgBall2-5'BamHI 2:;::;“”9 PBSSK+gBall2- BamH|  ctcaggatccctgtcactcacttgacaacc
AgBall2-3'BamHI fg;glrlaztlng pPBSSK+gBall2- BamHI|  cagtggatccgatagacagctctgcaaaacgg
. Generating pC4 -AgBall2-
BallA5 lacZ-SV40 none catgggatccgaaattttttcggggaaaagacgcc
. Generating pC4 -AgBall2-
BallA3 lacZ-SV40 none catgagatctcaatgtgcggccacaaaaggaag
ball-A-5' pPBSSK+AgBall2 none gatccgtaatatatccttgaaatcataatcatccttttttat
ttttatgtttcaatgactcggcaacagccc
ball-A-3' pPBSSK+AgBall2 none tcgagggctgttgccgagtcattgaaacataaaaata
aaaaaggatgattatgatttcaaggatatattacg
attB-Pstl-for PCR of attB site Pstl gatcctgcaggtcgatgtaggtcacgg
attB-Xhol-rev PCR of attB site Xhol gatcctcgagtgtcgacatgcccgecgtg
. Generating pC4-ABgBall2- . catgcgtacgtcttcccgagcgaaaacg
bgal-BsiWI-for lacZ(-ball3) BsiWwI
bgal-Xbal-rev Generatmg pC4-ABgBall2- Xbal catgtctagattatttttgacaccagacc
lacZ(-ball3")
pC4gBallLacZseq Sequencing none gattaacccttagcatgtecgty
Lo bio-
Ball-Prom-01-for (D):\ilé'-\o-ljrotem binding Biotin gaaattttttcggggaaaagacgccgtcagcggac
DNA-Protein bindin bio-
Ball-Prom-02-for Oliqo 2 9 Biotin gtcagcggacgccaggggtggaacggaatatatcg
9 atgtg
DNA-Protein bindin bio-
Ball-Prom-03-for Oligo 3 9 Biotin tatcgatgtgtggccaatcgatatgccctcacccctag
at
DNA-Protein bindin bio-
Ball-Prom-04-for Oligo 4 9 Biotin acccctagatggtagcttccttttgtggccgcacattge
¢
DNA-Protein bindin bio-
Ball-Prom-05-for Oligo 5 9 Biotin gcacattgccaagtggcgccgttttgcagagctgtcta
tc
DNA-Protein bindin bio-
Ball-3UTR-for Oligo6 9 Biotin tttcaaggatatattacgatagacagctctgcaaaacg
gc
Ball-Prom-01-rev g:\il;(\)-z’rotem binding none gtccgetgacggcegtcttticcccgaaaaaatttc
DNA-Protein binding cacatcgatatattccgttccacccctggegteegetg
Ball-Prom-02-rev . none ac
Oligo 2
DNA-Protein binding atctaggggtgagggcatatcgattggccacacatcg
Ball-Prom-03-rev . none ata
Oligo 3
Ball-Prom-04-rev DNA—Protem binding none ggcaatgtgcggccacaaaaggaagctaccatcta
Oligo 4 ggggt
DNA-Protein binding gatagacagctctgcaaaacggcgccacttggcaat
Ball-Prom-05-rev . none gtgc
Oligo 5
Ball-3UTR-rev DNA-Protein binding none gccgttttgcagagctgtctatcgtaatatatccttgaaa

Oligo6
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2.1.6 Restriction digest of DNA

Restriction endonucleases (New England Biolabs, Ipswich, USA or Fermentas
Burlington, Canada) were used according to the manufacturer’s instructions. For
cloning, PCR-products or preparative amounts of plasmid DNA (10-20ug) were
incubated overnight with 10-folds excess of enzyme. In case a partial digest was
desired, a time course of 0 min to 60 min was performed to define the optimal

reaction time.

2.1.7 DNA extraction from agarose gels

Ethidium bromide stained DNA fragment was visualized with UV light, excised with a
clean scalpel from the agarose gel and purified using the QIAquick Gel Extraction Kit

(QIAGEN, Hilden, Germany) according to the manufacturer’s instructions.

2.1.8 DNA ligation

Ligation reactions were carried out according standard protocols with the following
modifications. The reaction was carried out most often for 2 h at 12 °C in 10 l
reaction volume using 1 yl T4 DNA ligase (Fermentas, Burlington, Canada) with a
total of approximately 100 ng of DNA and a molar ratio of insert DNA to vector DNA
of 5:1. When optimization was required, these conditions were varied (Ausubel et al.,
1999).

2.1.9 Agarose gel electrophoresis of DNA

Agarose gel electrophoresis of DNA was used to analyse PCR products and
restriction digests, as well as for preparative agarose gels according to standard
protocols (Ausubel et al., 1999). Depending on the fragment size, 0.8-2.0% agarose
gels were prepared in 1x TBE buffer and ethidium bromide (0.5 ug/ml) was added to
the gels. DNA bands were visualized with UV light (254 nm).

2.1.10 Transformation of bacterial cells

Escherichia coli DH5a or Top10 cells were obtained from Invitrogen (Karlsruhe,
Germany). Chemically competent cells were prepared according to a standard
protocol (Inoue et al.,, 1990). For transformation of ligation reactions (see section
2.1.8), an aliquot of chemically competent cells was added to approximately 100 ng
of plasmid DNA followed by 30 min incubation on ice. Cells were then heat shocked

in a water bath at 42°C for 45 s and immediately transferred back on ice. After 2 min
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on ice, Luria-Bertani (LB) medium was added, and the cells were allowed to recover
for 30 min at 37°C. The cells were distributed on LB agar plates containing antibiotics

and incubated overnight at 37°C.

Table 2: List of plasmids.

Name Backbone Purpose Reference
pC4-gBall-lacz pCaSpeR 4 Promoter analysis Alf Herzig
pC4-gBall2-lacZ(-ball3") pCaSpeR 4 Promoter analysis This study
pC4-gBall2-lacZ-SV40 pCaSpeR 4 Promoter analysis This study
pC4-gBall2-lacz pCaSpeR 4 Promoter analysis This study
pC4-ABgBall2-lacZ pCaSpeR 4 Promoter analysis This study
pC4-ABgBall2-lacZ(-ball3’) pCaSpeR 4 Promoter analysis This study
pC4-ABgBall2-lacZ-SV40 pCaSpeR 4 Promoter analysis This study
pC4-AgBall2-lacz pCaSpeR 4 Promoter analysis This study
pC4-BgBall2-lacz pCaSpeR 4 Promoter analysis This study
pC4-attB-gBall2-lacZ pCaSpeR 4 Promoter analysis This study
pC4-attB-ABgBall2-lacZ pCaSpeR 4 Promoter analysis This study
pC4-attB-BgBall2-lacZ pCaSpeR 4 Promoter analysis This study
pC4-attB-ABgBall2-lacZ-Sv40 pCaSpeR 4 Promoter analysis This study
pC4-AgBall2-lacZ(-ball3’) pCaSpeR 4 Promoter analysis This study
pC4 -AgBall2-lacZ-SV40 pCaSpeR 4 Promoter analysis This study
pC4-attB-AgBall2-lacZ-SVv40 pCaSpeR 4 Promoter analysis This study
pUAS-attB pUAST Promoter analysis Alf Herzig
pBSSK+gBall2-lacZ pBSSK Promoter analysis This study
pBSSK+ABgBall2-lacZ pBSSK Promotor analysis This study
pBSSK+gBall2 pBSSK Rescue Alf Herzig
pBSKS-betagal pBSKS Promotor analysis Alf Herzig
pCaSpeR4 pCaSpeR4 Promotor analysis Alf Herzig
pBSSK+gBall2-ball pBSSK Rescue This study
pC4-gBall2-ball pCaSpeR Rescue This study
pBSSK+BgBall2 pBSKS Promotor analysis This study
pBSSK+BgBall2-lacZ pBSKS Promotor analysis This study
pBSSK+gBall2-AgBall2 pBSKS Promotor analysis This study
pBSSK+AgBall2 pBSKS Promotor analysis This study
pBSSK+AgBall2-lacZ pBSKS Promotor analysis This study

2.1.11 Generation of DNA vectors

The primers used to generate DNA vectors are shown in Table 3. All constructs used

in this study are shown in Table 4.

pBSSK+gBall2-ball: A ball coding sequence was amplified from a LD27410 cDNA
clone with primers ball-CDS-5’Spel and ball-CDS-3'Nhel. The PCR product was
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digested with Spel and Nhel and inserted into the Spel and Nhel sites of
pBSSK+gBall2.

pC4-gBall2-ball: A 2618 bp fragment was excised with Xhol/ Xbal from
pBSSK+gBall2-ball and inserted into the Xhol/ Xbal sites of pCaSpeRA4.

pBSSK+ABgBall2: This construct was generated by PCR amplification of a 3629 bp
fragment from the pBSSK+gBall2 vector with primers gBall-d-3’ and ABgBall2-5’Xhal,
subsequent digest of the PCR product with Xhol and re-ligation of the restriction

product.

pBSSK+ABgBall2-lacZ: A lacZ fragment with Sall and Xbal sites on both ends was
inserted in the Sall and Nhel sites of pBSSK+ABgBall2.

pC4-ABgBall2-lacZ: A 4110 bp fragment was cut out from pBSSK+ABgBall2-lacZ
with Xhol and Xbal and inserted into the Xhol/ Xbal sites of pCaSpeRA4.

pBSSK+BgBall2: This construct was generated by PCR amplification of the
pBSSK+gBall2 vector with primers BgBall2-Xhol5" and gBall2-d-3’, digestion of the
product with Xhol and subsequent re-ligation.

pBSSK+BgBall2-lacZ: A lacZ fragment with Sall and Xbal sites on both ends was
inserted in the Sall and Nhel sites of pBSSK+BgBall2.

pC4-BgBall2-lacZ: A 3955 bp fragment was cut out from pBSSK+BgBall2-lacZ with
Xhol and Xbal and inserted into the Xhol/ Xbal sites of pCaSpeRA4.

pBSSK+gBall2-AgBall2: This construct was generated by PCR amplification of the
pBSSK+gBall2 vector with primers AgBall2-5'BamHI and AgBall2-3'BamHI, digestion

of the product with BamHI and subsequent re-ligation.

pBSSK+AgBall2: A 3515 bp fragment was amplified by PCR from pBSSK+gBall2-
AgBall2 with the primer pair ABgBall2-5’Xhol and gBall2-d-3’, digested with Xhol and
re-ligated.

pBSSK+AgBall2-lacZ: A lacZ fragment with Sall and Xbal sites on both ends was
inserted into the Sall and Nhel sites of pPBSSK+AgBall2.



MATERIALS AND METHODS 21

pBSSK+gBall2-lacZ: A lacZ fragment with Sall and Xbal sites on both ends was
inserted into the Sall and Nhel sites of pPBSSK+gBall2.

pC4+AgBall2-lacZ: A 3996 bp fragment was cut out from pBSSK+AgBall2-lacZ with
Xhol and Xbal and inserted into the Xhol/ Xbal sites of pCaSpeR4.

pC4-attB-BgBall2-lacZ: An attB fragment was generated by PCR from pUAS-attB
with primers attB-Pstl-for and attB-Xhol-rev. The PCR product was digested with Pstl
and Xhol and inserted into the Pstl/ Xhol sites of the linearized pC4-BgBall2-lacZ.

pC4-attB-gBall2-lacZ: An attB fragment was generated by PCR from pUAS-attB with
primers attB-Pstl-for and attB-Xhol-rev. The PCR product was digested with Pstl and
Xhol and inserted into the Pstl/ Xhol sites of the linearized pC4-gBall2-lacZ.

pC4-ABgBall2-lacZ(-ball3’): A lacZ fragment was generated by PCR from pC4-hs43-
lacZ with primers bgal-BsiWI-for and bgal-Xbal-rev and subsequently digested with
BsiWl and Xbal. pC4-ABgBall2-lacZ was digested with BsiWl and Xbal and the
11133 bp fragment was ligated with the lacZ PCR product.

pC4-ABgBall2-lacZ-SV40: An SV40 fragment with terminal Xbal and BamHI
restriction sites (Alf Herzig) was inserted into the Xbal/ BamHI sites of pC4-ABgBall2-
lacZ(-ball3’).

pC4-AgBall2-lacZ(-ball3’): A lacZ fragment was generated by PCR from pC4-hs43-
lacZ with primers bgal-BsiWI-for and bgal-Xbal-rev and subsequently digested with
BsiWI and Xbal. pC4-AgBall2-lacZ was digested with BsiWI and Xbal and the 11019
bp fragment was ligated with the lacZ PCR product.

pC4 -AgBall2-lacZ-SV40: An SV40 fragment with terminal Xbal and BamHI restriction
sites (Alf Herzig) was inserted into the Xbal/ BamHI sites of pC4-AgBall2-lacZ(-
ball3).

pC4-attB-AgBall2-lacZ-SV40: An attB fragment was generated by PCR from pUAS-
attB with primers attB-Pstl-for and attB-Xhol-rev. The PCR product was digested with
Pstl and Xhol and inserted into the Pstl/ Xhol sites of the linearized pC4-AgBall2-
lacZ-SV40.
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pC4-gBall2-lacZ(-ball3’): A lacZ fragment was generated by PCR from pC4-hs43-lacZ
with primers bgal-BsiWI-for and bgal-Xbal-rev and subsequently digested with BsiWI
and Xbal. pC4-gBall2-lacZ was digested with BsiWl and Xbal and the 10978 bp
fragment was ligated with the lacZ PCR product.

pC4-gBall2-lacZ-SV40: An SV40 fragment with terminal Xbal and BamHI restriction
sites (Alf Herzig) was inserted into the Xbal/ BamHI sites of pC4-gBall2-lacZ(-ball3).

pC4-attB-gBall2-lacZ-SV40: An attB fragment was generated by PCR from pUAS-
attB with primers attB-Pstl-for and attB-Xhol-rev. The PCR product was digested with
Pstl and Xhol and inserted into the Pstl/ Xhol sites of the linearized pC4-gBall2-lacZ-
SV40.

pC4-attB-ABgBall2-lacZ-SV40: An attB fragment was generated by PCR from pUAS-
attB with primers attB-Pstl-for and attB-Xhol-rev. The PCR product was digested with
Pstl and Xhol and inserted into the Pstl/ Xhol sites of the linearized pC4-ABgBall2-
lacZ-SV40.

pC4-attB-ABgBall2-lacZ: An attB fragment was generated by PCR from pUAS-attB
with primers attB-Pstl-for and attB-Xhol-rev. The PCR product was digested with Pstl
and Xhol and inserted into the Pstl/ Xhol sites of the linearized pC4-ABgBall2-lacZ.

2.2 Biochemistry

2.2.1 Quantification of protein concentration

For determining the concentration of proteins, the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Munich, Germany) was used following the manufacturer’s instructions.
Briefly, the dye reagent was diluted 1:5 in water to a final volume of 1 ml. 980 ul of
the diluted dye reagent were mixed with 20 pl of protein and the absorbance was
measured at 598 nm. A standard curve, generated with a dilution series of bovine

serum albumine was used to deduce protein concentration.

2.2.2 Polyacrylamide gel electrophoresis (SDS-PAGE)

Denaturing polyacrylamide gel electrophoresis based on the method developed by
Laemmli 1970 was used according to standard protocols (Ausubel et al., 1999). For
separation of the proteins on gels, the Bio-Rad MiniProtean 2 system (Bio-Rad,

Munich, Germany) was used.
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2.2.3 Preparation of nuclear extracts from staged embryos

Nuclear extracts from 0-12 hours old embryos were prepared in the laboratory of A.
Brehm, Institute of Molecular Biology and Tumor Research, Marburg according to a
standard protocol (Sandaltzopoulos et al., 1995) with modifications. Briefly, embryos
were stored for up to 72 hours at 4°C. The embryos were collected in three sieved
embryo collection apparatus by using distilled tab water and a 1 inch paint brush. The
embryos were transferred into a beaker and soaked in 100 ml water with 30 ml
commercial bleach for 3 min, followed by rinsing with 1 | embryo wash buffer and
then extensively with distilled tab water. The embryos were transferred into a pre-
chilled and weighted beaker and their weight was determined. From here on, all
steps were carried out at 4°C in the cold room. The embryos were resuspended in 2
ml/g embryos in buffer 1, poured into Yamato LH-21 homogenizer at 1000 rpm and
disrupted with six subsequent passes. The homogenate was filtered through a single
layer of miracloth (Calbiochem, San Diego, USA). Buffer 1 was added to the filtrate to
a final volume of 5ml/g embryos. The nuclei were pelleted in a pre-cooled GSA rotor
at 8000 rpm for 15 min. The supernatant was removed and the lipids were wiped
from the walls of the tube. The pellet was resuspended in 1 ml/g embryos of buffer
AB. The volume was measured and the liquid was distributed in ultracentrifuge tubes.
To each tube was added 1/10 of the measured volume (NH4),SO4 pH 7.9. The
centrifuge tubes were rotated for 20 min head-over-tail. The lysate was centrifuged at
35000 rpm for 2 h. The supernatant was transferred in a beaker placed on ice by
pipetting from underneath the white lipid layer. For each ml of supernatant 0,3 g of
finely ground (NH4).SO4 was slowly added for 5 min on ice, followed by spinning
down the supernatant at 15000 rpm for 20 min. The supernatant was poured off and
the pellet was resuspended in 0.2 ml/g pellet of Buffer C. The protein concentration
was measured to be 18.5 mg/ml. The nuclear extract was dialysed against 2 | of

buffer C for 4 h, followed by spinning down for 5 min at 9000 rpm.

2.2.4 DNA-protein binding assay

The complementary single stranded DNA oligo-nucleotides were annealed by
applying a temperature gradient to the reactions from 95°C to 25°C with steps of 5°C
for 5 min. The double stranded oligo-nucleotides were biotinylated at their 5’ end. 200
pmol of each double stranded (Table 1) oligo were incubated with 1 ml of nuclear

extract (Section 2.2.3) for three hours head-over-tail at 4°C. In the meantime, 40 pl
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streptavidin coated magnetic bead slurry (Dynabeads M280, Invitrogen, Karlsruhe,
Germany) was prepared according to the manufacturer’s instructions. The reaction
was incubated for one hour at 4°C. The beads were collected using a magnetic tubes
holder (Invitrogen, Karlsruhe, Germany), rinsed three times with Buffer C and washed
3 times for 20 min in Buffer C. The beads were collected and the supernatant was
removed. The bound proteins were eluted by heating the beads at 99°C for 5 min

and separated on 4-12% Bis-Tris Acrylamide gels (Invitrogen, Karlsruhe, Germany).

2.2.5 Mass spectrometric identification and analysis of proteins

Mass spectrometric identification of proteins was performed according to a published
protocol (Takamori et al., 2006). Briefly, total protein is separated on 4-12% Bis-Tris
Gel (Invitrogen, Karlsruhe, Germany). Each lane is cut into 24 equally sized gel
pieces and in-gel digested. Extracted peptides from each piece were separated by
Nano LC and directly analyzed by ESI-MS followed by MS/MS sequencing on LTQ
OrbitrapXL (Thermo Fisher Scientific, Waltham, USA). Raw data were searched
through MASCOT daemon on an in-house MASCOT search engine (Perkins et al.,
1999). Peak lists of the 24 gel pieces are combined for a single search. Standard
search parameters for this type of data were 5 ppm mass accuracy against a
National Center for Biotechnology Information non-redundant database, two missed
cleavages, variable modifications allowed, oxidation of methionine and
carbamidomethylation of cystein residues. Cut off criteria were ions score greater
than 25, one bold red peptide. The analysis and the figures were made with the
programs Filemaker (UnterschleiRheim, Germany) and R (open source graphical

software http://www.r-project.org)

2.3 Immunostaining and FISH of embryos and organs

2.3.1 Fixation of embryos

Embryos for immunostaining or in situ hybridization were collected on apple juice
agar plates supplemented with yeast. After dechorionation (3 min, 50% commercial
bleach), embryos were fixed for 20 min on a rotating wheel in a mix of 750 ul heptane
and 750 ul 7,4% formaldehyde in PBT. The lower aqueous phase was removed, 500
pI methanol were added and the embryos were devitelinized via osmotic shock

(shaking in heptane/ methanol). All the liquid was removed from the embryos, which



MATERIALS AND METHODS 25

settled on the bottom of the tube. The embryos were rinsed three times in methanol

and stored in methanol at -20 °C (Hauptmann, 2001).

2.3.2 RNA in situ hybridization of embryos

The temporal and spatial expression pattern of mRNA transcripts during the
embryonic development of Drosophila melanogaster were studied by whole-mount in
situ hybridization using a modified protocol (Hauptmann, 2001). All the following
steps were carried out on rotating wheel at room temperature unless otherwise
stated. Approximately 50 ul of embryos were stepwise hydrated in PBT (see List of
buffers). The hydrated embryos were incubated in 500 ul PBT and 500 pl Hybe (see
List of buffers) for 15 min. After rinsing 3x with 500 yl Hybe, the embryos were pre-
hybridized for 1 h in 500 yl Hybe at 57 °C. Hybridization was carried out over night
with 1 to 2 ul of RNA probe in 30 pyl Hybe at 57 °C. On the next day the embryos
were washed 2x 15 min with 250 ul Hybe at 57 °C. The following washing steps were
carried out at room temperature: 1x 20 min in a mix of 250 yl Hybe and 250 pl PBT,
and 3x 20 min in 500 pl PBT. For signal detection the embryos were incubated for 2
h at room temperature with pre-absorbed anti-DIG alkaline phosphatase-coupled
antibody (1:2000 diluted in PBT). Then, the embryos were rinsed 3x in 500 ul PBT,
washed 3x 20 min in 500 ul PBT, transferred in AP-buffer and washed 3x 10 min in
500 ul AP-buffer. The signal was developed by incubating the embryos with 10 pl
NBT/ BCIP substrate (Roche, Basel, Switzerland) in 1 ml of AP-buffer at room
temperature. The reaction was stopped by washing the embryos 3x 5 min in 1 ml
PBT. The embryos were dehydrated stepwise in ethanol and mounted in Canada

balsam (Sigma Aldrich Chemie, Munich, Germany).

2.3.3 Immunostaining of embryos

Immunostaining was performed as described (Mitchison & Sedat, 1983) with
modifications. 50 ul fixed embryos stored in methanol were stepwise rehydrated in
PBTx and incubated for 30 min in 10% goat serum (Sigma Aldrich Chemie, Munich,
Germany) in PBTx. Then, the embryos were incubated over night at 4°C head-over-
tail with pre-absorbed primary antibodies in 10% serum in PBTx. All the following
steps were carried out on a rotating wheel at room temperature in 10% serum in
PBTx. Unbound antibodies were washed 3x 20 min. The embryos were incubated for

2 h with Alexa fluorescently labeled secondary antibodies (Invitrogen, Karlsruhe,
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Germany). Subsequently the embryos were washed 3x 20 min and mounted in

ProLong Gold (Invitrogen, Karlsruhe, Germany) mounting medium.

2.3.4 Immunostaining of larval brains or adult testes

A modified protocol was used (Wu & Luo, 2006). All dissections were done in
Schneiders cell culture medium (Gibco, Eggenstein, Germany) at room temperature
(RT) for no longer than 15 min before fixation. Organs were fixed for 10 min in 2%
paraformaldehyde in PBTx. After rinsing in PBTX, the organs were transferred in PBT
with 1% TritonX-100 for 30 min at room temperature. The organs were rinsed again
in PBTx and incubated in 10% goat serum for 30 min (Sigma Aldrich Chemie,
Munich, Germany) in PBTx. The organs were incubated with the primary antibody
over night at 4°C on a rotating wheel. Primary antibodies were affinity purified rabbit
a-BALL (1:400, generated against residues 1-352 of BALL, a kind gift from A.
Herzig), rabbit a-VASA (1:2500, generated against full length Vasa, a kind gift from
A. Herzig), rabbit a-Cleaved-Caspase3 (1:150, Cell Signaling Technologies, Beverly,
USA), mouse a-HTS 1B1 (1:10, DSHB, lowa, USA). The organs were washed 3
times for 20 min followed by incubation for 2 h with secondary antibodies. Secondary
antibodies against mouse and rabbit IgGs were coupled to Alexa 488, Alexa 568,
Alexa 633 (1:400, Invitrogen, Karlsruhe, Germany). Secondary antibodies against
chicken IgY were coupled to Cy5 (1:400, Abcam, Cambridge, USA). Subsequently
the embryos were washed 3 times for 20 min. For staining DNA, tissue was treated
with RNaseA at 2 mg/ml in PBTx for 30 min, followed by staining with 10 uM Draqg5
(Biostatus Ltd., Shepshed, UK). For DNA staining of testes, the concentration of
Drag5 was increased 10 fold. For identification of GFP-marked clones direct GFP
fluorescence was assayed. The organs rinsed and washed for 10 min in PBTx
followed by mounting in Prolong Gold antifade medium (Invitrogen, Karlsruhe,

Germany).

2.3.5 Immunostaining combined with RNA in situ hybridization of
embryos

The RNA in situ hybridization was carried out as described in Section 2.3.2 based on
a published protocol (Hauptmann, 2001), with the following modifications. As a
primary antibody sheep a-DIG antibody from (Roche, Basel Switzerland) was used.
After washing out the unbound primary antibody, embryos were incubated for 2 h
with biotinylated a-sheep antibody from donkey (Jackson ImmunoResearch,
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Willemsdorp, Belgium). Embryos were rinsed 3x in 500 pl PBT, washed 3x 20 min in
500 ul PBT. In the meantime, 10 ul of solution A and 10 pl of solution B from the ABC
KITStandard (Vector Labs, Burlingame, USA) were mixed with 980 upl PBT and
incubated for 30 min at room temperature. The embryos were incubated for 30 min in
this solution for 30 min. Then, the embryos were rinsed 3x in 500 pl PBT, washed 3x
20 min in 500 pl PBT. As much as possible from the liquid was removed. 100 pl of
the Tyramide Signal Amplification Kit System (Perkin Elmer, Waltham, USA) and 2 pl
Cy3 tyramide reagent (Perkin Elmer, Waltham, USA) were added to the embryos.
The reaction was incubated for 10 min in the dark and at all next steps the embryos
were kept in darkened vials. The embryos were rinsed 3x in 500 yl PBT, washed 3x
20 min in 500 pl PBT. Then, the immunostaining reaction was performed as
described in Section 2.3.3 using a modified protocol (Mitchison & Sedat, 1983).

2.3.6 Immunostaining combined with RNA in situ hybridization of larval
brains

In this method a standard protocol was modified (Knirr, Azpiazu & Frasch 1999). For
in situ hybridization the method described in Section 2.3.5 was used with the
following modifications: the freshly dissected organs were fixed in 2%
paraformaldehyde for 10 min, transferred to a vial with PBTx. The larval brains were
incubated in 500 uyl PBTx with 2 ul of ProteinaseK (10 mg/ml, Qiagen, Hilden,
Germany). The brains were rinsed afterwards with PBTx and the immunostaining

carried out as described in Section 2.3.4.

2.3.7 Confocal Laser Scanning Microscopy

Confocal microscopic images were obtained on a Leica AOBS SP2 confocal
microscope (Leica Microsystems, Heidelberg, Germany). For quantification of clone
frequencies, testes or larval brains were captured as a z-series of confocal images.
These images were analyzed for marked cells with Leica TCS software package.
Single images were processed using Adobe Photoshop CS3 (Adobe, San Jose,
USA).
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Table 3: List of antibodies.

Antibody Dilution Reference

a-DIG AP-coupled Fab 1:2000 Roche, Basel, Germany

fragment from sheep

a-Vasa, rabbit 1:2500 A kind gift from A. Herzig
Developmental Studies

a-HTS, mouse 1:25 Hybridoma Bank; (Ding et al.,
1993)
Developmental Studies

a-Prospero, mouse 1:25 Hybridoma Bank; (Campbell et
al., 1994)

a-BALL, rabbit 1:450 A kind gift from A. Herzig
Developmental Studies

a-Elav, mouse 1:25 Hybridoma Bank; (O'Neill et al.,
1994)

a-Miranda, rabbit 1:1000 A kind gift from J. Knoblich

a-Beta-galactosidase, chicken 1:1000 Abcam, Cambridge, UK

. Jackson Laboratory, Bar

a-Chicken-Cy2 1:400 Harbor, USA Y

a-rabbit, Alexa-Fluor-488 1:400 Invitrogen, Karlsruhe, Germany

a-mouse, Alexa-Fluor-488 1:400 Invitrogen, Karlsruhe, Germany

a-rabbit, Alexa-Fluor-568 1:400 Invitrogen, Karlsruhe, Germany

a-mouse, Alexa-Fluor-568 1:400 Invitrogen, Karlsruhe, Germany

a-rabbit, Alexa-Fluor-633 1:400 Invitrogen, Karlsruhe, Germany

a-mouse, Alexa-Fluor-633 1:400 Invitrogen, Karlsruhe, Germany

anti-Cleaved-Caspase3, rabbit 1:150 Cell Signaling Technologies,

Beverly, USA

Table 4: List of buffers.

Name

Composition

PBT

Hybe

AP-buffer

PBTx

Buffer 1 (nuclear extracts from embryos)

Buffer AB (nuclear extracts from embryos)

Buffer C

137 mM NaCl; 2,7 mM KCI; 10 mM Na,HPOQOy; 2
mM KH,POy; 0,1 % Tween 20

50 % formamide; 5x SSC; 0,1 % Tween 20; 400
pg/ml sonicated DNA from fish sperm; 200 ug/mi
torula RNA; 100 ug/ml heparin; pH 5,0

100 mM Tris pH 9,5; 100 mM NaCl; 50 mM
MgCly; 0,1 % Tween20

137 mM NacCl; 2,7 mM KCI; 10 mM Na,HPOQOy,; 2
mM KH,POy; 0,1 % TritonX 100

15 mM Hepes pH 7.6, 10 mM KCI, 5 mM MgCl,,
0.5 mM EGTA, 0.1 mM EDTA, 350 mM Sucrose,
1 mM DTT, 0.2 mM PMSF, 1 mM NaMBS

15 mM Hepes pH 7.6, 110 mM KCI, 2 mM MgCl,,
0.1 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 1 mM
NaMBS

20 % Glycerol, 25mM Hepes pH 7.6, 100 mM
KCI, 12.5 mM MgCl,, 0.1 mM EDTA, 1 mM DTT,
0.2 mM PMSF, 1 mM NaMBS
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Table 5: Chromosomes and insertions.

Genotype

Reference

1118
W

y' M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP}ZH-86Fb

WgSpl

y' w''"® P{70FLP}3F
P{neoFRT}82B P{tubP-Gal80}LL3
TM3, Sb1, P{35UZ}2

T(2;3)TSTL, CyO: TM6B, Tb*

P{UAS-lacZ.NZ}20b

P{neocFRT}82B

P{tubP-Gal4}
P{Gal4-nos.NGT}40

ball?

P{pC4-attB-gBall2-lacZ}
P{pC4-gBall2-ball}
P{pC4-attB-AgBall2-lacZ-SV40}
P{pC4-attB-ABgBall2-lacZ}

P{pC4-attB-ABgBall2-lacZ-SV40}
P{UASp.ballE}2.1

P{UASt.ballE}
P{GAL4-pros.MG}
P{GAL4-worniu}

(Lindsley & Zimm, 1992)

(Bischof et al., 2007)

(Buratovich et al., 1997)
(Golic & Golic, 1996)

(Lee & Luo, 2001)

(Duronio et al., 1995)

(Tio & Moses, 1997)

Hiromi and West, personal
communication to A. Herzig

(Xu & Rubin, 1993)

(Bello et al., 2003)

(Li & Gergen, 1999)

(Klinge, 2006)

This study

This study

This study

This study

This study

A.Herzig, personal communication
A.Herzig, personal communication
(Pearson & Doe, 2003)

J. Knoblich, personal communication.

2.4 Drosophila genetics

2.4.1 Fly strains and fly culture

Flies were maintained and propagated on a complex cornflour-soyflour-molasse

medium supplemented with dry yeast. Fly stocks were kept at 18°C. Fly strains for
analysis were maintained at 25°C with 20-30% humidity and 12 h/ 12 h light/ dark

cycle. If not noted differently, flies were handled according to standard protocols.

white flies were obtained from the Bloomington stock center (Bloomington, Indiana,

USA). The chromosomes, mutants and insertions used in this study are listed in

Table 5.
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2.4.2 Generation of transgenic flies

Transgenic insertions were generated by microinjection of Drosophila embryos using
standard techniques (Rubin & Spradling, 1982). pC4-gBall2-ball fly strain was
generated by injection of embryos of genotype w*'*. The transgenic fly strains pC4-
attB-gBall2-lacZ, pC4-attB-AgBall2-lacZ-SV40, pC4-attB-ABgBall2-lacZ, pC4-attB-
ABgBall2-lacZ-SV40 were generated by injecting the corresponding DNA into
embryos of the genotype y' M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP}ZH-86Fb
(Bischof et al., 2007).

2.4.3 Mating schemes

For clonal analysis in adult male testes, the following crossing scheme was used:

Males of the genotype
(1) w/Y;; P{neoFRT}82B P{Ubi-GFP}83/ P{neoFRT}82B P{Ubi-GFP}83
were mated to virgin females of the genotype
(2) y'w P{ry*, hs-FLP}/y"' w P{ry", hs-FLP}1; D% TM3, Sb1, P{35UZ}2
and in the next generation males of the genotype
(3) y'w P{ry*, hs-FLP}1/ Y;; P{neoFRT}82B P{Ubi-GFP}83/ TM3, Sh1, P{35UZ}2
were collected and mated with virgin females of the following genotype:
4) y'w P{ry’, hs-FLP}/y' w P{ry*, hs-FLP}1; D% TM3, Sb1, P{35UZ}2
From this cross virgin females of the genotype
(5) y'w P{ry’, hs-FLP}1/y"' w P{ry*, hs-FLP}1; P{neoFRT}82B P{Ubi-GFP}83/ TM3, Sh1, P{35UZ}2
were collected and mated with males of control genotype (4) or test males carrying the ball® allele:
(6) w/Y; P{neoFRT}82B/ P{neoFRT}82B
(7) w/Y; P{neoFRT}82B e ball’/ TM3, Sb1, P{35UZ}2
From mating animals of genotype (3) with (4), males of the genotype
(8) y1 W P{ry*, hs-FLP}1/ Y; P{neoFRT}82B P{Ubi-GFP}83/ P{neoFRT}82B  were collected.
From mating animals of genotype (3) with (5) males with the following genotype were collected:

9) y'w P{ry*, hs-FLP}1/ Y; P{neoFRT}82B P{Ubi-GFP}83/ P{neoFRT}82B e ball*
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For clonal analysis in larval brains, the following crossing scheme was used:

In the first step two stocks were generated by mating males of the genotype
(1) w/Y; wg® T(2;3)TSTL, CyO: TM6B,Tb*; +/ T(2;3)TSTL, CyO: TM6B,Tb*
with virgin females of the following genotypes:

(2) wiw*; P{UASp.ballE}2.1/ P{UASp.ballE}2.1; P{neoFRT}82B e ball’/ TM3, Sb1, P{35UZ}2
(3) w™® w'® P{UAS-lacZ.NZ}20b/ P{UAS-lacZ.NZ}20b; P{neoFRT}82B e ball¥’ TM3, Sbi,
P{35UZ}2

From mating flies of genotype (1) with flies with genotype (2), males and females of the following

genotype were collected and a stock was established by mating those flies:

(4) w/w'; P{UASp.ballE}2.1/ T(2;3)TSTL, CyO: TM6B,Th"; P{neoFRT}82B e ball*/ T(2;3)TSTL, CyO:
TM6B,Tb*

From mating flies of genotype (1) with flies with genotype (3), males and females of the following

genotype were collected and a stock was established by mating those flies:

(5) w/ w'; P{UAS-lacZ.NZ}20b / T(2;3)TSTL, CyO: TM6B,Th; P{neoFRT}82B e ball’/ T(2;3)TSTL,
CyO: TM6B,Tb*

In parallel, males of the genotype

(6) y1 wlY; P{tubP-Gal4}/ CyO, P{ftz/ lacB}E3; P{neoFRT}82B P{tubP-Gal80}LL3/ P{neoFRT}82B
P{tubP-Gal80}LL3

were mated to virgin females of the genotype

(7) y'w'"® P{70FLP}3F/ y' w''"® P{7OFLP}3F; +/ T(2;3)TSTL, CyO: TM6B,Th"; P{Gal4-nos.NGT}40/
T(2;3)TSTL, CyO: TM6B,Tb*

and in F1 males of the following genotype were collected and used in the next crosses

8) y' w'""® P{7TOFLP}3F/ Y; P{tubP-Gal4}/ T(2;3)TSTL, CyO: TM6B,Tb"; P{neoFRT}82B P{tubP-
Gal80}LL3 / T(2;3)TSTL, CyO: TM6B,Th*

In the next step, virgins of genotypes (4) and (5) as well as virgins of the genotype
9) w''® w8 P{UAS-lacZ.NZ}20b/ P{UAS-lacZ.NZ}20b; P{neoFRT}82B/ P{neoFRT}82B

were mated to males of genotype (8). From the mating of males of (8) with females of (4) larvae of the

following genotype were collected

(10) y' w''"® P{7OFLP}3F/ w*; P{tubP-Gal4}/ P{UASp.ballE}2.1; P{neoFRT}82B P{tubP-Gal80}LL3/
P{neoFRT}82B e ball.
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From the mating of males of (8) with females of (5) larvae of the following genotype were collected:

(11) y' w''"® P{7OFLP}3F/ w*; P{tubP-Gal4}/ P{UAS-lacZ.NZ}20b; P{neoFRT}82B P{tubP-Gal80}LL3/
P{neoFRT}82B e ball®

From the mating of males of (8) with females of (9) larvae of the following genotype were collected:

(12)y' w'® P{70FLP}3F/ w'™® P{tubP-Gald}/ P{UAS-lacZ.NZ}20b; P{neoFRT}82B P{tubP-
Gal80}LL3/ P{neoFRT}82B

For overexpression of ball in the embryonic central nervous system embryos from the

following crosses were collected:

+/Y; P{GAL4-pros.MG} males were crossed to X/X; P{UASp.ballE}2.1 females
+/Y; P{GAL4-pros.MG} males were crossed to X/X; P{UASt.ballE} females
+/Y; P{GAL4-worniu} males were crossed to X/X; P{UASp.ballE}2.1 females

+/Y; P{GAL4-worniu} males were crossed to X/X; P{UASt.ballE} females

2.4.4 Induction of clones in adult testes

Males, 0-7 days old, were kept at 25°C and fed on yeast for at least one day before
heat shock. Three subsequent heat shocks for 50 min at 38°C were applied in 12
hours intervals. For the heat shocks, the flies were placed in empty vials with
moisturized foam stoppers. Between the heat shocks, flies were kept at 25°C with dry
yeast in the vial. After the heat shocks, flies were mated to w'*8 for the period of the
analysis and kept in vials supplemented with dry yeast. Clones were induced in the

following genotypes:

1) y'w P{ry*, hs-FLP}/Y; P{neoFRT}82B P{Ubi-GFP}83/P{neoFRT}82B

) y'w P{ry*, hs-FLP}1/Y; P{neoFRT}82B P{Ubi-GFP}83/P{neoFRT}82B e ball®

Heat shock of genotype (1) generated control cell clones and heat shock of genotype
(2) produced ball”? mutant cell clones. Testes were dissected 48, 72 and 96 hours

after the first heat shock.

2.4.5 Induction of clones in larval brains

For MARCM studies in larval brains (see section 2.5), flies were mated in fly cages

closed with apple juice agar plates supplemented with yeast paste. For collections,
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the plates were changed every 4 h. The old plates were kept at 25°C for 24 h. They
were rinsed with water to remove larvae that already hatched. After another 2 h, the
larvae that hatched in the meantime were collected and placed in vials with yeast
paste. The vials were kept at 25°C and 20-30% humidity for 24 h. Then a heat shock
was applied by placing the vials at 38°C in a water bath for 40 min. The vials were
kept at 25°C for the next 72 h. At approximately 96 h after larval hatching larval

brains were dissected. Clones were induced in animals of the following genotypes:

(1) y' w''® P{7OFLP}3F/ X; P{tubP-Gal4}/ P{UASp.ballE}2.1; P{neoFRT}82B P{tubP-Gal80}LL3/
P{neoFRT}82B e ball?

) y' w'""® P{70FLP}3F/ X; P{tubP-Gal4}/ P{UAS-lacZ.NZ}20b; P{neoFRT}82B P{tubP-Gal80}LL3/
P{neoFRT}82B P{tubP-Gal80}LL3

(3) y' w'""® P{7OFLP}3F/ X; P{tubP-Gal4}/ P{UAS-lacZ.NZ}20b; P{neoFRT}82B P{tubP-Gal80}LL3/
P{neoFRT}82B e ball?

Heat shock of larvae of genotype (2) generated control clones, heat shock of larvae
of genotype (3) produced ball> mutant clones and heat shock of larvae of genotype

(1) produced rescue clones.
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3. Results

3.1 ball expression in the embryonic and larval central nervous systems

ball has a dynamic temporal and spatial expression pattern during embryogenesis
and larval development of Drosophila melanogaster (Klinge, 2006). The early embryo
contains ubiquitously supplied maternal ball transcripts (Fig. 1A). These are excluded
only from the pole cells, which bud out at the posterior of the embryo (Demerec,
2000) (Fig. 1A). During germ band extension ball mRNA is ubiquitous (Fig. 1B). Later
on ball expression is gradually restricted to the central nervous system (CNS), where
it is enriched in the neuroblasts (Nbs; Fig. 1C-F), which are morphologically
identifiable both by size and position underneath the neuroectoderm (Doe, 1992).
Towards the end of embryogenesis, ball mMRNA in the CNS is degraded when most
Nbs enter a phase of mitotic quiescence (Fig 1H). In late embryonic stages, ball
transcripts can also be detected in the germline cells, which are included in the
embryonic gonads and are derived from the primordial germ cells (Fig. 1G,H). ball
transcripts in the CNS and the gonads can also be detected during larval
development (Klinge, 2006). In third instar larvae, ball mMRNA is expressed in optic
lobes (for description of this organ see (Bate & Arias, 1993) as well as in the gonads

of both males and females (Klinge, 2006).

| addressed the question whether the distribution of ball protein (BALL) parallels the
expression of ball mRNA. To study BALL expression in the embryonic CNS, co-
immunostainings of embryos in different embryonic stages were performed with a-
BALL and a-Prospero (Pros) antibodies (Section 2.3.3). The transcription factor Pros
specifically labels the nuclei of the GMC fraction of the CNS (Doe et al., 1991; Spana
& Doe, 1995; Vaessin et al., 1991; Matsuzaki et al., 1992), and thus can serve as a

GMC-specific marker protein.

Nbs were distinguished morphologically by their size and position underneath the
neuroectoderm (Campos-Ortega & Hartenstein, 1997). As Nb divisions are
asymmetric and thus directional, the GMCs form a layer underlying the Nbs. Confocal
images of immunostained embryos were taken with a laser scanning confocal
microscope and 3D reconstructions of embryonic CNS were analyzed (Section
2.3.7).
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Figure 1: ball mMRNA expression during embryogenesis.

(A) In embryonic stage 5 ball RNA is ubiquitous but excluded from the pole cells (arrow). (B) At stage
9 ball transcripts are enriched in the germ band (lateral view). (C-D) At stage 11 ball is expressed in
Nb. (E-F) At stage 13 ball is expressed in Nbs. (G) In embryonic stage 15 ball expression in the CNS
is downregulated. ball transcripts can now be detected in the embryonic gonads (lateral view). (H) In
embryonic stage 16 ball is expressed only in a sub-set of cells in the CNS and in the gonads (dorsal
view). Orientation of embryos: (A-E) anterior to the left, dorsal side up; (F-G) ventral view; (H) dorsal
view.

The results summarized in Fig. 2E-S show that BALL is enriched in Nbs in the
embryonic stages 10-13 but it is also present in GMCs. To further detail the
distribution of ball mMRNA in embryonic CNS, fluorescent in situ hybridization (FISH)
with a ball antisense probe was carried out (Section 2.3.5). Immunostaining for Pros
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detection was performed in parallel to label the GMCs. ball mMRNA was enriched in
the Nb layer and was very weakly detectable in the GMC layer at embryonic stage 11
(Fig. 2A-D), which correlates with the whole mount in situ data (Klinge, 2006). Similar
to the expression of ball mMRNA in embryonic CNS, BALL is enriched in Nbs but not
restricted to Nbs of the larval brain. In addition, BALL is present at low levels in post-
mitotic neurons (Alf Herzig, personal communication). To further characterize the
distribution of ball mMRNA in the larval brain, FISH with ball antisense RNA probe was
combined with Elav immunostaining of brains from third instar larvae (Fig. 3A). Elav,
a RNA-binding protein required for neurogenesis, localizes to the nuclei of neurons of
the central and peripheral nervous systems of both embryos and larvae, and can be
used as a neuronal marker (Robinow & White, 1991; Betschinger et al., 2006; Lisbin
et al., 2001; Soller & White, 2003; Soller & White, 2005). The strongest signal from
ball mMRNA could be detected in Nbs of the ventral ganglion of the larvae (Fig. 3A);
signals from optic lobe Nbs were weaker. Similar to the embryonic CNS, the levels of
ball transcripts were significantly higher in Nbs than in neurons (Fig. 3B-D). The
results indicate that ball mRNA is expressed in Nbs of both embryonic and larval
CNS, whereas BALL protein is enriched in Nbs and found as well in GMCs and

neurons.

The specific expression pattern of ball in Nbs prompted me to ask how ball
expression is established, whether BALL activity has a specific function in Nbs and

whether it is required for CNS development.
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Figure 2: ball expression in embryonic neuroblasts.

In all panels staining of w embryos are shown. GMCs are labeled with Pros (red) and DNA is stained
with Drag5 (blue). (A) ball RNA in situ of stage 11 embryos co-immunostained for Pros. (B-D)
Magnification of Nbs and GMCs of embryo in panel (A). In (C-D) individual channels of panel (B) are
shown. ball transcripts are detectable at high levels at stage 11 in the Nb layer (arrowhead). The GMC
layer reveals lower levels of ball RNA. (E) Co-immunostaining for BALL and Pros in a stage 10
embryo. (F-1) Magnification of single cells from panel (E). At stage 10 the BALL protein levels in Nbs
(arrowhead) and GMCs (arrow) are comparable. (J) Co-immunostaining for BALL and Pros in a stage
11 embryo. (K-N) Magnification of single cells from panel (J). BALL protein starts accumulating in Nbs
(arrowhead) as compared to GMCs (arrow). (O) Co-immunostaining for BALL and Pros in stage 13
embryo. (P-S) Magnification of single cells from panel (O). BALL protein levels are strongly elevated in
Nb (arrowhead) in comparison to GMCs (arrow). Orientation of the embryo (A, E, J, O) is anterior to
the left, dorsal side up.
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10 um

Figure 3: ball mRNA expression in larval brains.

(A) Fluorescent in situ hybridization of ball (green) and Elav immunostaining (red) of third instar larval
brains. The strongest FISH signal could be detected in the region of the ventral ganglion. (B-D) At 10
fold higher magnification it is evident that ball mMRNA (green) is enriched in Nbs (arrowhead) as
compared to neurons (arrow). Panels (C-D) show single channels from panel (B).



RESULTS 39

3.2 Cis-regulatory elements of the ball gene

In order to identify the DNA sequences of the ball gene that control the temporal and
spatial aspects of ball expression, | first identified a genomic sequence of the gene
sufficient to rescue the homozygous lethal ball* allele (Klinge, 2006) by integration of
the transgene DNA into the genome of the mutants. To generate the rescue
transgene pC4-gBall2-ball, the ball coding sequence was cloned in a pCaSpeR4
vector containing 568 bp of genomic sequence upstream of the ball translation start
site and 284 bp downstream of the ball stop codon. The upstream genomic DNA
contained the ball 5UTR, 123 bp of intergenic sequence and the 5’UTR of the

neighboring gene, his2av (Fig. 4A). The construct was injected in w***®

embryos and
four independent transgenic fly lines were obtained. Flies from two of these lines
were crossed to flies carrying the ball® allele, and the potential rescue of the ball?
mutant individuals, which are normally lethal, was assayed. From the homozygous
mutant flies with one copy of the transgene only the males survived. However, they
showed a neurologic phenotype: their motor activity was impaired, for example, they
were not able to climb the walls of the vials they were kept in. A more detailed
phenotypic analysis was not performed. In contrast to one copy, two copies of the
transgene could rescue the ball® pupal lethal phenotype of both males and females
and led to the development of flies without a visible phenotype. Thus, 568 bp
upstream of the ball translation start site and 284 bp downstream of the ball stop
codon must contain cis-regulatory elements sufficient to ensure the correct temporal

and spatial expression pattern of ball.

In order to identify cis-regulatory elements, which drive distinct spatial and temporal
aspects of ball expression, | cloned various genomic subregions of the ball rescue
transgene into P-element vectors. They carried as a reporter the bacterial lacZ gene.
For integration of the constructs in the fly genome, the @C31 phage integration
system was used (for a detailed description of the DNA integration see Bischof et al.,
2007). In this system a ¢C31 phage integrase catalyses the recombination between
a phage attachment site attP previously introduced in the fly genome by transposable
elements (“landing site”) and a bacterial attachment site attB present in the vector
DNA (Thorpe et al., 2000). All constructs used for this study carried attB attachment
sites upstream of the ball 5 genomic sequences. They were targeted for integration

to the same landing site in the cytological position 86F on the 3™ chromosome, since
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no positional effects had been reported for this landing site (Bischof et al., 2007). Due
to this experimental arrangement, the expression of the different reporter transgenes
from the same genomic locus could be directly compared. After successful
integration of the transgene DNA, the genomic sequences could be tested for their
ability to act as cis-regulatory elements for the reporter gene expression observed
after whole-mount in situ hybridization of embryos with a specific lacZ anti-sense
RNA probe.

If the temporal and spatial expression pattern of the reporter gene corresponded to
that of ball, one could conclude that the ball genomic sequence included in the
transgene would correspond to the respective cis-regulatory elements that also drive

ball expression.

Al  5UTR his2av g':,ff; | 5UTR ball | ball CDS | 3 ,%;’Iﬂ,’:’ e
3"UTR
[ 162 [ 123 [32] [ 131 ] 234 | | 1566 |64 220 |
120 56
ball-RA [ 131 233 ] | 1566 | 64 ]
ball-RB | 185 [ 234 ] | 1566 | 64]
B.
ball-like
expression lacz
YES  pC4-attB-gBall2-lacZ | 568 284
YES  pC4-attB-ABgBall2-lacZ | 406 284
YES  pC4-attB-ABgBall2-lacZ-5V40 | 406 I
NO  pC4-attB-BgBall2-lacZ | 251 284
YES  pC4-attB-AgBall2-lacZ-5V40 155 131

Figure 4: Cis-elements that regulate ball expression.
(A) The minimal genomic sequence, which is sufficient to rescue ball’. The numbers represent base

pairs. The drawing is not up to scale. (B) Schematic representation of the analysis of the cis-regulatory
elements of the ball gene. All constructs with the exception of pC4-attB-BgBall2-lacZ give ball-like
expression pattern of the lacZ reporter gene (blue). The shortest genomic sequence sufficient to
reproduce ball-like expression pattern of the lacZ reporter is 286 bp in pC4-attB-AgBall2-lacZ-SV40.
For the corresponding DNA sequence see (Klinge, 2006).
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The constructs used for this study and the results are summarized in Fig. 4. First, the
reporter transgene pC4-attB-gBall2-lacZ was generated by replacing the ball gene in
the pC4-gBall2-ball rescue transgenic construct with lacZ and by inserting an attB
attachment site upstream of the ball genomic sequence. Transgenic flies were
generated and the reporter gene expression was analyzed. Consistent with the
functional data, e.g. the above reported rescue of ball®> mutant phenotype, the laczZ
reporter in pC4-attB-gBall2-lacZ embryos showed a ball-like expression pattern (Fig.
5A-E). However, only this transgene had significant enrichment of lacZ transcripts in
the embryonic gonads (Fig. 5E). The pC4-attB-ABgBall2-lacZ transgene, which
lacked 162 bp of the genomic sequence comprising the 5UTR of his2av (Fig. 4B),
was only sufficient to drive the ball-like expression pattern of the lacZ reporter in the
CNS (Fig. 6A-D).

The 5’UTR of ball contains two transcription initiation sites and an intron (Klinge,
2006). The 5 ball genomic sequence was further shortened by deleting 123 bp of
intergenic sequences and 32 bp of the first untranslated exon of ball (pC4-attB-
BgBall2-lacZ; Fig. 4B). This transgene contains only the more proximal transcription
initiation start site and the intronic sequence in the 5 direction. This was the only
transgene that did not result in ball-like expression of the lacZ reporter. Thus, the
herein deleted 155 bp DNA sequence must contain sequences necessary for ball-like
expression of lacZ. In the next step of the analysis | also asked whether ball 3’'UTR
sequences were necessary for ball-like expression of the lacZ reporter. Thus, |
replaced the 284 bp of genomic sequence downstream of the lacZ reporter with the
SV40 3’'UTR sequence (pC4-attB-ABgBall2-lacZ-SV40; Fig. 4B). With this transgene,
embryonic ball-like expression of the reporter gene was still detectable in embryonic
Nbs (Fig. 6E-H), indicating that the ball 3’'UTR was not necessary for ball-like
expression of the reporter gene. Finally, | asked whether regulatory elements could
be located within the first intron of ball, which was tested with pC4-attB-AgBall2-lacZ-
SV40, lacking 120 bp of intronic sequence (Fig. 4B). The reporter gene was
expressed in the CNS in ball-like fashion (Fig. 5F-I).

Taken together, 286 bp comprised of 123 bp of intergenic sequence and 163 bp of
ball 5° region sequence were sufficient to drive ball-like expression of the lacZ
reporter in the CNS. Conversely, the 123 bp intergenic DNA and 32 bp of the first ball

exon were found to be necessary for ball-like expression of lacZ in the CNS.
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Sequences found to be necessary and/or sufficient for ball-like expression of the
reporter gene were subsequently used in further studies to identify trans-acting
factors which may serve as regulators of ball expression in the CNS.

pC4-attB-gBall2-LacZ pC4-attB-AgBall2-LacZ-5V40

Figure 5: Expression pattern of the lacZ reporter gene in pC4-attB-gBall2-lacZ and pC4-attB-
AgBall2-lacZ-SV40 transgenic embryos.
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(A-D) Expression pattern of pC4-attB-gBall2-lacZ. This construct contained the largest genomic
fragment. Only in this construct there was clear expression in embryonic gonads (E, arrow). (F-I)
Expression pattern of pC4-attB-AgBall2-lacZ-SV40. This construct contained the shortest genomic
fragment. With both constructs maternal lacZ transcripts are ubiquitous but excluded from the pole
cells (AF, arrows). Later, lacZ expression is restricted to the neuroectoderm (B,G). lacZ is expressed
in mitotic Nbs and fades away from the CNS in late developmental stages (C-E, H-I). Orientation of
embryos is anterior to the left and dorsal up (A,B,F,G) or viewed from the ventral side.

pC4-attB-ABgBall2-LacZ pC4-attB-ABgBall2-LacZ-5V40

Figure 6: Expression pattern of the lacZ reporter gene in pC4-attB-ABgBall2-lacZ and pC4-attB-
ABgBall2-lacZ-SV40 transgenic embryos.
(A-D) Expression pattern of pC4-attB-ABgBall2-lacZ. (E-H) Expression pattern of pC4-attB-ABgBall2-

lacZ-SV40. With both constructs maternal lacZ transcripts are ubiquitous. Later, lacZ expression is
restricted to the neuroectoderm (B,F). lacZ is expressed in mitotic Nbs (C-D, H-I). Orientation of
embryos is anterior to the left and dorsal up (A,B,E,F) or viewed from the ventral side (C-H).
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3.3 Identification of nuclear proteins binding to the cis-regulatory sequences
of ball in vitro

The genomic sequence sufficient to drive ball-like expression of the lacZ reporter in
the embryonic CNS comprised 286 bp of DNA sequence upstream of the ball
translation start site. 155 bp of this sequence was also shown to be necessary for
lacZ expression. | used this genomic DNA sequence, which is necessary for the
proper spatiotemporal expression pattern of ball as revealed by the reporter gene

analysis, to isolate and identify trans-acting factors that bind to it.

To identify such putative trans-acting regulators of ball transcription, | used an
approach that utilizes ESI-mass-spectrometry to identify nuclear DNA-binding
proteins that are able to specifically interact with double-stranded DNA oligo-
nucleotides, which were immobilized onto paramagnetic beads (for description of the
method see Nordhoff et al., 1999). In this experiment | used five overlapping 35-40
bp long double-stranded DNA oligo-nucleotides that cover the 155 bp of the ball
regulatory region (designated test oligo-nucleotides) (Table 1). To ensure that no
binding sites were interrupted, the test oligo-nucleotides were designed to overlap by
10bp. In addition, | used a DNA oligo of the 3’UTR of ball (designated control oligo-
nucleotide), which was shown to be unnecessary for ball-like expression of the lacZ
reporter. The test and the control oligo-nucleotides shared no significant sequence
similarity. For immobilization of the oligo-nucleotides on paramagnetic beads, the
strong and specific interaction of biotin with streptavidin was utilized, i.e. DNA oligo-

nucleotides were biotinylated at their 5’ ends.

For binding assays, the biotinylated oligo-nucleotides were incubated with highly
concentrated nuclear protein extract (=30 mg/ ml, Fig. 7), prepared from 0-12 hour
old embryos (obtained from A. Brehm, Marburg, Section 2.2.3). After incubation,
paramagnetic beads covered with a monolayer of streptavidin were added to the
reaction (Section 2.2.4). After incubation, followed by extensive washing, the
attached proteins were eluted and separated by 1D SDS-PAGE (Section 2.2.2).

Staining of the proteins revealed a complex pattern on the gels. The protein bands
from each individual gel were extracted and subsequently subjected to mass-
spectrometric analysis (in collaboration with H. Urlaub, Géttingen, Section 2.2.5).
Three independent experiments with each oligo were performed leading to the

identification of a total of 1726 unique Drosophila proteins from all three repetitions
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and all oligo-nucleotides used in the experiments (Appendix). The procedure of the
protein attachment to DNA fragments is schematically summarized in Fig. 7 and
outlined in Methods 2.2.4.

u
» (N
u a ] Biotin
@ + I
Nuclear extract Biotinilated DNA fragment
o
® “'n
1 W ® Incubate nuclear extract with biotinilated oligos
O u
O
_C + Add Dynabeads. Incubate

Dynabeads Streptavidin

o
® 'n
—C ERNEE B ® Oligos bind to the Dynabeads
O H
O
=
_( - 1@1 + ® .. ® Magnetic separation and wash
m H
O

Elution of bound protein

Figure 7: Schematic representation of the experimental procedure for isolation of DNA binding
proteins from nuclear extracts.
Embryonic nuclear extract was incubated with biotinylated double-stranded DNA oligo-nucleotides.

Subsequently, magnetic particles covered with covalently bound streptavidin were added to the
reaction. Using magnetic separation the beads were washed from the unbound proteins. The
specifically bound proteins were eluted from the beads.

To distinguish specific from unspecific binding proteins, the isolated proteome was
filtered afterwards in silico by using the following criteria. Proteins found in two or
three of the three experiments with a given oligo were considered “true”

identifications. Proteins identified only once with a given oligo were considered “false”
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identifications. This pragmatic assignment allowed me to exclude two large groups of
proteins: 687 proteins were excluded because they appeared in the “false”
identification fraction only; the second group consists of 489 proteins found in the
“true” identification fraction for all oligo-nucleotides and were, therefore, excluded as
non-specific binders. Finally, 254 proteins with positive identification in the control
oligo from the ball 3UTR were subtracted. The remaining 296 proteins bind
specifically to one or more oligo-nucleotides from the ball 5 regulatory sequence
shown to be both necessary and sufficient for driving gene expression in a ball-like
pattern in the CNS.

To test whether the applied filtering of the data resulted in an enrichment of nuclear
proteins with an expected function in transcription, | asked what gene ontology (GO)
terms (Harris et al., 2004) are enriched in the filtered proteome in comparison to
those found in the initially identified proteome. For that, the software tool for
visualizing and analyzing GO annotation data in sets of genes (VLAD) was employed
(Cruz et al., 2005). GO terms are grouped in three large classes: Cellular
Component, Molecular Function and Biological Process (Harris et al.,, 2004).
Comparable fractions, i.e. 69% of the proteins in the filtered set and 72% of the
proteins in the initially identified proteome, were associated with GO terms of the
Cellular Component class. A comparison of the filtered protein set with the initially
found proteome revealed a significant enrichment for nuclear proteins in the filtered
set (p=3.5E-04), (Fig. 8). Next, | examined the relative enrichment for GO terms from
the Molecular Function Class. 80% of the proteins in the filtered set and 78% of the
proteins in the initially found proteome were associated with this class. In the filtered
set, significantly enriched was the group of chromatin insulator sequence binders
(p=5.2E-03) and transcription regulators (p=1.4E-03) (Fig. 9). Thus, the filtering
significantly increased the relative number of nuclear proteins with functions in
transcription and reduced the total number of proteins from 1726 to 296 candidate
proteins to be examined in further detail. The individual results of the enrichment

analysis are summarized in Figs. 8 and Fig. 9.
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Figure 8: Relative enrichment of GO terms from the cellular component class in the filtered
protein set versus the initially found sub-proteome.

After filtering based on experimental criteria for specificity to one or more oligo-nucleotides from the
ball 5’ region, the filtered set was significantly enriched for nuclear proteins (p=3.5E-04) in comparison
with the set of all found proteins. The online tool VLAD was used for the analysis. Together with the
GO term, in brackets are shown the p-value, the number of proteins associated with this GO term in
the filtered set and in the reference set, respectively.
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Figure 9: Relative enrichment of GO terms from the molecular function class in the filtered
protein set versus the initially found sub-proteome.

After filtering based on experimental criteria for specificity to one or more oligo-nucleotides from the
ball 5’ region, the filtered set was significantly enriched for transcriptional regulators (p=1.4E-03) in
comparison with the set of all found proteins. The online tool VLAD was used for the analysis.
Together with the GO term, in brackets are shown the p-value, the number of proteins associated with
this GO term in the filtered set and in the reference set, respectively.

Next, experimental criteria were used to further group the 296 proteins of the
candidate proteome. | considered a protein as a specific binder when it bound only
with one oligo. 28 specific factors were identified with oligo-nucleotide 1 (Fig. 10), 37
proteins with oligo 2 (Fig. 11), 15 proteins with oligo-nucleotide 3 (Fig. 12), 9 proteins
with oligo-nucleotide 4 (Fig. 13) and 38 proteins with oligo-nucleotide 5 (Fig. 14). The
remaining 169 proteins bound to more than one of the test oligo-nucleotides but not
to the control oligo. Of these, 24 proteins were found more than once with all five test
oligo-nucleotides (Fig. 15), 28 with four oligo-nucleotides (Fig. 16), 49 with three
oligo-nucleotides (Fig. 2.18) and 68 with two oligo-nucleotides (Fig. 2.17). In each of
the groups potential regulators of ball expression could be found. They include
transcription factors such as Shuttle craft (Stroumbakis et al., 1996) and Dp (Dynlacht
et al., 1994), chromatin insulator sequence binders such as BEAF-32 (Zhao et al.,
1995) and CTCF (Yusufzai et al., 2004; Gerasimova et al., 2007). In addition, |

observed DNA binders with unknown molecular functions such as CG17446 (FlyBase
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ID: FBgn0030121) and CG9437 (FBgn0034599) and proteins with unknown functions
such as CG5597 (FlyBase ID: FBgn0034920) and CG32295 (FlyBase ID:
FBgn0052295). The role of those proteins in ball expression remains to be elucidated

by functional tests.

Proteins found in Bl 2 1]} independent experiments

bol
garz
CG12022
CG7987
CG9437
elav
Eps-15
par-6
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msl-3
CG5591
CG32295
CG3004
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Oligo 1 Oligo 2 Oligo 3 Oligo 4 Oligo 5 Oligo 6

Figure 10: Proteins binding specifically to oligo-nucleotide 1.

28 proteins were found in more than one independent experiments with oligo-nucleotide 1 and in less
than two independent experiments with the other oligo-nucleotides. On the figure “Oligo” stands for
oligo-nucleotide. Oligo-nucleotide 6 is the control oligo-nucleotide. Annotated specific regulators of
transcription are marked in green. Annotated nucleic binders with unknown molecular functions are
labeled in blue.



50

_U
5
o
—
Y
5
7
—
o
c
=
o
3
N
—
=
o
@
o
®
=3
o
@
S
—
0]
x
°
@
=
3
@
3
—
w

elF2B-y
Gap69C
Taf12
CG9044
Pez
mars

alc
CG1461
nxf2

Rtf1
CG9135
Rrp46
Nopp140
elF-4E
CG15835
CSN7
MED26
wda
meso18E
CG9772
CGB793
Mes4
MED11
MED22
CG7698
CG3980
DebB
CG5180
CG8944
Haspin
CG6961
BubR1
CG6693
CG11984
CG8569
Taf11

e
m
(%2}
C
. —
—
wmv

Oligo 1 Oligo 2 Oligo 3 Oligo 4 Oligo 5 Oligo 6

Figure 11: Proteins binding specifically to oligo-nucleotide 2.
37 proteins were found in more than one independent experiments with oligo-nucleotide 2 and in less

than two independent experiments with the other oligo-nucleotides. On the figure “Oligo” stands for
oligo-nucleotide. Oligo 6 is the control oligo-nucleotide. Annotated specific regulators of transcription
are marked in green. Annotated nucleic acid binders with unknown molecular functions are labeled in
blue.
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Proteins found in [B] 2 1] independent experiments

CG31301
I fit
I CG6015
I CG12229
I Spx
I CG11837
CG17802
I
L

Bka
Srp68

snf

CG7971
CG8092
aru
1(2)k07824

Oligo 1 Oligo 2 Oligo 3 Oligo 4 Oligo 5 Oligo 6

Figure 12: Proteins binding specifically to oligo-nucleotide 3.
15 proteins were found in more than one independent experiments with oligo-nucleotide 3 and in less

than two independent experiments with the other oligo-nucleotides. Oligo 6 is the control oligo-
nucleotide. Annotated specific regulators of transcription are marked in green. Annotated nucleic acid
binders with unknown molecular functions are labeled in blue.

Proteins found in Bl 2 1 [ independent experiments
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Figure 13: Proteins binding specifically to oligo-nucleotide 4.
9 proteins found in more than one independent experiments with oligo-nucleotide 4 and in less than

two independent experiments with the other oligo-nucleotides. On the figure “Oligo” stands for oligo-
nucleotide. Oligo 6 is the control oligo-nucleotide.
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Proteins found in 8 2 [1 )] independent experiments
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Figure 14: Proteins binding specifically to oligo-nucleotide 5.
38 proteins found in more than one independent experiments with oligo-nucleotide 5 and in less than

two independent experiments with the other oligo-nucleotides. On the figure “Oligo” stands for oligo-
nucleotide. Oligo 6 is the control oligo-nucleotide. Annotated specific regulators of transcription are
marked in green. Annotated nucleic acid binders with unknown molecular functions are labeled in
blue.
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Proteins found in 8] 2 1[[]] independent experiments
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Figure 15: Proteins binding specifically to five test-oligo-nucleotides.
24 proteins were found in more than one independent experiments with all oligo-nucleotides of the ball

5’ control region and in less than two independent experiments with the control oligo-nucleotide 6. On
the figure “Oligo” stands for oligo-nucleotide. Annotated specific regulators of transcription are marked
in green. Annotated nucleic acid binders with unknown molecular functions are labeled in blue.
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Proteins found in 8] 2 1 [)] independent experiments
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ball 5’ control region and in less than two independent experiments with the other oligo-nucleotides.
On the figure “Oligo” stands for oligo-nucleotide. Oligo 6 is the control oligo-nucleotide. Annotated
specific regulators of transcription are marked in green. Annotated nucleic acid binders with unknown
molecular functions are labeled in blue.

Figure 17: Proteins binding specifically to two test-oligo-nucleotides.
Figure shown on next page. 68 proteins were found in more than one independent experiments with

two oligo-nucleotides of the ball 5’ control region and in less than two independent experiments with
the other oligo-nucleotides. On the figure “Oligo” stands for oligo-nucleotide. Oligo 6 is the control
oligo-nucleotide. Annotated specific regulators of transcription are marked in green. Annotated nucleic
acid binders with unknown molecular functions are labeled in blue
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Proteins found in |8 2 1 ] independent experiments
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Figure 18: Proteins binding specifically to three test-oligo-nucleotides.
49 proteins were found in more than one independent experiments with three oligo-nucleotides of the

ball 5’ control region and in less than two independent experiments with the other oligo-nucleotides.
On the figure “Oligo” stands for oligo-nucleotide. Oligo 6 is the control oligo-nucleotide. Annotated
specific regulators of transcription are marked in green. Annotated nucleic acid binders with unknown
molecular functions are labeled in blue.



RESULTS 57

3.4 Impact of UAS-GAL4 driven ball expression on embryonic Nbs and GMCs

The specific expression of ball in embryonic and larval CNS, and particularly the
enrichment of ball mMRNA in Nbs, suggest a function of ball in CNS development.
Consistently, defects in CNS development of ball mutant larvae were already
observed (Klinge, 2006). However, ball mutant embryos complete embryogenesis
without obvious defects in neural development (Klinge, 2006). A plausible
explanation for this observation is that the maternal ball transcripts are able to fulfill
requirement for embryonic neural development may rest on the presence of the
maternal ball transcripts in the embryo. Thus, early zygotic function of ball is difficult
to study through a “loss-of-function” approach, since germline clone-derived eggs,
which lack maternal ball expression, do not develop (A. Herzig, personal
communication). This observation confirms that the maternal component of ball
carries an essential function which may include early neural development. Therefore,
| used a “gain-of-function” assay to examine the role of ball in embryonic CNS
development after overexpression of ball in various cells of the developing nervous

system.

To study the possible effect of ball in embryonic neural proliferation by a gain-of-
function approach, the UAS-GAL4system was used (Brand & Perrimon, 1993). In this
system, the expression of the GAL4 transcriptional activator is under the control of a
tissue-specific enhancer. GAL4 binds UAS activation sequences and drives the
expression of a target transgene, which is cloned downstream of the UAS sites (see
schematic representation in Fig. 19). When the transgenes are carried by different
parental lines, the UAS target line can be crossed to different GAL4 driver lines and
vice versa. The same driver line can be crossed to different UAS target lines. Thus,
effects of misexpression of genes in specific tissues or sets of cells can be analyzed
and conclusions about the functions of these genes can be drawn from possible

effects observed.

For this study, | used two different driver lines that express GAL4 under the control of
worniu and prospero enhancers, respectively. The neuronal gene prospero is
expressed in most if not all embryonic neuronal lineages (Vaessin et al., 1991;
Matsuzaki et al., 1992). In the CNS, the prospero enhancer drives expression in Nbs
and GMCs (Spana & Doe, 1995; Hirata et al., 1995; Knoblich et al., 1995). The
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transcription factor encoded by worniu is expressed in embryonic Nbs and is required
for CNS development, in particular by serving redundant functions in the control of
asymmetric Nbs divisions (Ashraf et al., 1999; Ashraf et al., 2004).

Enhancer-GAL4 UAS-Gene X

FO ><

)

F1 —— Genomic enhancer—| GAL4 |— Gene X |—

UAS

Tissue-specific expression of GAL4 Transcriptional activation of GeneX

Figure 19: Directed gene expression in Drosophila using the UAS-GAL4 system.

Flies carrying the target (UAS-Gene X) are crossed to flies expressing GAL4 (Enhancer-GAL4) under
the control of tissue specific enhancer. In the progeny of this cross, Gene X will be expressed in cells
where GAL4 is expressed. In this way, the functions of Gene X can be studied by directed
misexpression (adapted from Brand & Perrimon, 1993).

Flies carrying a UAS-ball transgene on the second chromosome were crossed to flies
carrying either a worniu-GAL4 or a prospero-GAL4 transgene on the third
chromosome. As a control, flies with a UAS-lacZ transgene on the second
chromosome were crossed to flies of the same driver lines. Embryos from these
crosses were collected and the CNS was examined for morphological defects at
different developmental stages. The expression of ball or lacZ was detected by
immunostaining with a-BALL or o-Beta-galactosidase antibodies, respectively
(Section 2.3.3). Nbs were morphologically identified (Campos-Ortega & Hartenstein,
1997; Wheeler, 1893; Wheeler, 1891). In addition, molecular markers were used to
mark individual cell types of the CNS, i.e. a-Pros and a-Elav antibodies were used to
mark GMCs and neurons, respectively. Serial sections of confocal images through
single embryos were taken with a laser scanning confocal microscope and 3D

reconstructions of the CNS were analyzed (Section 2.3.7).

The results confirmed that the levels of BALL were indeed increased in the embryos

overexpressing BALL (Fig. 20). | noted, however, that worniu, which was previously
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described to be expressed in a Nb specific manner (Ashraf et al., 1999; Ashraf et al.,
2004), caused ball expression also in GMCs and neurons (Fig. 20). This observation
could be explained with the distribution of BALL during the Nb divisions to both
daughter cells and a subsequently slow degradation of the protein in the resulting
GMCs and neurons. Despite these uncertainties, the important result was that
overexpression of ball in CNS in response to worniu-GAL4 or prospero-Gal4 did not
cause a scorable phenotype in the embryonic CNS (data not shown). This result is
consistent with the finding that BALL is present in GMCs in wild-type and that BALL
expression has no determining function in other cells or cell types than in those cells
where the gene is normally expressed. Thus, the overexpression study did not bring
further insights into a possible function of ball in embryonic nervous system
development. However, if ball has any function in the CNS, it would be permissive
rather than instructive, since the ball overexpression also did not lead to an excess of

Nbs or to the elimination of GMCs.

25 pm

Figure 20: Overexpression of BALL in embryonic CNS with worniu-Gal4.
Orientation of the embryos (A-F): anterior left, ventrolateral. The expression of UAS-ball and UAS-lacZ

was driven in embryonic CNS by worniu-GAL4. Embryos were pooled together and immunostained
with a-BALL and a-R-Gal antibodies. Images were obtained with the same settings of the microscope.
(A-C) BALL was overexpressed in the embryonic CNS of a stage 13 embryo. (A) Ventral view. BALL
overexpressed in CNS of embryo negative for 3-Gal. (B) Individual channel showing only BALL
expression in the CNS. (C) Magnification of a region from panel (B). (D-F) lacZ overexpressed in a
stage 13 control embryo, ventral view. (E) Individual channel showing only BALL expression in the
CNS. (F) Magnification of a region from panel (E).
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3.5 Mosaic analysis with a repressible cell marker (MARCM) of the ball gene

While ball zygotic mutants exhibit no defects in embryonic neurogenesis, their larval
brains are strongly affected (Klinge, 2006). At third instar larval stage, the brains of
homozygous ball* larvae are much smaller than those of control larvae (Klinge,
2006). Most significantly reduced in size are the optic lobes (Klinge, 2006). These
data indicate that ball functions in the development of the Drosophila CNS and that
its function can be assessed in larvae rather than in embryos. Therefore, |
investigated the cell-autonomous role of ball in neurogenesis by generating cell
clones in the context of either heterozygous ball mutant cells, which develop

normally, or wild-type cells.

For this study, | used MARCM clonal analysis to generate and label individual ball
mutant neural cell lineages in a heterozygous background (Lee & Luo, 2001; Lee &
Luo, 1999; Fig. 21A). This was possible since heterozygous larvae develop without
scorable defects during brain development. The MARCM system is a variation of the
classical FLP/ FRT system (Xu & Rubin, 1993), where mutant clones were marked by
the absence of marker gene expression. In the MARCM system, mutant cells are
generated with 50% probability after mitosis. Due to a recombination event, these
cells lose the expression of GAL80, a repressor of the Gal4 transcription factor, and
therefore express a UAS-GAL4-induced marker gene, which labels the mutant cell
clones. In contrast to the classical FLP-FRT system (Xu & Rubin, 1993), where both
mutant clones and twin spots are marked, the MARCM system allows one to
specifically label the mutant clones. Thus, clones that result from a recombination

event in single Nbs can be unambiguously identified.

A successful recombination event in a Nb can produce two types of cell clones: either
a mutant Nb or a mutant GMC which are continuously labeled by marker gene
expression. If after the asymmetric division a Nb gets marked, then cell clones of
positively marked Nbs, GMCs and neurons are generated (Fig. 21B). In contrast, if
the GMC gets marked, then clones with only two positively labeled differentiated cells
will be obtained since GMC divide only once and both cells differentiate subsequently
(Fig. 21C). In the following experiments cell clones that are derived from marked Nbs

were analyzed, since only those clones are informative about a function of ball in
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Nbs. The principle of the experimental design used for the subsequently described

results is summarized in Fig. 21A.

Progeny

Mitotic recombination
after DNA replication

A. Parental cell After recombination
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Figure 21: Schematic representation of the mosaic analysis with a repressible cell marker
(MARCM).

(A) In a heterozygous mother cell Gal80 is ubiquitously expressed under the control of a tubulin
promoter and suppresses GAL4-dependent expression of a UAS-marker gene. GALS8O is inserted on
the chromosome arm carrying the wild-type gene of interest, whereas GAL4 and UAS-marker gene
are on the chromosome carrying the mutant allele of the same gene. After induction of a site-specific
mitotic recombination the chromosome arms distal to the recombination site become homozygous.
During independent segregation of chromosomes there is 50% probability that one of the daughter
cells will become homozygous for the repressor, whereas the other one becomes homozygous for the
mutant gene (x). This cell no longer contains tubP-GAL80 and the marker gene is now turned on by
GAL4 (adapted from Lee & Luo, 2001). (B) and (C) Recombination in Nb can generate two types of
cell clones. (B) If the daughter Nb receives two copies of the marked mutant chromosome, a large
positively marked cell clone is generated. (C).If the GMC is homozygous mutant, then a cell clone of
only two positively marked neurons is formed.

In Drosophila most Nbs proliferate during two neurogenic periods, one in embryos
and one in larvae. Between these proliferation periods, Nbs remain quiescent
(Campos-Ortega & Hartenstein, 1997; Maurange & Gould, 2005). | have studied cell
clones that are derived from larval Nbs in the thoracic region of the ventral ganglion
(Fig. 22A). Following the quiescent period, post-embryonic Nbs in this region resume
asymmetric divisions at around 36 h after larval hatching (ALH) and continuously
divide until pupariation (Maurange & Gould, 2005). In my experimental setup, somatic
mitotic recombination events were induced by heat-shock controlled flp expression at
approximately 24 h ALH and the brains of these larvae were analyzed at

approximately 96 h ALH in late third instar larval stage. The heat-shock conditions
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1?2 mutant

were varied to optimize the number of clones per brain, so that single bal
cell clones, which were marked by [3-Gal expression, could be studied. As controls,
non-mutant cell clones marked with R-Gal were induced (referred to as “control
clones”). In addition, ball*? mutant cell clones were induced that expressed EGFP
instead of 3-Gal. The expression of BALL-EGFP fusion protein was used to identify
the mutant cell clone and to examine whether defects in ball?? mutant cell clones can

be rescued by ball expression (“rescue clones”).

First, | asked whether there are size differences between mutant and control cell
clones that were of similar age. For that | quantified the average number of cells per

1?2 and control clones. Control MARCM cell clones examined in late third

clone in bal
instar larvae typically contain a single large Nb, which is associated with a discrete
number of smaller cells (Fig. 22). These cells represent the entire progeny of this Nb,
which was generated during larval development (Campos-Ortega & Hartenstein,
1997; Maurange & Gould, 2005). The average number of neurons in control cell

1?2 cell clones

clones was 27.1+4.4 per clone (n=63) (Fig. 22D), whereas the bal
contained 16.7+4.3 cells (n=37; p<0.05) (Fig. 22E). Interestingly, the rescue cell
clones (Fig. 22C), in which the BALL-EGFP fusion was expressed in the ball*?
mutant cells, contained 40.2+6.9 cells (n=12) (Fig. 22E). This number is significantly

higher than the number of cells in both control and ball?? mutant cell clones (p<0.05).

The smaller size of the ball*? clones could be explained by a loss of the ball?* mutant
Nbs and/ or GMCs or by a lower proliferation rate of these cell types. Therefore, |

1?2 mutant clones. In most mutant

next asked whether Nbs or GMCs are lost in the bal
clones Nbs could be identified by their size and position on the dorsal side of the
ventral ganglion (Fig. 22B). In order to distinguish between GMCs and neurons, |
used the pan-neuronal marker Elav, which is expressed in neurons only (Ceron et al.,
2001) (Fig. 23A-D). GMCs could be identified in both ball”** mutant and control clones
by their size, a lack of Elav expression and their position next to a larger Nb (Fig.
23A-D, 23E-F). The results of the analysis revealed that both Nbs and GMCs were

present in ball?? mutant clones (Fig. 23).
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Figure 22: MARCM analysis of ball in larval brains.

Wild-type MARCM clones labeled with R-Gal in third instar larval brain counterstained with the DNA
dye Draqg5 and the neuronal marker Elav (A). In this study clones in the ventral ganglion region (white
rectangle) were analyzed. When induced at low frequency in 24 h old larvae, wild-type clones contain
progeny of a single Nb occupying a small area of third instar larval brain (single clone shown in B).
Similar conditions generate ball mutant clones of significantly smaller (D, E; p<0,01) and ball-EGFP
rescue clones of significantly larger size (C, E; p<0,01). Neuroblasts could most often be identified in
individual clones based on their larger size and position in the clone (B, C, D, arrowheads). (E)
Average number of neural progeny per cell clone in three different genotypes 96 h PCI. n represents
the number of clones per genotype analyzed. control=27.1+4.4, ball”’?=16.7+4.3; BALL-
EGFP=40.216.9.

The fact that both Nbs and GMCs were present in ball”’?> mutant cell clones rules out

1?2 mutant cell clones.

apoptosis as a major cause of the reduced cell number in bal
However, minor contribution of cell death to the observed phenotype cannot be
excluded, since it was shown in various other cell types, that ball is not essential for
cell proliferation (A. Herzig, personal communication). This conclusion is consistent
with the finding that ball”> Nbs could produce the cell types constituting the neuronal
lineage, although in reduced numbers. An attractive explanation for this finding would
be that loss of BALL activity leads to Nb dysfunction, which would essentially result in
a reduced number of neurons. In order to test this proposal, | studied the expression
of both Miranda and Grainyhead which are essential for Nb function (Ceron et al.,
2001; Aimeida & Bray, 2005) in ball?’> mutant cell clones. The results are summarized

in Fig. 23.

The results of the immunostaining experiments revealed that the majority of the Nb
cells, in ball?> mutant cell clones, lack Miranda (78 out of 84; Fig. 23I-L). In contrast,

all examined Nbs in the rescue clones expressed Miranda (56 out of 56; Fig. 23M-P).
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Grainyhead expressing Nbs could be detected in both ball mutant cell clones and in
all ball-EGFP rescue cell clones. However, a detailed and unambiguous
quantification of the Grainyhead expressing cells in ball*? clones was not possible

due to a low signal to noise ratio that was obtained with the available antibodies.
Nevertheless, the fact that Grainyhead was still found in Nbs argues that ball*?
mutant Nbs did not lose their Nb identity completely. However, at least one functional
Nb marker, Miranda, was lost. The data, therefore, indicate that ball is required for
the maintenance of neural stem cell character, as defined by functional marker gene
expression, in Drosophila. The results leave open, whether at least a fraction of these
cells could still have Nb function, as evidenced by the weak Grainyhead staining

observed. Thus, the reduction of neuronal offspring from those Nbs, as reflected in

|2/2

the cell number in ball““ mutant clones, could relate to this observation.

Figure 23: Expression of Nb markers in ball MARCM clones.
Figure shown on next page. Mir stands for Miranda. (A-H) ball mutant or control clones positively

labeled with 3-Gal (green) and immunostained with Elav (red) and the DNA dye Draqg5 (blue). Panels
(B-D) and (F-H) show the individual channels for (A) and (E) respectively. Elav labels neurons but not
ganglion-mother cells or Nbs. GMCs (arrow) are smaller and located next to a bigger Nb (arrowhead).
GMCs could be found both in ball mutant (E-H) and in control (A-D) clones. (I-P) ball mutant or ball
rescue clones positively labeled with R-Gal (green) or GFP (green) respectively and immunostained
with the Nb marker Miranda (red) and the DNA dye Draqg5 (blue). Panels (J-L) and (N-P) show the
individual channels for (I) and (M) respectively. The Nbs in ball mutant clones lose Miranda (I-L,
arrowhead) as compared to ball rescue clones (M-P, arrowhead). (Q-X) ball mutant or ball rescue
clones positively labeled with 3-Gal (green) or GFP (green) respectively and immunostained with the
Nb marker Grainyhead (red) and the DNA dye Draqg5 (blue). Panels (R-T) and (V-X) show the
individual channels for (Q) and (U) respectively. Grainyhead could be detected in both ball mutant (Q-
T, arrowhead) and in ball rescue (U-X, arrowhead) clones.
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3.6 Mosaic analysis of the ball gene in Drosophila germline stem cells

Asymmetry of Nb division, i.e. maintenance of Nb as a stem cell and differentiation of
GMCs, is primarily driven by the asymmetric distribution of cell fate determinants and
not by the stem cell niche environment. In this respect Nbs do not resemble a
prototype model for most vertebrate stem cells, in which stem cell maintenance is
governed by signaling events in response to a stem cell niche (Li & Xie, 2005). In
contrast, former studies on the germline stem cells (GSCs) of Drosophila indicated
that this stem cell system, and its interaction with niche cells, closely resembles the
vertebrate model (Mitsiadis et al., 2007; Li & Xie, 2005; Gilboa & Lehmann, 2004).
Therefore, | also focused on ball function in germline stem cells. | addressed two
questions: does ball have a function in niche-controlled stem cells and does ball have

a similar function in GSCs as observed in Nbs, i.e. cell fate maintenance.

GSC maintenance in both females and males is tightly regulated by a combination of
internal and external molecular factors, which are to some extent different (Gilboa &
Lehmann, 2004; Fuller & Spradling, 2007). In the male germline, the GSC self-
renewal is dependent on the JAK-STAT signaling (Kiger et al., 2001; Tulina &
Matunis, 2001), in addition to Decapentaplegic and Glass Bottom Boat signaling,
which is required for GSC maintenance in both males and females (Xie & Spradling,
1998; Kawase et al., 2004; Shivdasani & Ingham, 2003). In this study | asked
whether ball plays a role in male GSCs and thus, whether BALL is required not only
for neural but also for germline stem cell maintenance which would imply a more

general function of BALL in stem cell biology.

In the Drosophila testis, around nine GSCs surround a cluster of about twelve non-
mitotic somatic cells at the very tip of the organ (Kiger et al., 2001; Tulina & Matunis,
2001). The latter form the stem cell niche, called “hub”. Each GSC divides
continuously and asymmetrically to generate another GSC (“stem cell renewal”) and
a gonialblast. The daughter GSC remains attached to the hub cells, whereas the
differentiating gonialblast is released from the stem cell niche (Kiger et al., 2001;
Tulina & Matunis, 2001). In the process of differentiation, the gonialblasts first
undergo four incomplete mitotic divisions, leading to the formation of 16
spermatogonia, which remain interconnected by cytoplasmic bridges. Subsequently,
spermatogonia enter meiosis to generate spermatocytes. In time, differentiating cells

gradually move away from the testis tip (Kiger et al., 2001; Tulina & Matunis, 2001).
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To study the role of ball in the male germline cells, | analyzed the effects of loss of
BALL activity by mosaic analysis of ball* heterozygous cells using the classical FLP-
FRT system (Xu & Rubin, 1993); the experimental design is outlined in Fig. 24). With
this system, a successful recombination event in a heterozygous mother cell
generates with 50% probability mutant cells, which can be distinguished by the
absence of the GFP marker. At the same time, the recombination event produces a
wild-type twin-clone, which is homozygous for the GFP marker and, thereby, labeled
by an increased GFP signal. As controls, non-mutant clones were induced, which
were also labeled by absence of GFP expression (“control clones”). For a schematic

representation of the experimental system see Fig. 24.
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Figure 24: Schematic representation of FLP-FRT mosaic analysis.
Heat-shock induction of the flp gene leads to recombination between the FRT sites and exchange of

the chromosome arms distal from the recombination site. After independent segregation of the
chromosomes there is 50% probability that one of the daughter cells will be homozygous for the
mutant gene and will lack the marker and the other cell will carry two copies of the marker (adapted

from Xu & Rubin, 1993).

In the experimental setup, young adult males were heat-shocked to induce somatic
recombination. GSCs could be identified by their position directly contacting the hub
and by the expression of the germline marker vasa (Fig. 25A-H). In addition, each
GSC possesses a spot-like cytoplasmic structure called spectrosome. The
differentiating germ cells remain connected by cytoplasmic bridges called fusomes.

The cytoskeletal protein Hu-li tai shao (Hts; Lin et al., 1994) labels spectrosomes,
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fusomes and cell membranes, which allows cell types to be distinguished from one

another, in addition to the morphological criteria.

The results of the experiment are presented on Fig. 25 and Fig. 26. The number of
ball*? mutant and control GSCs in testes was quantified after 48 hours, 72 hours and
96 hours past clone induction (PCI). In wild-type, the average number of control
GSCs is about two cells per testis and the number is maintained throughout testis

|2/2

development (Fig. 261). The average number of ball“< mutant GSCs per testis was

2.04+0.07 at 48 hours PCI, and thus, no difference was observed between wild-type
and mutant testes. However, in the next two days the average number of ball??
mutant GSCs per testis significantly decreased. At 72 hours PCI the average number
of ball”® mutant GSCs per testis was 0.97+0.10 and only 0.33+0.05 per testis at 96
hours PCI (Fig. 251). Thus, in contrast to wild-type, the average number of GSCs

decreases almost one order of magnitude in the mutants (Fig. 261).

|2/2

The observation that ball”“ mutant GSCs are lost could be explained in two ways. On

the one hand it is possible that the ball*?

GSCs undergo apoptosis. On the other
hand, they might lose stem cell character and thus, start differentiation and move
away from the hub. To tell apart these possibilities, | induced ball?’> mutant or control
clones and stained testes for the apoptosis marker “cleaved-Caspase-3" (Xu et al.,
2006). | observed apoptotic differentiating cell clusters in both ball”??> mutant and
control clones (Fig. 26J). However, apoptotic GSCs were observed neither in ball*?

1?2 mutant clones

mutant nor in control GSCs (n250 testes at each time point for bal
and n=30 testes at each time point for control clones). Thus, ball is not required for
the survival of GSCs. In addition, | frequently observed differentiating mutant
spermatocyte clones, which indicates that ball does not participate in germline
proliferation process in general (Fig. 25I-L). ball is, therefore, most probably required
for the self-renewal of GSCs in the stem cell niche and prevents them from initiating
the differentiation process that leads to spermatogenesis. The results support the
conclusion that BALL activity has similar functions in GSCs and in Nbs: It is not
essential for the survival of the stem cells but needed to maintain their

undifferentiated state.
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Figure 25: Clonal analysis of ball function in Drosophila germline stem cells: figure 1.
Figure shown on the previous page. In all panels testis shown tip pointing to the left. Lack of GFP

auto-fluorescence (green) marks either ball?> mutant or control cell clones. HTS (blue) and Vasa (red)
were detected with a-HTS and a-Vasa antibodies and visualized by immunofluorescence. (A) Overlay
image of testis tip with ball”? mutant GSCs 48 h PCI. In yellow is encircled the testis tip. In white next
to the testis tip is encircled a ball®”> mutant GSC. In the upper right corner in white is encircled
differentiating spermatocyte clone. (B) Individual channel from panel (A) shows GFP auto-
fluorescence. (C) Individual channel from panel (A) shows Vasa immunofluorescence. (D) Individual
channel from panel (A) shows HTS immunofluorescence. A red arrow points to a spectrosome. (E)
Overlay image of testis tip with control GSCs 48 h PCI. In yellow is encircled the testis tip. In white
next to the testis tip is encircled a control GSC. In the middle down in white is labeled a differentiating
spermatocyte control cell clone. (F) Individual channel from panel (E) shows GFP auto-fluorescence.
(G) Individual channel from panel (E) shows Vasa immunofluorescence. (H) Individual channel from
panel (E) shows HTS immunofluorescence. A red arrow points to a spectrosome. (I) Overlay image of
testis tip with differentiating ball?*> mutant spermatocyte clone 96 h ACI. (J) Individual channel from
panel (I) shows GFP auto-fluorescence. (K) Individual channel from panel (I) shows Vasa
immunofluorescence. (L) Individual channel from panel (I) shows HTS immunofluorescence.
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Figure 26: Clonal analysis of ball function in Drosophila germline stem cells: figure 2.
Figure shown on the previous page. In all panels testis shown tip pointing to the left. (A-H) Lack of

GFP auto-fluorescence (green) marks either ball”’? mutant or control cell clones. HTS (blue) and Vasa
(red) were detected with a-HTS and a-Vasa antibodies and visualized by immunofluorescence. (A)
Overlay image of testis tip with control GSCs 48 h PCI. In yellow is encircled the testis tip. In white
next to the testis tip is encircled a control GSC. (B) Individual channel from panel (A) shows GFP auto-
fluorescence. (C) Individual channel from panel (A) showing Vasa immunofluorescence. (D) Individual
channel from panel (A) shows HTS immunofluorescence. (E) Overlay image of testis tip where no
ball?> mutant GSCs are detectable 96 h PCI. In yellow is encircled the testis tip. (F) Individual channel
from panel (E) showing GFP auto-fluorescence. (G) Individual channel from panel (E) shows Vasa
immunofluorescence. (H) Individual channel from panel (E) showing HTS immunofluorescence. (I)
Average number of ball?? mutant or control GSCs 48 h, 72 h and 96 h PCI. The average number of
ball”’?> mutant GSCs for each time point is as follows: baII2/248h=2.04i0.13; baII2/272h= 0.97+0.10;
ball”?ggn= 0.32+0.08. The average number of control GSCs for each time point is as follows:
controlsg,=1.90£0.31; control;,,=1.86+0.30; controlggn= 1.86+0.30. The calculated errors represent the
average differences from the mean. (J) Immunostaining for HTS (red) and activated caspase 3, which
labels apoptotic cells. The arrows point to apoptotic cells further away from the hub. Apoptosis was not
detectable at 48 h, 72 h or 96 h after clonal induction in ball”® mutant GSCs (n=50 per time point,
where n is the number of testes analyzed).
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4. Discussion

The work presented here addresses the expression pattern of the ball gene, both in
terms of mMRNA and protein distributions, and a proteomic approach towards
identifying potential trans-acting regulators that act in conjunction with the cis-acting
control region that was delimited to a 286 bp DNA fragment which is sufficient to
mediate a ball-like CNS expression pattern. Within this fragment 155 bp were also
shown to be necessary for this aspect of ball expression. In addition, the results
provide evidence that BALL is not only expressed in both Nbs and GSCs, but also
required, in a cell-autonomous fashion, to maintain their stem cell character. In fact,
ball mutant Nbs lose the functional marker protein Miranda and produce a smaller
number of Nb progenies as compared to the wild-type Nbs. ball mutant GSCs leave
their position in the stem cell niche and differentiate. Although these observations
suggest that the responses of the two different stem cell types are different, these
cellular phenotypes might reflect a common biological phenomenon: the exit of the

stem cells from active mitosis.

4.1 ball expression in embryonic Nbs is controlled by a short cis-regulatory
genomic sequence

During embryogenesis ball transcripts are enriched in actively proliferating Nbs,
which represent the stem cell population of the developing CNS of Drosophila
(Klinge, 2006). | have characterized the distribution of BALL in the embryonic CNS
(Section 3.1) and observed that in contrast to the ball mMRNA, BALL is enriched but
not restricted to embryonic Nbs (Section 2.1, Fig. 2). In addition, BALL is also
present, although at lower levels, in Nb-derived GMCs and neurons. This suggested
that there are in fact differences in the distribution of ball mRNA and its
corresponding protein. A more detailed analysis of the ball mRNA distribution,
involving molecular cell markers to unambiguously identify Nb derived cells, showed
that ball mMRNA is indeed enriched in Nbs and virtually absent from differentiating
cells (Section 2.1, Fig. 2). The differences in the distribution between ball mMRNA and
its corresponding protein could be explained under the assumption that BALL is
exclusively produced in Nbs. Upon cell division, BALL is distributed to both the
renewed Nb and the GMC daughter cells and from the latter to the deriving neurons.

Alternatively, there could be low and thus undetected levels of ball transcription in



DISCUSSION 74

these cells. The strong expression of the gene in Nbs and the marked differences in
the protein levels between Nbs, GMCs and neurons suggest a functional role for ball
in Nbs.

The question whether ball has a function in embryonic CNS was addressed by a
gain-of-function study (Section 2.4). However, overexpression of ball in Nbs and
GMCs did not result in an apparent phenotype in the CNS (Section 2.4). This
observation is consistent with the fact that ball*? homozygous mutant embryos have
also no scorable defects in embryonic CNS development (Klinge, 2006). While this
observation can be explained through maternally derived ball mRNA both in the egg
and early embryo, the results of the gain-of-function studies clearly establish that the
presence of BALL in cells different from Nbs has no visible effect on neural
development. Such a result is, for example, consistent with the argument that a
possible substrate of the kinase BALL (Lancaster et al., 2007) might not be present in
all cells and that the specific action of BALL in the neural system of the fly might be
restricted by the availability of its functional substrate in Nbs only. Alternatively or in
addition, BALL may require some cell-specific modifications or cofactors only
provided in the stem cells. The results also suggest that, at least in the embryonic
CNS, ball does not have an instructive function, i.e. overexpression of BALL did
neither increase the number of Nbs nor the number of neurons. However, reaching a
definite answer to the question whether ball could act as an instructive factor in
embryonic CNS development, and whether BALL functional targets or modifiers and
cofactor are only present in Nbs, would require the employment of a strictly GMCs

specific driver, which is currently not available.

The observation, that ball is specifically expressed in Nbs during embryonic and
larval development raised the question of how the persistent expression of ball in Nbs
throughout development is brought about. One possibility is that a sequence-specific
transcription factor regulates the expression of ball in Nbs. However, no single
transcription factor is known to be expressed exclusively in Nbs during the period
when they proliferate. On the other hand, there are known transcription factors which
are expressed in a characteristic temporal sequence (Hunchback — Krippel — Pdm
— Castor) in Nbs (Brody & Odenwald, 2000; Grosskortenhaus et al., 2006; Isshiki et
al., 2001; Kambadur et al., 1998) and their activity is required to specify GMC and
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neuronal identities (Brody & Odenwald, 2000; Grosskortenhaus et al., 2006; Isshiki et
al., 2001;Kambadur et al., 1998). However, the persistent expression of ball in Nbs
suggests that ball expression is turned on early and remains active as long as these
cells maintain Nb function. Thus, it is possible that ball expression requires a complex
array of cis-acting regulatory sequences similar to many other developmentally
regulated genes such as, for example, hairy and even skipped (Hooper et al., 1989;
Fujioka et al., 1999; Small et al., 1992). Surprisingly, however, the results show that
the ball regulatory region is contained within 123bp of intergenic and 217bp of $UTR
sequence (Section 2.2, for summary see Fig. 4B). In silico analysis of this region for
transcription factor binding sites revealed in fact putative Huchback (Hb) binding
sites, suggesting that Hb could regulate ball expression. This hypothesis was tested,
but the result revealed that ball expression in embryonic Nbs was not affected in Hb
mutants (data not shown). Thus, Hb activity by itself is not decisive for ball

expression in the Nbs.

Identification of the short 286 bp cis-regulatory sequence of ball argues against a
complex cis-acting regulatory requirement for the spatiotemporal aspects of ball
expression. It is possible that ball expression in Nbs is controlled either by a yet
unknown transcription factor, a combination of several transcription factors or in a
different way that involves cell-specific chromatin remodeling (for reviews on the role
of chromatin remodeling in gene transcription see (Williams & Tyler, 2007; Vaissiere
et al., 2008). Noteworthy, ball embryonic expression closely resembles the pattern of
mitotic proliferation (Foe, 1989; Lee & Orr-Weaver, 2003) with the important
exception that ball is downregulated in GMCs (Section 2.1) Thus, one possibility is
that ball expression is coupled to the process of cell proliferation, similar to the
expression of the transcription factor E2F of the basic cell cycle machinery (Duronio
& O'Farrell, 1995). To restrict the expression to Nbs, however, ball expression in
GMCs would need to be actively downregulated. The deletion study performed with
the regulatory region has not been informative about a possible negative regulation in
GMCs, since a corresponding upregulation of ball expression in GMCs has not been
observed upon shortening the cis-regulatory region (Fig. 5 and Fig. 6). Therefore, the
possibility that a yet unknown transcription factor regulates ball expression in Nbs

cannot be excluded. Alternatively, the downregulation could be caused by
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suppressor(s) which act in the same region of the gene as the transcriptional
activators. An assignment of overlapping transcriptional activator and repressor sites

within cis-acting control regions of genes have been described (Hoch et al., 1992).

4.2 Snapshot of the ball-specific transcription machinery

Sequence-specific transcription factors that are potential regulators of ball expression
in Nbs were identified by a proteomics approach using nuclear extracts of staged
embryos. The consistent binding of proteins to a specific oligo of the cis-regulatory
region of the ball gene was used as a criterion to filter out a large number of

unspecific binders.

In the initially determined proteome, a large number of unspecific DNA binders was
present. Possible explanations for the high number of unspecific binders are the high
protein concentration used for the binding assay and the subsequently applied mild
washing steps used in the experiments described. One could imagine that a Nb
specific transcription factor, which possibly regulates ball expression, would be
present in a very low amounts. This assumption is based on the fact that if the factors
were Nb specific, they would be present only in a very small number of cells per
embryo and only during the limited time period when Nbs are mitotically active (for
review see (Maurange & Gould, 2005)). Thus, the decisive factors would represent
only a minor fraction in the nuclear protein extracts used in this study. In addition, the
in vitro DNA binding conditions of a factor to DNA oligo-nucleotides and the
corresponding binding to DNA organized in chromatin might be different and
additional co-factors might be required to stabilize the complexes in vivo. Due to this

some of the key regulators could have escaped detection.

To distinguish specific from unspecific binders, the identified proteome was filtered in
a pragmatic fashion (Section 2.3). A potential binding protein, which consistently
binds to a certain oligo, was considered as a specific binder, whereas the
identification of a factor, which was only found in a single experiment, was regarded
as unspecific. In the filtered proteome, nuclear proteins with functions in the
regulation of transcription were significantly overrepresented relative to the initially
purified proteome (Fig. 8 and Fig. 9). The finally filtered proteome represents a pool

of 296 proteins, which may include those which are biologically relevant for the
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regulation of ball transcription. Fig. 16 summarizes the identified factors and
classifies them according to their function in transcription. They include general
transcription factors, polymerase subunits and proteins from the so called mediator
complex (Casamassimi & Napoli, 2007; Thomas & Chiang, 2006). It was not
surprising to find members of the general polymerase Il transcription machinery
(Thomas & Chiang, 2006) in the proteome, since the test-oligo-nucleotides
encompassed the core promoter region of the ball gene (Section 2.3). Although it is
unlikely that the entirety of the identified regulators of transcription bind the 155bp of
DNA sequence in a functional manner, it is possible that stable protein complexes
bound to the DNA oligo-nucleotides have been purified and thus, factors not directly
associated with DNA should have been isolated as well. This proposal would explain
the presence of chromatin remodelers in the proteome that are known to regulate the
access of polymerase complexes to promoter regions through chromatin
modifications (Williams & Tyler, 2007; Vaissiere et al., 2008).

For future studies, the groups of DNA-binders with unknown molecular functions are
of particular interest together with sequence specific transcription factors and
chromatin insulators such as CTCF (Yusufzai et al., 2004; Gerasimova et al., 2007).
CTCF was found to bind consistently and specifically to several test oligo-nucleotides
of the ball 5’ region and not to the control oligo (Fig. 26). Further experiments will
address both direct binding of candidate factors to the ball regulatory sequence, their
expression pattern in relation to ball as well as their functional relevance for ball

expression.

Figure 27: Summary of regulation of ball expression.
Figure shown on the next page. General transcription factors, sequence specific transcription factors

and chromatin remodelers were found in a protein-DNA binding experiments to preferentially bind the
ball regulatory region. Some of these factors might co-operate to ensure the timed expression of ball in
a subset of cells. Chromatin remodelers could act to ensure the correct modification state of nearby
chromatin, whereas specific transcription factors might recruit the general transcription machinery to
the core promoter (adapted with strong modifications from Alberts et al. 1994).
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4.3 ball is cell-autonomously required in undifferentiated cells

During embryogenesis, the CNS of ball mutant embryos shows no obvious defects
(Klinge, 2006). This finding could be due to the presence of maternal ball mRNA
which is deposited in the egg during oogenesis (Klinge, 2006). Since embryos
lacking this maternal ball complement fail to develop, the analysis of ball requirement
for embryonic CNS development was not possible. However, during larval
development when maternally derived BALL activity is not present any longer, ball
MRNA is also Nb specifically expressed and the ball protein is also present in but not
restricted to Nbs (Section 2.1, Fig. 3). Consistent with its expression in larval Nbs,
ball mutants exhibit severe degenerations of the larval brain (Klinge, 2006), indicating
that ball is required directly or indirectly for normal larval CNS development.
However, ball mutants also show defects in other larval organs such as the gonads
(see below) and imaginal discs (Klinge, 2006). Therefore, it was necessary to
demonstrate that ball is indeed expressed and required in Nbs, meaning that it acts in
a cell autonomous fashion. The results of the MARCM study (section 2.5) show that
ball acts cell autonomously and that the ball mutant Nbs lose at least one Nb-specific
marker, Miranda (Fig. 23I-L), which is essential for Nb function (lkeshima-Kataoka et
al., 1997; Lee et al., 2006; Matsuzaki et al., 1998). Furthermore, the cell clones
derived from ball mutant Nbs contain fewer cells than expected (Fig. 22E) and this
loss of cells is not due to apoptosis. Thus, ball is not required for the survival of the
Nbs and their derivatives as shown also by the presence of GMCs in ball mutant cell
clones (Fig 23E-H). Whether the reduced number of Nb derived cells in mutant cell
clones is caused by an occasional and thus undetected cell death or due to the fact

that Nbs cease proliferation requires further and more detailed studies.

The loss of Miranda expression in mutant Nbs (Fig. 23Il-L) unambiguously
demonstrates that ball is required for the maintenance of Nb cell identity. Miranda is
required in Nbs for the basal localization and asymmetric segregation of cell fate
determinants such as Pros and Brat to the GMC daughter cell during cell division
(Bello et al., 2006; Betschinger et al., 2006; Lee et al., 2006). Although further
experiments are required to clarify why Miranda is not expressed in ball mutant Nbs,

and what the consequences for these Nbs are, loss of Miranda indicates per se that
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loss of BALL activity causes abnormal Nbs. Whether they continue to develop similar

to wild-type Nbs or undergo abnormal development instead, needs to be shown.

ball is not only expressed in the nervous system, but also in both the female and
male germline during larval and adult stages (Klinge, 2006). In addition to Nbs, | also
addressed the function of ball in male GSCs (Section 2.6). Previous studies indicated
that ball might also be required for stem cell maintenance in the male germline
(Klinge, 2006). In contrast to the Nb system, GSCs represent a niche-controlled stem
cell system (Gilboa & Lehmann, 2004). Nevertheless, there were surprising
similarities concerning ball function in these two stem cell systems. First, like in Nbs
(Section 2.5), ball is not essential for the survival of GSCs (Section 2.6). Second,
both Nbs and GSCs are not maintained as functional stem cells. In contrast to the Nb
system, however, loss of BALL activity resulted in GSCs differentiation, concomitant

with the fact that GSCs lost their position adjacent to the stem cell niche (Fig. 25).

Wild-type GSCs occasionally undergo differentiation and are replaced by symmetric
GSC division (Wallenfang et al., 2006). Unlike GSCs, there is not known natural
turnover of Nbs in wild-type brains (Maurange & Gould, 2005). This could be
explained by the shorter time period during which Nbs are needed in development
(Maurange & Gould, 2005). This means that male GSCs proliferate for months to
sustain the continuous production of male germline cells, whereas Nbs of the thoracic
region cease proliferation approximately 120 hours after larval hatching in the pupal
stage (Maurange & Gould, 2005). Interestingly, the loss of Miranda associated with
the loss of BALL activity in ball mutant Nbs might be the way how wild-type Nbs exit

from active mitosis (Maurange et al., 2008).

In conclusion, BALL activity is required for the maintenance of male GSCs and ball
mutant GSCs initiate differentiation and thereby leave the stem cell niche. ball is also
required for the maintenance of functional Nbs. Loss of ball in this stem cell system is
manifested by a reduced number of cells in the Nb lineage, concomitant with the loss
of the Nb specific expression of the functional marker gene Miranda. The apparently
different phenotypes observed in the two different stem cell systems, Nbs and GSCs,

might relate to similar biological process: stem cell maintenance.
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5. Summary and conclusions

Stem cells divide asymmetrically and thereby generate two daughter cells with
distinct developmental fates. One cell maintains the stem cell character (stem cell
“self-renewal”), whereas the other cell differentiates along a given cell lineage. In
different stem cell systems, the maintenance of the stem cell character is controlled
by distinct external as well as internal cues and cell intrinsic mechanisms, which
interpret those cues to ensure correct stem cell behavior. Recently, a conserved
Serine/Threonine kinase of Drosophila melanogaster, encoded by the gene ballchen
(ball), which is proposed to participate in stem cell renewal, has been identified. It
shows distinct expression patterns in the central nervous system (CNS) and the
developing gonads and is required for the proper development of both larval brain

and male germline as revealed by mutant analysis.

| first compared the expression patterns of the ball transcripts and the ball protein
(BALL) in the CNS during both embryonic and larval development. ball transcripts are
specifically expressed in neuroblasts (Nbs), the neural stem cells, which divide to
produce a self-renewed Nb and a differentiating ganglion mother cells (GMCs). Like
the transcripts, BALL is also enriched in Nbs but also found in GMCs and neurons. In
addition, ball is also expressed in germline stem cells (GSCs), which reside in distinct
locations of both male and female gonads. Thus the results were consistent with the

proposal that ball plays a role in some aspects of the stem cell biology.

| next asked whether it is possible to identify cis-acting regulatory elements and
trans-acting components that are essential for the regulation of ball expression in the
CNS. Cis-acting regulatory elements of the ball gene were identified by delimitation of
DNA sequences of the gene, which were sufficient to drive the expression of a
reporter gene in a ball-like pattern in the embryonic Nbs. To identify the trans-acting
transcriptional regulators that control ball expression, | used DNA sequences that are
both necessary and sufficient to drive the expression pattern of the reporter gene in a
DNA-protein binding assay in vitro. Using mass spectrometry in combination with
stringent in silico selection criteria, a total of 296 proteins were found represent the
putative ball trans-acting factor proteome. This protein collection includes not only
components of the general transcription machinery, such as polymerases and

members of the mediator complex, but also sequence specific transcriptional
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regulators and chromatin remodelers. A molecular model of how the Nb-specific CNS
expression of ball is achieved requires further studies assaying for co-expression and

loss-of-function effects of the putative trans-acting factors on ball expression.

| finally asked whether ball activity is required in both Nbs and GSCs, whether it acts
in a cell autonomous or non-autonomous fashion and in which cellular process BALL
is involved. Both Nbs and GSCs are stem cells, but the processes underlying the
regulation of stem cell specific fates, i.e. stem cell quiescence or stem cell self-
renewal versus differentiation of their daughter cells, are either under the control of
intrinsic factors (in the case of Nbs) or depend on distinct signaling events from their
immediate environment, the stem cell niche (in the case of GSCs). For this part of the
work, | used ball loss-of-function mutants. However, homozygous ball mutants are
lethal and thus, | induced mitotic recombination events in single stem cells to
generate homozygous ball mutant cell clones and examined the effects of loss of ball
activity on cells in the larval CNS and the male germline. In wild-type, after GSC
division, the daughter cell that does not maintain stem cell character leaves the stem
cell niche and differentiates according its germline fate. | found that removal of ball
activity from the GSCs caused a stem cell maintenance defect, meaning that both
GSC daughter cells leave the stem cell niche and differentiated. Removal of ball
activity from Nbs caused the loss of the functional Nb marker protein Miranda and
resulted in fewer differentiating cells. The results show that ball is an essential
component of the genetic system that is necessary to maintain the stem cell
character of both Nbs and GSCs. Although the ball loss-of-function phenotypes in the
two stem cell systems appear different, and stem cell self-renewal is differently
controlled, the results described here are consistent with the proposal that stem cells
possess a common mechanism, through which they maintain their stem cell

character.



BIBLIOGRAPHY 83

Bibliography

Alberts, B., Bray D., & Lewis J. 1994. Molecular biology of the cell. Garland.

Al-Hajj, M., & Clarke, M. F. 2004. Self-renewal and solid tumor stem cells. Oncogene
23: 7274-7282.

Alison, M. R., & Lovell, M. J. 2005. Liver cancer: the role of stem cells. Cell
Proliferation 38: 407-421.

Almeida, M. S., & Bray, S. J. 2005. Regulation of post-embryonic neuroblasts by
Drosophila Grainyhead. Mechanisms of Development 122: 1282-1293.

Arbouzova, N. |., & Zeidler, M. P. 2006. JAK/STAT signalling in Drosophila: insights
into conserved regulatory and cellular functions. Development 133: 2605-
2616.

Ashraf, S. |., Ganguly, A., Roote, J., & Ip, Y. T. 2004. Worniu, a Snail family zinc-
finger protein, is required for brain development in Drosophila. Developmental
Dynamics 231: 379-386.

Ashraf, S. I., Hu, X., Roote, J., & Ip, Y. T. 1999. The mesoderm determinant snail
collaborates with related zinc-finger proteins to control Drosophila
neurogenesis. The EMBO Journal 18: 6426—6438.

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A,
& Struhl, K. 1999. Current Protocols in Molecular Biology. John Wiley & Sons,
Inc.

Barros, C. S., Phelps, C. B., & Brand, A. H. 2003. Drosophila honmuscle Myosin Il
promotes the asymmetric segregation of cell fate determinants by cortical
exclusion rather than active transport. Developmental Cell 5: 829-840.

Bate, M., & Arias, A. M. 1993. The development of Drosophila melanogaster. Cold
Spring Harbor Laboratory Press.

Bello, B., Reichert, H., & Hirth, F. 2006. The brain tumor gene negatively regulates
neural progenitor cell proliferation in the larval central brain of Drosophila.
Development 133: 2639-2648.

Bello, B. C., Hirth, F., & Gould, A. P. 2003. A pulse of the Drosophila Hox protein
Abdominal-A schedules the end of neural proliferation via neuroblast
apoptosis. Neuron 37: 209-219.

Betschinger, J., Mechtler, K., & Knoblich, J. A. 2003. The Par complex directs
asymmetric cell division by phosphorylating the cytoskeletal protein Lgl.
Nature 422: 326-330.

Betschinger, J., Mechtler, K., & Knoblich, J. A. 2006. Asymmetric segregation of the
tumor suppressor Brat regulates self-renewal in Drosophila neural stem cells.
Cell Vol 124: 1241-1253.



BIBLIOGRAPHY 84

Bischof, J., Maeda, R. K., Hediger, M., Karch, F., & Basler, K. 2007. An optimized
transgenesis system for Drosophila using germ-line-specific phiC31
integrases. Proceedings of the National Academy of Sciences of the United
States of America 104: 3312-3317.

Brand, A. H., & Perrimon, N. 1993. Targeted gene expression as a means of altering
cell fates and generating dominant phenotypes. Development 118: 401-415.

Broadus, J., & Doe, C.Q. 1997. Extrinsic cues, intrinsic cues and microfilaments
regulate asymmetric protein localization in Drosophila neuroblasts. Current
Biology 7: 827-835.

Broadus, J., Fuerstenberg, S., & Doe, C. Q. 1998. Staufen-dependent localization of
prospero mRNA contributes to neuroblast daughter-cell fate. Nature 391: 792-
795.

Brody, T., & Odenwald, W. F. 2000. Programmed transformations in neuroblast gene
expression during Drosophila CNS lineage development. Developmental
Biology 226: 34-44.

Buescher, M., Yeo, S. L., Udolph, G., Zavortink, M., Yang, X., Tear, G., & Chia, W.
1998. Binary sibling neuronal cell fate decisions in the Drosophila embryonic
central nervous system are nonstochastic and require inscuteable-mediated
asymmetry of ganglion mother cells. Genes Dev. 12: 1858-1870.

Buratovich, M. A., Phillips, R. G., & Whittle, J. R. S. 1997. Genetic relationships
between the mutations spade and sternopleural and the wingless gene in
Drosophila development. Developmental Biology 185: 244-260.

Campbell, G., Goring, H., Lin, T., Spana, E., Andersson, S., Doe, C. Q., & Tomlinson,
A. 1994. RK2, a glial-specific homeodomain protein required for embryonic
nerve cord condensation and viability in Drosophila. Development 120: 2957-
2966.

Campos-Ortega, J. A., & Hartenstein, V. 1997. The embryonic development of
Drosophila melanogaster. Springer.

Casamassimi, A., & Napoli, C. 2007. Mediator complexes and eukaryotic
transcription regulation: An overview. Biochimie 89: 1439-1446.

Ceron, J., Gonzalez, C., & Tejedor, F. J. 2001. Patterns of cell division and
expression of asymmetric cell fate determinants in postembryonic neuroblast
lineages of Drosophila. Developmental Biology 230: 125-138.

Choksi, S. P., Southall, T. D., Bossing, T., Edoff, K., de Wit, E., Fischer, B., van
Steensel, B., Micklem, G., & Brand, A. H. 2006. Prospero acts as a binary
switch between self-renewal and differentiation in Drosophila neural stem
cells. Developmental Cell 11: 775-789.

Cruz, N. D. L., Bromberg, S., Pasko, D., Shimoyama, M., Twigger, S., Chen, J.,
Chen, C., Fan, C., Foote, C., Gopinath, G. R., Harris, G., Hughes, A., Ji, Y.,



BIBLIOGRAPHY 85

Jin, W., Li, D., et al. 2005. The Rat Genome Database (RGD): developments
towards a phenome database. Nucleic Acids Research 33: D485-D491.

Demerec, M. 2000. Biology of Drosophila. Macmillan Pub Co.

Ding, D., Parkhurst, S. M., & Lipshitz, H. D. 1993. Different genetic requirements for
anterior RNA localization revealed by the distribution of Adducin-like
transcripts during Drosophila oogenesis. Proceedings of the National
Academy of Sciences of the United States of America 90: 2512-2516.

Doe, C. Q. 1992. Molecular markers for identified neuroblasts and ganglion mother
cells in the Drosophila central nervous system. Development 116: 855-863.

Doe, C. Q. 2008. Neural stem cells: balancing self-renewal with differentiation.
Development 135: 1575-1587.

Doe, C. Q., Chu-LaGraff, Q., Wright, D. M., & Scott, M. P. 1991. The prospero gene
specifies cell fates in the Drosophila central nervous system. Cell 65: 451-464.

Duronio, R. J., & O'Farrell, P. H. 1995. Developmental control of the G1 to S
transition in Drosophila: cyclin Eis a limiting downstream target of E2F. Genes
& Development 9: 1456-1468.

Duronio, R. J., O'Farrell, P. H., Xie, J. E., Brook, A., & Dyson, N. 1995. The
transcription factor E2F is required for S phase during Drosophila
embryogenesis. Genes & Development 9: 1445-1455.

Dynlacht, B. D., Brook, A., Dembski, M., Yenush, L., & Dyson, N. 1994. DNA-binding
and trans-activation properties of Drosophila E2F and DP proteins.
Proceedings of the National Academy of Sciences of the United States of
America 91: 6359-6363.

Egger, B., Chell, J. M., & Brand, A. H. 2008. Insights into neural stem cell biology
from flies. Philosophical Transactions of the Royal Society B: Biological
Sciences 363: 39-56

Foe, V. E. 1989. Mitotic domains reveal early commitment of cells in Drosophila
embryos. Development 107: 1-22.

Frank, D. J., Edgar, B. A., & Roth, M. B. 2002. The Drosophila melanogaster gene
brain tumor negatively regulates cell growth and ribosomal RNA synthesis.
Development 129: 399-407.

Fujioka, M., Emi-Sarker, Y., Yusibova, G. L., Goto, T., & Jaynes, J. B. 1999. Analysis
of an even-skipped rescue transgene reveals both composite and discrete
neuronal and early blastoderm enhancers, and multi-stripe positioning by gap
gene repressor gradients. Development 126: 2527-2538.

Fuller, M. T. 1993. Spermatogenesis. In: The development of Drosophila
melanogaster, (ed. M. Bate and A. Martinez Arias). Cold Spring Harbor, NY:
Cold Spring Harbor Laboratory Press (pp. 71 -147).



BIBLIOGRAPHY 86

Fuller, M. T., & Spradling, A. C. 2007. Male and female Drosophila germline stem
cells: two versions of immortality. Science 316: 402-404.

Furukawa, K. 1999. LAP2 binding protein 1 (L2BP1/BAF) is a candidate mediator of
LAP2-chromatin interaction. J Cell Sci 112: 2485-2492.

Gerasimova, T. I., Lei, E. P., Bushey, A. M., & Corces, V. G. 2007. Coordinated
control of dACTCF and gypsy chromatin insulators in Drosophila. Molecular Cell
28: 761-772.

Gilboa, L., & Lehmann, R. 2004. How different is Venus from Mars? The genetics of
germ-line stem cells in Drosophila females and males. Development 131:
4895-4905.

Golic, K. G., & Golic, M. M. 1996. Engineering the Drosophila genome: chromosome
rearrangements by design. Genetics 144: 1693-711.

Gonzalez, C. 2007. Spindle orientation, asymmetric division and tumour suppression
in Drosophila stem cells. Nat Rev Genet 8: 462-472.

Gorjanacz, M., Klerkx, E. P. F., Galy, V., Santarella, R., Lopez-lglesias, C., Askjaer,
P., & Mattaj, I. W. 2007. Caenorhabditis elegans BAF-1 and its kinase VRK-1
participate directly in post-mitotic nuclear envelope assembly. The EMBO
Journal 26: 132—-143.

Grosskortenhaus, R., Robinson, K. J., & Doe, C. Q. 2006. Pdm and Castor specify
late-born motor neuron identity in the NB7-1 lineage. Genes Dev. 20: 2618-
2627.

Haraguchi, T., Koujin, T., Segura-Totten, M., Lee, K. K., Matsuoka, Y., Yoneda, Y.,
Wilson, K. L., & Hiraoka, Y. 2001. BAF is required for emerin assembly into
the reforming nuclear envelope. J Cell Sci 114: 4575-4585.

Hardy, R., Tokuyasu, K., Lindsley, D., & Garavito, M. 1979. The germinal proliferation
center in the testis of Drosophila melanogaster. Journal of Ultrastructure
Research 69: 180-190.

Harris, M. A., Clark, J., Ireland, A., Lomax, J., Ashburner M., Foulger R., Eilbeck K.,
et al. 2004. The Gene Ontology (GO) database and informatics resource.
Nucleic Acids Research 32: D258-D261.

Hauptmann, G. 2001. One-, two-, and three-color whole-mount in situ hybridization to
Drosophila embryos. Methods 23: 359-3 72.

Hirata, J., Nakagoshi, H., Nabeshima, Y., & Matsuzaki, F. 1995. Asymmetric
segregation of the homeodomain protein Prospero during Drosophila
development. Nature 377: 627-630.

Hoch, M., Gerwin, N., Taubert, H., & Jackle, H. 1992. Competition for overlapping
sites in the regulatory region of the Drosophila gene krippel. Science 256: 94-
97.



BIBLIOGRAPHY 87

Holaska, J. M., Lee, K. K., Kowalski, A. K., & Wilson, K. L. 2003. Transcriptional
repressor Germ Cell-less (GCL) and Barrier to Autointegration Factor (BAF)
compete for binding to Emerin in vitro. J. Biol. Chem. 278: 6969-6975.

Hooper, K. L., Parkhurst, S. M., & Ish-Horowicz, D. 1989. Spatial control of hairy
protein expression during embryogenesis. Development 107: 489-504.

Ikeshima-Kataoka, H., Skeath, J. B., Nabeshima, Y., Doe, C. Q., & Matsuzaki, F.
1997. Miranda directs Prospero to a daughter cell during Drosophila
asymmetric divisions. Nature 390: 625-629.

Inoue, H., Nojima, H., & Okayama, H. 1990. High efficiency transformation of
Escherichia coli with plasmids. Gene 96: 23-28.

Isshiki, T., Pearson, B., Holbrook, S., & Doe, C. Q. 2001. Drosophila neuroblasts
sequentially express transcription factors which specify the temporal identity of
their neuronal progeny. Cell Vol 106: 511-521.

Ivanovska, |., Khandan, T., Ito, T., & Orr-Weaver, T. L. 2005. A histone code in
meiosis: the histone kinase, NHK-1, is required for proper chromosomal
architecture in Drosophila oocytes. Genes Dev. 19: 2571-2582.

lzumi, Y., Ohta, N., Itoh-Furuya, A., Fuse, N., & Matsuzaki, F. 2004. Differential
functions of G protein and Baz-aPKC signaling pathways in Drosophila
neuroblast asymmetric division. J. Cell Biol. 164: 729-738.

Kaltschmidt, J. A., Davidson, C. M., Brown, N. H., & Brand, A. H. 2000. Rotation and
asymmetry of the mitotic spindle direct asymmetric cell division in the
developing central nervous system. Nature Cell Biology 2: 7-12.

Kambadur, R., Koizumi, K., Stivers, C., Nagle, J., Poole, S. J., & Odenwald, W. F.
1998. Regulation of POU genes by castor and hunchback establishes layered
compartments in the Drosophila CNS. Genes Dev. 12: 246-260.

Kawase, E., Wong, M. D., Ding, B. C., & Xie, T. 2004. Gbb/Bmp signaling is essential
for maintaining germline stem cells and for repressing bam transcription in the
Drosophila testis. Development 131: 1365-1375.

Kay, H. E. 1965. How many cell generations? Lancet 2: 418-419.

Kiger, A. A., Jones, D. L., Schulz, C., Rogers, M. B., & Fuller, M. T. 2001. Stem cell
self-renewal specified by JAK-STAT activation in response to a support cell
cue. Science 294: 2542-2545.

Kiger, A. A., White-Cooper, H., & Fuller, M. T. 2000. Somatic support cells restrict
germline stem cell self-renewal and promote differentiation. Nature 407: 750-
754.

Klinge, K. 2006. Stammzellfunktionen des Gens ballchen am Beispiel der
Spermatogenese von  Drosophila  melanogaster.  Retrieved  from
http://deposit.d-nb.de/cgi-bin/dokserv?idn=979191432



BIBLIOGRAPHY 88

Knirr, S., Azpiazu, N., Frasch M. 1999. The role of the NK-homeobox gene slouch
(S59) in somatic muscle patterning. Development 126: 4525-4535

Knoblich, J. A., Jan, L. Y., & Jan, Y. N. 1995. Asymmetric segregation of Numb and
Prospero during cell division. Nature 377: 624-627.

Knoblich, J. A. 2008. Mechanisms of asymmetric stem cell division. Cell 132: 583-
597.

Kraut, R., & Campos-Ortega, J. A. 1996. inscuteable, A neural precursor gene of
Drosophila, encodes a candidate for a cytoskeleton adaptor protein.
Developmental Biology 174: 65-81.

Kuchinke, U., Grawe, F., & Knust, E. 1998. Control of spindle orientation in
Drosophila by the Par-3-related PDZ-domain protein Bazooka. Current Biology
8: 1357-1365.

Lancaster, O. M., Cullen, C. F., & Ohkura, H. 2007. NHK-1 phosphorylates BAF to
allow karyosome formation in the Drosophila oocyte nucleus. J. Cell Biol. 179:
817-824.

Lee, C.-Y., Robinson, K. J., & Doe, C. Q. 2006. Lgl, Pins and aPKC regulate
neuroblast self-renewal versus differentiation. Nature 439: 594-598.

Lee, C.-Y., Wilkinson, B. D., Siegrist, S. E., Wharton, R. P., & Doe, C. Q. 2006. Brat
is a Miranda cargo protein that promotes neuronal differentiation and inhibits
neuroblast self-renewal. Developmental Cell 10: 441-449.

Lee, K. K., Haraguchi, T., Lee, R. S., Kouijin, T., Hiraoka, Y., & Wilson, K. L. 2001.
Distinct functional domains in emerin bind lamin A and DNA-bridging protein
BAF. J Cell Sci 114: 4567-4573.

Lee, L. A., & Orr-Weaver, T. L. 2003. Regulation of cell cycles in Drosophila
development: intrinsic and extrinsic cues. Annual Review of Genetics 37: 545-
578.

Lee, M. S., & Craigie, R. 1998. A previously unidentified host protein protects
retroviral DNA from autointegration. Proceedings of the National Academy of
Sciences of the United States of America 95: 1528—-1533.

Lee, T., & Luo, L. 1999. Mosaic analysis with a repressible cell marker for studies of
gene function in neuronal morphogenesis. Neuron Vol 22: 451-461.

Lee, T., & Luo, L. 2001. Mosaic analysis with a repressible cell marker (MARCM) for
Drosophila neural development. Trends in Neurosciences 24: 251-254.

Leon, A., & McKearin, D. 1999. Identification of TER94, an AAA ATPase protein, as a
Bam-dependent component of the Drosophila fusome. Mol. Biol. Cell 10:
3825-3834.

Li, L., & Xie, T. 2005. Stem cell niche: structure and function. Annual Review of Cell
and Developmental Biology 21: 605-631.



BIBLIOGRAPHY 89

Li, L. H., & Gergen, J. P. 1999. Differential interactions between Brother proteins and
Runt domain proteins in the Drosophila embryo and eye. Development 126:
3313-3322.

Lin, H., Yue, L., & Spradling, A.C. 1994. The Drosophila fusome, a germline-specific
organelle, contains membrane skeletal proteins and functions in cyst
formation. Development 120: 947-956.

Lindsley, D. L., & Tokuyasu, K. T. 1980. Spermatogenesis. In: Genetics and biology
of Drosophila (ed. M. Ashburner and T. R. Wright). New York, NY: Academic
Press (pp. 225-294).

Lindsley, D. L., & Zimm, G. G. 1992. The genome of Drosophila melanogaster.
Academic Press.

Lisbin, M. J., Qiu, J., & White, K. 2001. The neuron-specific RNA-binding protein
ELAV regulates neuroglian alternative splicing in neurons and binds directly to
its pre-mRNA. Genes Dev. 15: 2546-2561.

Mansharamani, M., & Wilson, K. L. 2005. Direct binding of nuclear membrane protein
MAN1 to Emerin in vitro and two modes of binding to Barrier-to-
Autointegration Factor. J. Biol. Chem. 280: 13863-13870.

Matsuzaki, F., Koizumi, K., Hama, C., Yoshioka, T., & Nabeshima, Y. 1992. Cloning
of the Drosophila prospero gene and its expression in ganglion mother cells.
Biochemical and Biophysical Research Communications 182: 1326-1332.

Matsuzaki, F., Ohshiro, T., Ikeshima-Kataoka, H., & lzumi, H. 1998. Miranda localizes
Staufen and Prospero asymmetrically in mitotic neuroblasts and epithelial cells
in early Drosophila embryogenesis. Development 125: 4089-4098.

Maurange, C., Cheng, L., & Gould, A. P. 2008. Temporal transcription factors and
their targets schedule the end of neural proliferation in Drosophila. Cell 133:
891-902.

Maurange, C., & Gould, A. P. 2005. Brainy but not too brainy: starting and stopping
neuroblast divisions in Drosophila. Trends in Neurosciences 28: 30-36.

Mayer, B., Emery, G., Berdnik, D., Wirtz-Peitz, F., & Knoblich, J. A. 2005.
Quantitative analysis of protein dynamics during asymmetric cell division.
Current Biology 15: 1847-1854.

McKearin, D., & Ohlstein, B. 1995. A role for the Drosophila Bag-of-Marbles protein in
the differentiation of cystoblasts from germline stem cells. Development 121:
2937-2947.

Mitchison, T. J., & Sedat, J. 1983. Localization of antigenic determinants in whole
Drosophila embryos. Developmental Biology 99: 261-264.

Mitsiadis, T. A., Barrandon, O., Rochat, A., Barrandon, Y., & De Bari, C. 2007. Stem
cell niches in mammals. Experimental Cell Research 313: 3377-3385.



BIBLIOGRAPHY 90

Nichols, R. J., Wiebe, M. S., & Traktman, P. 2006. The Vaccinia-related kinases
phosphorylate the N' Terminus of BAF, regulating its interaction with DNA and
its retention in the nucleus. Mol. Biol. Cell 17: 2451-2464.

Nordhoff, E., Krogsdam, A., Jorgensen, H. F., Kallipolitis, B. H., Clark, B. F.,
Roepstorff, P., & Kristiansen, K. 1999. Rapid identification of DNA-binding
proteins by mass spectrometry. Nat Biotech 17: 884-888.

Ohshiro, T., Yagami, T., Zhang, C., & Matsuzaki, F. 2000. Role of cortical tumour-
suppressor proteins in asymmetric division of Drosophila neuroblast. Nature
408: 593-596.

O'Neill, E. M., Rebay, I., Tjian, R., & Rubin, G. M. 1994. The activities of two Ets-
related transcription factors required for Drosophila eye development are
modulated by the Ras/MAPK pathway. Cell 78: 137-147.

Parmentier, M., Woods, D., Greig, S., Phan, P. G., Radovic, A., Bryant, P., & O'Kane,
C. J. 2000. Rapsynoid/Partner of Inscuteable controls asymmetric division of
larval neuroblasts in Drosophila. J. Neurosci. 20: 84RC.

Pearson, B. J., Doe, C. Q. 2003. Regulation of neuroblst competence in Drosophila.
Nature 425: 624-628.

Peng, C., Manning, L., Albertson, R., & Doe, C. Q. 2000. The tumour-suppressor
genes Igl and dig regulate basal protein targeting in Drosophila neuroblasts.
Nature 408: 596-600.

Perkins, D. N., Pappin, D. J. C., Creasy, D. M., & Caottrell, J. S. 1999. Probability-
based protein identification by searching sequence databases using mass
spectrometry data. Electrophoresis 20: 3551-3567.

Petritsch, C., Tavosanis, G., Turck, C. W., Jan, L. Y., & Jan, Y. N. 2003. The
Drosophila Myosin VI Jaguar is required for basal protein targeting and correct
spindle orientation in mitotic neuroblasts. Developmental Cell 4: 273-281.

Petronczki, M., & Knoblich, J. A. 2001. DmPAR-6 directs epithelial polarity and
asymmetric cell division of neuroblasts in Drosophila. Nat Cell Biol 3: 43-49.

Prokop, A., Bray, S., Harrison, E., & Technau, G. M. 1998. Homeotic regulation of
segment-specific differences in neuroblast numbers and proliferation in the
Drosophila central nervous system. Mechanisms of Development 74: 99-110.

Prokop, A., & Technau, G. M. 1991. The origin of postembryonic neuroblasts in the
ventral nerve cord of Drosophila melanogaster. Development 111: 79-88.

Reya, T., Morrison, S. J., Clarke, M. F., & Weissman, |. L. 2001. Stem cells, cancer,
and cancer stem cells. Nature 414: 105-111.

Robinow, S., & White, K. 1991. Characterization and spatial distribution of the ELAV
protein during Drosophila melanogaster development. Journal of Neurobiology
22: 443-461.



BIBLIOGRAPHY 91

Roper, K., & Brown, N. H. 2004. A Spectraplakin is enriched on the fusome and
organizes microtubules during oocyte specification in Drosophila. Current
Biology 14: 99-110.

Rubin, G. M., & Spradling, A. C. 1982. Genetic transformation of Drosophila with
transposable element vectors. Science 218: 348-353.

Sandaltzopoulos, R., Mitchelmore, C., Bonte, E., Wall, G., & Becker, P. B. 1995. Dual
regulation of the Drosophila hsp26 promoter in vitro. Nucleic Acids Research
23: 2479-2487.

Schaefer, M., Petronczki, M., Dorner, D., Forte, M., & Knoblich, J. A. 2001.
Heterotrimeric G Proteins direct two modes of asymmetric cell division in the
Drosophila nervous system. Cell 107: 183-194.

Schober, M., Schaefer, M., & Knoblich, J. A. 1999. Bazooka recruits Inscuteable to
orient asymmetric cell divisions in Drosophila neuroblasts. Nature 402: 548-
551.

Schulz, C., Kiger, A. A., Tazuke, S. I., Yamashita, Y. M., Pantalena-Filho, L. C.,
Jones, D. L., Wood, C. G., & Fuller, M. T. 2004. A misexpression screen
reveals effects of bag-of-marbles and TGF-beta class signaling on the
Drosophila male germ-line stem cell lineage. Genetics 167: 707-723.

Shen, C.-P., Jan, L. Y., & Jan, Y. N. 1997. Miranda is required for the asymmetric
localization of Prospero during mitosis in Drosophila. Cell 90: 449-458.

Shimi, T., Koujin, T., Segura-Totten, M., Wilson, K. L., Haraguchi, T., & Hiraoka, Y.
2004. Dynamic interaction between BAF and emerin revealed by FRAP, FLIP,
and FRET analyses in living HelLa cells. Journal of Structural Biology 147: 31-
41.

Shivdasani, A. A., & Ingham, P. W. 2003. Regulation of stem cell maintenance and
transit amplifying cell proliferation by TGF-beta signaling in Drosophila
spermatogenesis. Current Biology 13: 2065-2072.

Shumaker, D. K., Lee, K. K., Tanhehco, Y. C., Craigie, R., & Wilson, K. L. 2001.
LAP2 binds to BAF-DNA complexes: requirement for the LEM domain and
modulation by variable regions. The EMBO Journal 20: 1754-1764.

Silver, D. L., & Montell, D. J. 2001. Paracrine signaling through the JAK/STAT
pathway activates invasive behavior of ovarian epithelial cells in Drosophila.
Cell 107: 831-841.

Singh, S. K., Clarke, I. D., Terasaki, M., Bonn, V. E., Hawkins, C., Squire, J., & Dirks,
P. B. 2003. Identification of a cancer stem cell in human brain tumors. Cancer
Research 63: 5821-5828.

Small, S., Blair, A., & Levine, M. 1992. Regulation of even-skipped stripe 2 in the
Drosophila embryo. The EMBO Journal 11: 4047-4057.

Soller, M., & White, K. 2003. ELAV inhibits 3'-end processing to promote neural
splicing of ewg pre-mRNA. Genes Dev. 17: 2526-2538.



BIBLIOGRAPHY 92

Soller, M., & White, K. 2005. ELAV Multimerizes on conserved AU4-6 motifs
important for ewg splicing regulation. Mol. Cell. Biol. 25: 7580-7591.

Song, X., Wong, M. D., Kawase, E., Xi, R., Ding, B. C., McCarthy, J. J., & Xie, T.
2004. Bmp signals from niche cells directly repress transcription of a
differentiation-promoting gene, bag of marbles, in germline stem cells in the
Drosophila ovary. Development 131: 1353-1364.

Song, X., & Xie, T. 2002. DE-cadherin-mediated cell adhesion is essential for
maintaining somatic stem cells in the Drosophila ovary. Proceedings of the
National Academy of Sciences of the United States of America 99: 14813—
14818.

Song, X., Zhu, C., Doan, C., & Xie, T. 2002. Germline stem cells anchored by
adherens junctions in the Drosophila ovary niches. Science 296: 1855-1857.

Spana, E. P., & Doe, C. Q. 1996. Numb antagonizes Notch signaling to specify
sibling neuron cell fates. Neuron 17: 21-26.

Spana, E. P. & Doe, C. Q. 1995. The prospero transcription factor is asymmetrically
localized to the cell cortex during neuroblast mitosis in Drosophila.
Development 121: 3187-3195.

Spana, E. P., Kopczynski, C., Goodman, C. S., & Doe, C. Q. 1995. Asymmetric
localization of numb autonomously determines sibling neuron identity in the
Drosophila CNS. Development 121: 3489-3494.

Spradling, A., Drummond-Barbosa, D., & Kai, T. 2001. Stem cells find their niche.
Nature 414: 98-104.

Stroumbakis, N. D., Li, Z., & Tolias, P. P. 1996. A homolog of human transcription
factor NF-X1 encoded by the Drosophila shuttle craft gene is required in the
embryonic central nervous system. Molecular and Cellular Biology 16: 192-
201.

Suzuki, Y., & Craigie, R. 2002. Regulatory mechanisms by which Barrier-to-
Autointegration Factor blocks autointegration and stimulates intermolecular
integration of Moloney murine leukemia virus preintegration complexes. J.
Virol. 76: 12376-12380.

Takamori, S., Holt, M., Stenius, K., Lemke, E. A., Grgnborg, M., Riedel, D., Urlaub,
H., Schenck, S., Brugger, B., Ringler, P., Miller, S. A., Rammner, B., Grater,
F., Hub, J. S., Groot, B. L. D., et al. 2006. Molecular anatomy of a trafficking
organelle. Cell Vol 127: 831-846.

Thomas, M. C., & Chiang, C. 2006. The general transcription machinery and general
cofactors. Critical Reviews in Biochemistry and Molecular Biology 41: 105-178.

Thorpe, H. M., Wilson, S. E., & Smith, M. C. M. 2000. Control of directionality in the
site-specific recombination system of the Streptomyces phage phiC31.
Molecular Microbiology 38: 232-241.



BIBLIOGRAPHY 93

Tio, M., & Moses, K. 1997. The Drosophila TGF alpha homolog Spitz acts in
photoreceptor recruitment in the developing retina. Development 124: 343-
351.

Tran, J., Brenner, T. J., & DiNardo, S. 2000. Somatic control over the germline stem
cell lineage during Drosophila spermatogenesis. Nature 407: 754-757.

Truman, J. W., & Bate, M. 1988. Spatial and temporal patterns of neurogenesis in the
central nervous system of Drosophila melanogaster. Developmental Biology
125: 145-157.

Tulina, N., & Matunis, E. 2001. Control of stem cell self-renewal in Drosophila
spermatogenesis by JAK-STAT signaling. Science 294: 2546-2549.

Uemura, T., Shepherd, S., Ackerman, L., Jan, L. Y., & Jan, Y. N. 1989. numb, a gene
required in determination of cell fate during sensory organ formation in
Drosophila embryos. Cell 58: 349-360.

Vaessin, H., Grell, E., Wolff, E., Bier, E., Jan, L. Y., & Jan, Y. N. 1991. prospero is
expressed in neuronal precursors and encodes a nuclear protein that is
involved in the control of axonal outgrowth in Drosophila. Cell 67: 941-953.

Vaissiere, T., Sawan, C., & Herceg, Z. 2008. Epigenetic interplay between histone
modifications and DNA methylation in gene silencing. Mutation
Research/Reviews in Mutation Research 659: 40-48.

Wallenfang, M. R., Nayak, R., & DiNardo, S. 2006. Dynamics of the male germline
stem cell population during aging of Drosophila melanogaster. Aging Cell 5:
297-304.

Wheeler, W. 1893. A contribution to insect embryology. J Morphol 8: 1-160.
Wheeler, W. 1891. Neuroblasts in the arthropod's embryo. J Morphol 4: 337-343.

Williams, S. K., & Tyler, J. K. 2007. Transcriptional regulation by chromatin
disassembly and reassembly. Current Opinion in Genetics & Development 17:
88-93.

Wodarz, A., & Huttner, W. B. 2003. Asymmetric cell division during neurogenesis in
Drosophila and vertebrates. Mechanisms of Development 120: 1297-1309.

Wodarz, A., Ramrath, A., Kuchinke, U., & Knust, E. 1999. Bazooka provides an
apical cue for Inscuteable localization in Drosophila neuroblasts. Nature 402:
544-547.

Wu, J. S., & Luo, L. 2006. A protocol for dissecting Drosophila melanogaster brains
for live imaging or immunostaining. Nat. Protocols 1: 2110-2115.

Xie, T., & Spradling, A. 1998. decapentaplegic is essential for the maintenance and
division of germline stem cells in the Drosophila ovary. Cell Vol 94: 251-260.

Xie, T., & Spradling, A. 2000. A niche maintaining germ line stem cells in the
Drosophila ovary. Science 290: 328-330.



BIBLIOGRAPHY 94

Xu, D., Wang, Y., Willecke, R., Chen, Z., Ding, T., & Bergmann, A. 2006. The effector
caspases drICE and dcp-1 have partially overlapping functions in the apoptotic
pathway in Drosophila. Cell Death Differ 13: 1697-1706.

Xu, T., & Rubin, G. M. 1993. Analysis of genetic mosaics in developing and adult
Drosophila tissues. Development 117: 1223-1237.

Yamashita, Y. M., Jones, D. L., & Fuller, M. T. 2003. Orientation of asymmetric stem
cell division by the APC tumor suppressor and centrosome. Science 301:
1547-1550.

Yu, F., Cai, Y., Kaushik, R., Yang, X., & Chia, W. 2003. Distinct roles of G-alpha-i
and G-beta-13F subunits of the heterotrimeric G protein complex in the
mediation of Drosophila neuroblast asymmetric divisions. J. Cell Biol. 162:
623-633.

Yu, F., Kuo, C. T., & Jan, Y. N. 2006. Drosophila neuroblast asymmetric cell division:
recent advances and implications for stem cell biology. Neuron 51: 13-20.

Yu, F., Morin, X., Cai, Y., Yang, X., & Chia, W. 2000. Analysis of Partner of
Inscuteable, a novel player of Drosophila asymmetric divisions, reveals two
distinct steps in inscuteable apical localization. Cell 100: 399-409.

Yu, F., Wang, H., Qian, H., Kaushik, R., Bownes, M., Yang, X., & Chia, W. 2005.
Locomotion defects, together with Pins, regulates heterotrimeric G-protein
signaling during Drosophila neuroblast asymmetric divisions. Genes Dev. 19:
1341-1353.

Yusufzai, T. M., Tagami, H., Nakatani, Y., & Felsenfeld, G. 2004. CTCF tethers an
insulator to subnuclear sites, suggesting shared insulator mechanisms across
species. Molecular Cell 13: 291-298.

Zhao, K., Hart, C. M., & Laemmli, U. K. 1995. Visualization of chromosomal domains
with boundary element-associated factor BEAF-32. Cell 81: 879-889.

Zheng, R., Ghirlando, R., Lee, M. S., Mizuuchi, K., Krause, M., & Craigie, R. 2000.
Barrier-to-autointegration factor (BAF) bridges DNA in a discrete, higher-order
nucleoprotein complex. Proceedings of the National Academy of Sciences of
the United States of America 97: 8997-9002.



APPENDIX

95

Appendix

Table 6: Drosophila proteins found in three independent DNA-protein binding

assays.

The numbers in each row show in how many independent experiments the respective
protein was found to bind each oligo. Oligo 6 is the control oligo. The proteins are
ordered alphabetically. FBgn stands for Flybase gene number.

FBgn SYMBOL Oligo1l Oligo2 Oligo3 Oligo4 Oligo5 Oligo6
FBgn0010339 128up 0 2 2 2 1 3
FBgn0020238 14-3-3epsilon 3 3 3 3 3 3
FBgn0004907 14-3-3zeta 3 3 3 2 2 1
FBgn0250848  26-29-p 3 3 3 3 3 3
FBgn0053100  4EHP 2 2 1 1 2 2
FBgn0027885  Aaci11 2 2 2 0 1 3
FBgn0000011 ab 1 0 1 1 2 1
FBgn0000015  Abd-B 0 0 0 0 0 1
FBgn0000017  Abl 0 0 0 1 0 0
FBgn0015331 abs 3 3 3 3 3 3
FBgn0027620  Acf1 1 0 1 0 2 2
FBgn0028484  Ack 0 1 0 0 0 0
FBgn0000043  Act42A 2 2 2 2 3 3
FBgn0000044  Act57B 3 3 2 3 3 3
FBgn0000042  Act5C 3 3 3 3 2 3
FBgn0000045  Act79B 0 0 1 1 0 0
FBgn0000046  Act87E 3 3 3 3 3 3
FBgn0000047  Act88F 0 0 1 1 0 0
FBgn0000667  Actn 3 2 2 2 3 2
FBgn0011741 Actr13E 2 1 1 0 2 2
FBgn0037555  Ada2b 3 3 2 1 2 2
FBgn0000055  Adh 0 1 0 0 1 1
FBgn0026309  aft 1 0 0 1 0 0
FBgn0041171 ago 1 0 0 1 1 0
FBgn0087035  AGO2 1 3 0 3 3 2
FBgn0027932  Akap200 0 0 0 0 1 0
FBgn0033383  alc 0 2 0 1 0 0
FBgn0037471 Alh 3 2 1 2 3 1
FBgn0015569  alpha-Est10 1 0 0 0 0 0
FBgn0250789 alpha-Spec 3 3 3 3 3 3
FBgn0025725 alphaCop 3 3 3 3 3 3
FBgn0087040  alphaTub67C 3 3 3 3 3 3
FBgn0003884  alphaTub84B 3 3 3 3 3 3
FBgn0003886  alphaTub85E 0 0 1 1 0 0
FBgn0004372  aly 3 3 3 3 3 3
FBgn0039206  ana1 0 1 0 0 0 0
FBgn0027513 ana2 1 0 0 0 0 0
FBgn0029512  Aos1 0 0 0 0 1 2
FBgn0024833  AP-47 0 0 0 0 0 1
FBgn0026598  Apc2 0 0 0 0 0 1
FBgn0022131 aPKC 1 3 1 1 2 1
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FBgn0015903
FBgn0031781
FBgn0032859
FBgn0013749
FBgn0010348
FBgn0004908
FBgn0000117
FBgn0011743
FBgn0011744
FBgn0030877
FBgn0011745
FBgn0038369
FBgn0029095
FBgn0005386
FBgn0000139
FBgn0000140
FBgn0010715
FBgn0010750
FBgn0010217
FBgn0019637
FBgn0041188
FBgn0000146
FBgn0023407
FBgn0004587
FBgn0025525
FBgn0031977
FBgn0027889
FBgn0042085
FBgn0025716
FBgn0025463
FBgn0014127
FBgn0015602
FBgn0000171
FBgn0250788
FBgn0025724
FBgn0008635
FBgn0003887
FBgn0003888
FBgn0003889
FBgn0003890
FBgn0038928
FBgn0014133
FBgn0024491
FBgn0026262
FBgn0002638
FBgn0010520
FBgn0015907
FBgn0011211
FBgn0011206
FBgn0023097
FBgn0032105
FBgn0010300
FBgn0000212

apt
Arc-p20
Arc-p34
Arf102F
Arf79F
Arf84F
arm
Arp53D
Arp66B
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Arp87C
Arpc3A
aru

ash1
ash2

asp

Atg1

atms
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Atu

Atx2

aub
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Bap170
Bap55
Bap60
barr
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beta'Cop
betaCop
betaTub56D
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betaTub97EF
BG4

bif

Bin1
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blw
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Borr

brat
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FBgn0259246
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