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Abstract

During female meiotic prophase in many organisms, a specialized chromatin
structure is formed in the oocyte nucleus. This structure is known as the karyosome,
and has been proposed to be important for the formation of the female meiotic
bipolar spindle. However, how the karyosome is formed and maintained is not very
well understood.

To identify proteins involved in the formation and maintenance of the
karyosome, | carried out a cytological screen on a collection of 220 mutant fly lines
for mutants that were defective in karyosome morphology. The screen identified 46
mutants on the X and 2" chromosome with abnormal karyosomes. Genetic analysis
of these 46 mutants, followed by molecular analysis of one mutant, identified SRPK
(SR Protein Kinase) as a protein that is important for the proper formation of the
karyosome.

NHK-1 (Nucleosomal Histone Kinase 1) was previously identified as a
protein that is essential for the formation of the karyosome via its phosphorylation of
BAF (Barrier-to-Autointegration Factor). NHK-1 phosphorylation of BAF leads to the
release of chromatin from the nuclear membrane, an essential step for the formation
of the karyosome, however, the regulation of this process is unclear.

In order to identify genes that interact with NHK-1, | carried out a genetic
modifier screen using a semi-lethal allele of NHK-1, NHK-1"". After screening a
collection of 44 deficiencies located on the 2™ chromosome, | identified a genetic
region (44B8-44D1) containing a gene that interacts with NHK-1 and, when gene

dosage is halved, enhanced the semi-lethal phenotype of NHK-1"".
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Chapter 1: Introduction

DNA (Deoxyribonucleic acid) is a biological polymer formed from four nitrogenous
bases, adenine, cytosine, guanine and thymine, arranged on a sugar and phosphate
backbone. Our current understanding of biology has, as a centrepiece, a model
whereby DNA is used as a template for transcribing RNA (a related Ribonucleic
acid), which is then translated into the vast array of proteins that make up virtually all
cellular structures.

Over the course of the cell cycle, DNA is replicated and packaged into
discrete structures known as chromosomes. During cell division, the chromosomes,
are separated and segregated to the two resulting daughter cells during a process
known as mitosis. Due to the central role of DNA in directing the activities of the cell,
its proper replication and transfer during cell division is of the utmost importance,
and failure to properly segregate the chromosomes during mitosis can lead to cell
death or cancer.

Of arguably even greater importance than mitosis is meiosis, which is
responsible for generating the haploid germ cells that fuse during fertilization to give
rise to a new organism. Errors in chromosome segregation during meiosis can lead
to offspring with an abnormal chromosome number, a condition known as
aneuploidy. In humans 35% of spontaneous abortions are caused by aneuploidy
arising during meiosis. Even chromosomal aneuploidy that is compatible with live
birth, specifically those on chromosome X, 18 and 21 can cause defects in
development and mental retardation in the resulting offspring (Hassold and Hunt,
2001). By studying the karyotype of both aneuploid foetuses and live born offspring,
a trend has been identified whereby a majority of aneuploidies originate during

female meiosis, i.e. the process that gives rise to the oocytes. This disparity



between aneuploidies of male and female parental origin is thought to be caused by
the differences between male and female meiosis in humans (Hassold et al., 2007).

In human males, the germline precursor cells are mitotically proliferative
throughout the entire lifetime of the organism. Meiosis in human males initiates upon
sexual maturity and all steps of meiosis occur sequentially. In human females
however, the germline precursor cells are only proliferative for a brief period during
foetal development. Following the brief window of proliferation, meiosis is then
initiated, with the oocytes arresting early during meiotic prophase after having
completed meiotic recombination. This arrest is called the extended dictyate stage
and in human females can last for decades (from the initial prophase in the foetus
until the final oocyte is ovulated and the onset of menopause) before the eggs re-
enter and complete meiosis (Hassold and Hunt, 2001). Thus, as opposed to the
human male’s constantly renewing pool of germ cells that undergo a sequential
meiosis, female germ cells are both limited and experience a meiotic arrest that can
last up to several decades. Both of these factors are thought to contribute to the
comparatively higher rates of foetal aneuploidy arising from the female parent, and
highlights the importance of research into the processes involved in female meiosis.

Due to the limited amount of human oocytes available for study (mostly
originating from in vitro fertilization), it is useful to study female meiosis in model
organisms. Drosophila melanogaster is a suitable substitute in this regard, not only
because of the numerous points of congruency between female meiosis in both
organisms, but also because of its powerful genetics and comparatively manageable
genome.

In Drosophila females the two ovaries are made up of an assembly line of
eggs of increasing maturity known as the ovariole. Each ovary has numerous
ovarioles, resembling nothing so much as a tightly grouped bunch of bananas. At

the tip of each ovariole is the oval structure known as the germarium, which is



designated as the 1% stage of Drosophila oogenesis (i.e. stage 1). The germarium is
further subdivided into three regions (1, 2 and 3). In region 1 of the germarium
reside a population of germline stem cells. To initiate oogenesis, these germline
stem cells undergo 4 rounds of incomplete mitotic division to generate a 16 cell cyst
(King, 1970). As mitotic closure is incomplete, the cells of the cyst are connected by
ring canals, through which cytoplasm can flow. These ring canals are filled with a
spectrin rich cytoplasmic matrix known as the fusome which has been proposed to
be responsible for the specification of cell identity within the 16 cell cyst (de Cuevas
and Spradling, 1998; Lin and Spradling, 1995).

Only two cells within the 16 cell cyst have 4 ring canals and one of these two
cells will eventually mature into the oocyte proper. The remaining 15 cells will
undergo multiple rounds of genome endoreplication and eventually become the
polyploid nurse cells that are responsible for transcribing the RNA complement that
will be used in the developing oocyte (King, 1970).

In region 2 of the germarium, meiotic recombination is initiated in all 16 cells,
with the synaptonemal complex forming between the paired homologues, however
only the oocyte will complete meiotic recombination as the synaptonemal complex
will be disassembled early on in the remaining 15 cells within the developing cyst
(Page and Hawley, 2001). Once the synaptonemal complex has been assembled
between the paired homologues within the oocyte nucleus, double stranded breaks
are generated on the chromosomes. These double stranded breaks serve to initiate
strand invasion and repair, and are eventually repaired, by region 3, as chiasmata
holding the two paired homologues together (McKim et al., 2002). Once meiotic
recombination is complete, the synaptonemal complex will start to disassemble and
will be completely removed from the chromatin by stage 6-7 (Oscar Lancaster,

personal communication).



In region 2, the 16 cell cyst is surrounded by the mesoderm derived follicle
cells that are responsible for eventually secreting the egg shell, also known as the
chorion (King, 1970). The assemblage of the 16 cell cyst and the follicle cells is now
recognizable as an immature Drosophila egg chamber and begins to bud off from
the germarium, eventually graduating to stage 2 of development. From stage 2
onwards, the Drosophila egg chamber will undergo continual growth as the oocyte
within the 16 cell cyst continues to increase in cytoplasmic volume, driven by the
transcriptional and translational activity of the nurse cells (King, 1970).

By stage 3, the chromatin within the oocyte nucleus (also known as the
germinal vesicle) has attained a compact morphology. This compact configuration of
the chromatin within the oocyte nucleus is known as the karyosome. In contrast to
the oocyte nucleus, which will expand in tandem with the growth of the oocyte, the
karyosome will continually occupy the same volume within the nucleus (Liu et al.,
2006). The karyosome persists throughout all remaining steps of Drosophila oocyte
development, eventually playing a role in assembling the meiotic spindle which is
necessary for segregating the chromosomes (Doubilet and McKim, 2007).

In Drosophila, the karyosome stage corresponds to the extended dictyate
period during female meiosis in humans. In humans, the long dictyate period (lasting
anywhere from one to five decades) is thought to be a contributing factor to the high
incidence of aneuploidy with maternal meiotic origin (Eichenlaub-Ritter, 1996). Thus,
by studying the formation and maintenance of an analogous structure in Drosophila,
the karyosome, insight might be gained into the factors that contribute to
chromosome mis-segregation in human female meiosis.

From stage 8 onwards, the growth of the oocyte is at the expense of the
nurse cells which start to shrink and atrophy (King, 1970). During stage 9, the
oocyte nucleus migrates to a dorsal-anterior position within the oocyte and a cap of

the axis patterning directing protein, Gurken, forms around the oocyte nucleus to



influence the dorsal patterning of the follicle cells (Neuman-Silberberg and
Schupbach, 1993). In the spindle class of mutants, this accumulation of the Gurken
protein around the oocyte nucleus is disrupted, leading to improper dorsal
development of the mature egg, most notably missing or fused dorsal appendages
(Ghabrial et al., 1998). These Spindle mutants also cause defects in the morphology
of the karyosome, and the link between karyosome morphology and dorsal
patterning in Drosophila eggs is further explored in Chapter 1.7 (Ghabrial and
Schupbach, 1999).

From stage 9-12, the oocyte continues its growth until it has reached 90,000
times its original volume (King, 1970). At the end of stage 13, the oocyte nuclear
membrane breaks down and the chromatin (in the karyosome configuration) is
released directly into the cytoplasm to form the meiosis | spindle (King, 1970).
During stage 14, the formation of the meiotic spindle is proposed to be directed by a
gradient of RanGTP around the chromatin and the chromosomes align themselves
on the midzone of the spindle (Gruss and Vernos, 2004). As with human female
meiosis, defects in meiotic recombination or the mutation of proteins involved in
sister chromatid cohesion can lead to chromosome mis-segregation and subsequent
aneuploidy.

Once the meiotic spindle is formed, the oocyte arrests in metaphase | of
meiosis (unlike in humans where oocytes arrest in metaphase Il to await fertilization).
This metaphase | arrested oocyte is considered to be in stage 14, which denotes a
fully mature, ready to be laid egg. Sperm stored in specialized organs known as
spermatheca fertilize the mature egg as it progresses through the oviduct, and this
activates the arrested oocyte and prompts it to complete metaphase | and Il before

receiving the male complement of DNA.



1.1: Interphase chromatin

During interphase, chromatin is located inside the nucleus. Due to its length, it is
subject to multiple levels of packing. The first level is the nucleosome, where the
DNA is wrapped around a histone octamer. This octamer consists of two
heterodimers of H3 and H4 flanked by two heterodimers of H2A and H2B. 146 base
pairs of DNA are wrapped 1.75 times around these histone octamers in a left
handed superhelix giving rise to the characteristic “beads on a string” appearance of
DNA associated with its histones (Kornberg and Lorch, 1999; Ramakrishnan, 1997).
These nucleosomes are separated by small stretches of non-nucleosome
linker DNA. 20 bps of linker DNA is associated with histone H1, which sits atop the
histone octamer that makes up the nucleosome and binds to the linker DNA as it
enters and exits the nucleosome (Allan et al., 1980; Thomas, 1999). The entire
assemblage of nucleosome, histone H1, and associated linker DNA is termed the
chromatosome (Simpson, 1978). The histone H1 family is highly variable. In human
cells, there are 11 different subtypes of histone H1, the expression of which are
regulated according to cell type and stage of differentiation (Happel and Doenecke,
2009). There is evidence to suggest that histone H1 and linker DNA play a role in
organizing the next level of chromatin compaction, the 30nm fibre (Hizume et al.,
2005; Robinson and Rhodes, 2006), but due to the absence of a definitive model for
the structure of the 30nm fibre, the exact function that it performs remains unclear.
The structure of the next level of compaction for chromatin, the 30nm fibre is
still the subject of much debate. Initially identified via electron microscopy of nuclear
sections, it has also been identified as one of the three products of nuclease
digestion of chromatin (the nucleosome and the chromatosome being the other two)
(Davies, 1968; Staynov, 2008; Staynov and Proykova, 1998). Two structural models

for how the 30nm fibre forms have been suggested, the solenoid one start helix and



the zigzag two start helix (and its variants). In-vitro reconstitution studies seem to
support the zigzag two start helix model, but conflicting data proposes that the
solenoid one start helix might be possible depending on the presence of histone H1
(Osipova et al., 1990; Robinson et al., 2006; Rydberg et al., 1998; Tremethick,
2007). Controversially, recent imaging of prepared nuclei has shown no evidence of
the 30nm fibre in-situ (Horowitz-Scherer and Woodcock, 2006), however this may
be due to the limits of current imaging technology or the 30nm fibre might be
compacted into even higher order chromatin structures (Kireeva et al., 2004).

All chromatin inside the nucleus can be divided into two categories,
euchromatin and heterochromatin. Euchromatin refers to the gene rich, open, form
of chromatin with the tails of its histones acetylated to provide access to the
transcription machinery of the cell (Bassett et al., 2009). Conversely,
heterochromatin is highly compacted, often gene poor and transcriptionally inactive.
Heterochromatin is heavily methylated, and this recruits histone deacetylases that
revert the chromatin to a more compact configuration, rendering it inaccessible to
transcription factors. Methylation can also occur at the transcription start sites and
directly inhibit the binding of transcription factors (Dillon and Festenstein, 2002).

Heterochromatin can be further divided into two subtypes, facultative
heterochromatin and constitutive heterochromatin. Facultative heterochromatin
contains sequences that are packaged as heterochromatin only in certain cells, and
may be packaged as euchromatin in other cells. Examples of facultative
heterochromatin are genes involved in differentiation or morphogenesis. Constitutive
heterochromatin on the other hand, contains sequences that are packaged as
heterochromatin regardless of the cell type. The centromeres and telomeres of
chromosomes are packaged as heterochromatin in all cells and are thus examples

of constitutive heterochromatin (Dillon, 2004).



In the nucleus, heterochromatin is associated with the nuclear periphery
while euchromatin is more often located at the nuclear interior. This nuclear
localization of heterochromatin is caused by Heterochromatin Protein 1 (HP1), a
chromodomain containing family of proteins recruited by heterochromatin histone
methylation. HP1 in turn interacts with proteins located at the nuclear periphery,
specifically Lamin B receptor, leading to the peripheral localization of
heterochromatin (Ye et al., 1997; Ye and Worman, 1996). This physical partition of
heterochromatin and euchromatin is part of the cause of the next level of chromatin
organization within the nucleus, chromosome territories.

The concept that each chromosome occupies a discrete territory within the
nucleus is not a new one. Light microscopy of the nucleus in the early 1900s led to
speculation that chromosomes occupy fixed domains within the nucleus (Foster and
Bridger, 2005). Evidence for this theory was provided by experiments involving focal
UV laser microbeam induced DNA damage in Chinese Hamster culture cells. Repair
of this damage by H? thymidine revealed, in autoradiography assays, that the
damage was limited to a small number of chromosomes, as would be the case if
each chromosome occupied a discrete, largely non-overlapping region of the
nucleus (Meaburn and Misteli, 2007). Of dispute however is the pattern by which the
chromosomes are arranged within the nucleus. Currently, there are two, not
mutually exclusive, models based on in-vivo studies of how the chromosomes are
organized within the nucleus, gene density theory and position-size theory.

Gene density theory posits that chromosomes are organized within the
nucleus based on how gene rich they are. Gene rich chromosomes localize more
towards the nucleus interior while gene poor chromosomes are restricted to the
periphery which is seen as the transcriptionally inert region of the nucleus (Cremer
et al., 2003; Croft et al., 1999). This particular model synchs well with the

observation that gene poor heterochromatin, is likewise localized to the nuclear



periphery. However, there is also evidence of transcriptionally active genes being
localized to the nuclear pore complex on the nuclear periphery which appears to
contradict this model of chromosome localization (Casolari et al., 2004).

The second model for how chromosomes are organized within the nucleus is
the position-size theory, which as its name suggests, posits that chromosomes are
arranged within the nucleus based on size. Specifically, small chromosomes are
drawn towards the nuclear interior, while large chromosomes are localized to the
nuclear periphery (Bolzer et al., 2005; Sun et al., 2000). Presently, it is not known
how chromosomes come to have this organization, but two different models have
been proposed as to how it might form. The first of these is the volume exclusion
model, which states that the chromosomes are organized based on volume
occupied within the nucleus, with smaller chromosomes localizing to the interior and
larger chromosomes remaining at the periphery (Cremer et al., 2001). The second
model is the mitotic pre-set model, where position is determined during the previous
metaphase, with the arms of larger chromosomes being oriented more towards the
periphery than the arms of smaller chromosomes (Sun et al., 2000).

As previously stated, the gene density and position size theory, are not
necessarily mutually exclusive. In cells displaying chromosome organization in line
with the gene density theory, the onset of quiescence can cause small
chromosomes with formerly peripheral localization to localize to the nuclear interior,
while large chromosomes remain attached to the nuclear periphery (Bridger et al.,
2000).

In order to understand how chromosomes remain in their domains within the
interphase nucleus, it is necessary to discuss a controversial structure, the nuclear
matrix. The nuclear matrix is an underlying, partly proteinaceous, structure to which
chromatin is attached during interphase. Though the exact composition of the

nuclear matrix is not well understood, it is known that lamins and other intermediate
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filament-like proteins comprise at least part of its structure (Barboro et al., 2002;
Hozak et al., 1995; Neri et al., 1999). Furthermore, the stability of this structure, and
indeed that of chromosome territories themselves, can be perturbed by a treatment
involving RNase, implying that RNA has a role in the maintenance of the nuclear
matrix (He et al., 1991; He et al., 1990; Ma et al., 1999). Chromatin is attached to
the nuclear matrix via genetic sequences known as Scaffold/Matrix Attachment
Regions (S/MARs), with the DNA between S/MARSs looped out from the nuclear
matrix (Heng et al., 2004). This model of chromatin attachment to the nuclear matrix
with outwards extending loops is known as the radial loop model, and it has
structural relevance during both mitotic and meiotic chromosome condensation.
Though there is now a general model of how chromatin is organized within
the nucleus in interphase, it is fraught with uncertainty and conflicting evidence.
More research and better tools are required to provide a clearer understanding of

chromatin dynamics during interphase. (Fig. 1)

1.2: Mitotic chromatin condensation

During mitosis, chromatin within the nucleus condenses from the interphase space
filling chromosome territories to that of fully mature mitotic chromosomes. How this
condensation occurs is still not fully understood, however research has identified
several proteins that might play a role in this process.

Experiments that stripped histones away from mature mitotic chromosomes
revealed the presence of a central densely stained chromosome scaffold
surrounded by a halo of outwardly expanding DNA. This DNA was attached to the
scaffold in loops of around 30-90kbs (Paulson and Laemmli, 1977) similar to the

radial loop structure of chromatin described in interphase. Two of the proteins
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Figure 1. Interphase chromatin organization.

During interphase, double stranded DNA is wrapped around
nucleosomes which are then folded into higher order structures such
as the 30nm fibre. These higher order chromatin structures are
attached to the nuclear matrix which has a role in organizing the
chromosome territories within the interphase nucleus.
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identified to form part of this scaffold were topoisomerase Il (Earnshaw et al., 1985;
Gasser et al., 1986) and SMC2, a member of the condensin complex (Saitoh et al.,
1994; Strunnikov et al., 1995).

Drug inhibition of topoisomerase Il inhibited chromosome condensation
(Gorbsky, 1994), as did in vitro immunodepletion of condensin complex (Hirano et
al., 1997). But while it might seem from these experiments that topoisomerase Il and
the condensin complex are the main proteins involved in chromosome condensation
during mitosis, several studies have indicated that the story isn’t quite so simple.

Experiments involving the in vitro extraction of topoisomerase Il from already
condensed chromosomes caused no appreciable change in the level of
chromosome condensation (Hirano and Mitchison, 1993). Furthermore, the RNAI
knockdown of topoisomerase Il in both Drosophila (Chang et al., 2003) and
mammalian cells (Sakaguchi and Kikuchi, 2004), revealed that while depletion of
topoisomerase Il does cause certain condensation related defects, chromosomes
are still able to compact longitudinally in its absence (Belmont, 2006).

Likewise for condensin, when the Drosophila condensin subunit, CAP-D2
was knocked down via double stranded RNA mediated interference, chromosomes
were still able to compact (Savvidou et al., 2005). However, topoisomerase Il and
condensin knockdown both led to defects in sister chromatid separation and
chromosome segregation (Belmont, 2006).

To reconcile these conflicting views of the chromosome condensation activity
of topoisomerase Il and the condensin complex, two possibilities have been
suggested. The first possibility is that while topoisomerase Il and the condensin
complex are important for chromosome condensation, in their absence a redundant
pathway exists to fulfil that function (Belmont, 2006). The second is that the function

of topoisomerase Il and the condensin complex are to stabilize already condensed
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chromosomes and that chromosome condensation is carried out by an alternate
pathway (Hirota et al., 2004; Hudson et al., 2003).

Both of these suggestions posit that an alternate pathway is responsible for
condensing the chromosomes, and recently there has been evidence to suggest
that such a pathway actually exists. Experiments have shown that in conditional
condensin knockout chicken DT 40 cells, chromosomes lost their compact
architecture and prominent chromatin bridges were formed during anaphase.
However these defects were rescued by exogenous expression of cyclin B3 or
overexpression of a dominant negative mutant of Repo-Man. Both of these
treatments preserve phosphorylation on the mitotic chromosomes, cyclin B3 by
keeping cdk active, and the dominant negative Repo-Man by its inability to recruit
protein phosphatase PP1 at the onset of anaphase (Vagnarelli et al., 2006).

Therefore, there exists some “activity” that allows for the condensation of
mitotic chromosomes in the absence of condensin. This activity is proposed to be
activated by cdk induced phosphorylation and turned off by dephosphorylation by
phospatase PP1. Termed RCA (Regulator of Chromosome Architecture) (Vagnarelli
et al., 2006), the identification of the protein/proteins responsible for this activity will

be required for a full understanding of how the chromatin condenses during mitosis.

1.3: Segregation of the mitotic chromosomes

During mitotic chromosome segregation, the centromere, a specialized
chromosomal region, organizes the formation of kinetochores, which act as the
interface between chromosomes and microtubules within the mitotic spindle. The
kinetochores themselves are complex proteinaceous structures that govern many
aspects of chromosome segregation, including microtubule binding, tension sensing

and the mitotic checkpoint. In order to grasp mitotic chromosomal dynamics, it is
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necessary to understand how centromere identity is established, the role the
centromere plays in kinetochore formation and how kinetochores mediate the
myriad chromosome process during mitosis.

In eukaryotes, centromeres can be divided into two categories, holocentric
and monocentric. Holocentric organisms, such as Caenorhabditis elegans have
centromeres that are diffused along the entire length of the chromosome.
Conversely monocentric organisms, a category which includes budding and fission
yeast, Drosophila, plants and humans have centromeres that are restricted to a
specific chromosome locus, though the size of this locus may vary (Torras-Llort et
al., 2009).

In budding yeast, the centromere is organized by a 125 bp CEN sequence
(Fitzgerald-Hayes et al., 1982b), that is sufficient to organize a functional
centromere when inserted into a plasmid (Clarke and Carbon, 1980; Fitzgerald-
Hayes et al., 1982a). However, in other organisms, the link between genetic
sequence and centromere organization isn’t as clear. In chromosomes with two
centromere sequences (dicentric chromosomal rearrangements), one putative
centromere is usually inactivated even though both centromeres have the
associated genetic sequence (Agudo et al., 2000; Earnshaw and Migeon, 1985).
Furthermore, ectopic centromeres (neocentromeres) have been shown to form on
non-centromeric genetic sequences (Lo et al., 2001; Williams et al., 1998).

Instead, centromere identity seems to be established epigenetically via the
presence of a centromere specific histone H3 variant known as Cenp-A in humans,
and more widely as CenH3 (Palmer et al., 1987). CenH3 is different from canonical
histone H3 in both its structure and how it is incorporated into the nucleosome.
Structurally, the N-terminal tail of human CenH3 shows effectively no homology with
human histone H3, and little sequence homology with CenH3 found in other

eukaryotic lineages. Even the C-terminal histone fold domain, where human CenH3
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shows considerable homology with histone H3, only has an average of 48%
homology with the C-terminal histone fold domain of other eukaryotic species
(Torras-Llort et al., 2009). This low homology between human Cenp-A, canonical
human histone H3, and CenH3 found in other eukaryotic species is proposed to be
due to the rapid evolution rate of CenH3, reflecting its association with the rapidly
evolving centromere DNA (Malik and Henikoff, 2001; Talbert et al., 2004). Though
there is low structural homology between the CenH3s of different eukaryotic species,
a conserved insertion of 2-6 amino acids in the first loop (L1) region of the C-
terminal histone fold domain hints at the importance of this region in the function and
positioning of CenH3 (Black et al., 2004; Black et al., 2007b).

As mentioned in section 1.1, the nucleosome is the fundamental level of
DNA packaging and consists of a strand of DNA coiled in a left handed superhelix
around a histone octamer of the canonical histones (H3, H4, H2A and H2B). In vitro
reconstitution experiments and affinity purification of CenH3 containing
nucleosomes have indicated that CenH3 can incorporate into nucleosomes as well,
taking the place of canonical histone H3 (Blower et al., 2002; Yoda et al., 2000).
These CenH3 nucleosomes are more compact and conformationally rigid than
canonical nucleosomes (Black et al., 2007a; Black et al., 2004), and these structural
differences seem to be linked to the aforementioned L1 region and the adjoining
second alpha-helix domain (A2).

There is evidence that CenH3 might be incorporated into non-canonical
nucleosomes. For example, there is evidence of a CenH3/H4 hexamer nucleosome
in budding yeast where the flanking H2A/H2B dimers are replaced by Scm3, a
protein required to recruit CenH3 to the centromere (Camahort et al., 2007;
Mizuguchi et al., 2007; Stoler et al., 2007). Even more bizarrely, in Drosophila, cross
linking experiments and atomic force microscopy have indicated that CenH3 might

be incorporated into half-nucleosomes, a tetramer of histones consisting of a single
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copy of CenH3, H4, H2A and H2B (Dalal et al., 2007a; Dalal et al., 2007b). Though
the purpose of these non-canonical nucleosomes is not clear, it has been proposed
that they might play a role in the assembly/disassembly of the CenH3 nucleosome
(Torras-Llort et al., 2009).

Intriguingly, the conserved L1/ A2 region, which is known to have an effect
on nucleosome structure, is also known as the Cenp-A Targeting Domain (CATD)
and is responsible and sufficient localizing human CenH3 to the centromere (Black
et al., 2004). Domains with similar centromere targeting function have been
identified in the histone fold domain of other organisms such as Drosophila
(Vermaak et al., 2002) and budding yeast (Keith et al., 1999). Exactly how the CATD
contributes to the targeting of CenHa3 is still unknown, but from the evidence, two
non-mutually exclusive possibilities present themselves.

The first possibility is that the CATD domain itself influences the binding of
the CenH3 nucleosome to centromeric DNA. Experiments have revealed that
swapping the CATD domain of Drosophila melanogaster into Drosophila bipectinata
CenHa3 is sufficient to allow localization of D. bipectinata CenH3 to the centromeres
in D. melanogaster (Vermaak et al., 2002). And while CenH3 has been shown to be
capable of localizing to multiple sites in the genome (Moreno-Moreno et al., 2006;
Van Hooser et al., 2001), it remains tightly bound only at the centromere
(Hemmerich et al., 2008) and is unstable and subject to proteolysis when bound
elsewhere (Conde e Silva et al., 2007; Moreno-Moreno et al., 2006) possibly as a
result of the more compact and structurally rigid configuration of the CenH3
nucleosome.

The second possibility is that the CenH3 CATD domain directly interacts with
proteins that target it to the centromere. Several proteins have been shown to play a
role in recruiting CenH3 to the centromere or in stabilizing its presence there. As

previously mentioned, there is evidence in budding yeast that CenH3 forms a non-
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canonical hexameric nucleosome with Scm3 taking the place of the H2A/H2B
dimers. Scm3 itself interacts with the Mis16/Mis18 complex responsible for histone
acetylation in the centromere (Hayashi et al., 2004). The Mis16/Mis18 complex
recruits Scm3 to the centromere (Pidoux et al., 2009; Williams et al., 2009), and thus
may play a role in recruiting CenH3 to the centromere as well. The protein HHURP
(Holliday Junction Recognizing Protein) interacts directly with the CenH3 CATD
(Foltz et al., 2009) and prevents the proteolysis of centromeric CenH3 (Dunleavy et
al., 2009; Foltz et al., 2009). This activity of HHURP might explain why CenH3 is
protected at the centromere while it is subject to proteolysis elsewhere in the
genome.

The presence of CenH3 at the centromere not only establishes centromere
identity, but it also recruits proteins involved in the assembly of the kinetochore, the
protein complex responsible for regulating and effecting chromosome segregation
(Santaguida and Musacchio, 2009). Structurally, the kinetochore is a tri-laminate
structure with an inner plate that interacts with the centromeric chromatin, and an
outer plate with a fibrous corona which interacts with microtubules (McEwen et al.,
1998). To explain the function of each of the dozens of proteins that form the
kinetochore is beyond the scope of this introduction. Instead, attention will be
focused on the essential mitotic functions of the kinetochore, microtubule
attachment, attachment error correction, chromosome segregation, and the proteins
directly involved in each process.

On entry into mitosis, each centrosome nucleates a short, dynamic array of
microtubules that probe the cytoplasm with their growing plus ends. The “search and
capture” model proposes that when these dynamic microtubules encounter
kinetochores, they are preferentially stabilized, and the build-up of these
microtubules contributes to the formation of the spindle (Mitchison et al., 1986).

Though the “search and capture” model does not account for all sources of
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microtubule nucleation within the spindle, it does accurately predict microtubule
capture by the kinetochores (Hayden et al., 1990).

This microtubule capture is facilitated by Cenp-E, a large kinesin like protein
that is associated with the fibrous corona of the kinetochores (Cooke et al., 1997;
Yao et al., 1997). Following the initial capture by the fibrous corona, microtubule
binding protein complexes such as the KMN (Knl-1, Mis12 and Ndc80) complex
(Cheeseman et al., 2006), the Dam1 complex in budding yeast (Miranda et al.,
2005) and the Ska complex in metazoans (Gaitanos et al., 2009) anchor the
microtubules to the kinetochores.

Correcting improper microtubule kinetochore attachments during
prometaphase is the role of the chromosome passenger complex, which consists of
the proteins Aurora B kinase, INCENP (INner CENtromere Protein), Survivin and
Borealin (Vagnarelli and Earnshaw, 2004). The CPC accomplishes this by
destabilizing improper microtubule-kinetochore attachments, such as when both
kinetochores are attached to microtubules from the same spindle pole. Though the
exact mechanisms of how this destabilization occurs are not clear, it has been
shown that Aurora B can phosphorylate Ndc80, a protein that is part of the KMN
microtubule binding complex (Cheeseman et al., 2002). This phosphorylation of
Ndc80 leads to a reduction of microtubule affinity in vitro, and in vivo presumably
results in the detachment of the mis-attached microtubule from the kinetochore
(Cheeseman et al., 2006). Aurora B has also been shown to phosphorylate the Kin |
kinesin MCAK (Mitotic Centromere-Associated Kinesin) that is responsible for
depolymerising microtubules. By regulating the activity of this kinesin, Aurora B can
induce the depolymerisation of improperly attached microtubules (Lan et al., 2004).

The current model for how the CPC detects improper chromosome
attachment is based on tension (during proper bi-orientation) or lack thereof (when

chromosomes are attached to the same spindle pole / unattached kinetochores)
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(Tanaka et al., 2002). When chromosomes are properly bi-oriented, their
kinetochores are under tension which stretches the kinetochores (Waters et al.,
1996). When stretched, proteins on the kinetochores are spatially separated from
proteins at the centromere. This separation prevents Aurora B, which is located on
the centromere, from phosphorylating kinetochore proteins, such as Ndc80, leading
to the stable capture of microtubules by the kinetochores. Conversely when the
kinetochores are not under tension, Aurora B is able to phosphorylate kinetochore
proteins, leading to microtubule detachment (Liu et al., 2009).

In parallel with the CPC, the Spindle Assembly Checkpoint (SAC) localizes
to unattached kinetochores. Research is ongoing as to exactly how the SAC
functions, but it is known is that the presence of the SAC at unattached kinetochores
down regulates the activity of the Anaphase Promoting Complex, also known as the
Cyclosome (APC/C). This prevents the APC/C from targeting cyclin B and Securin
for degradation and precipitating the events of anaphase (Musacchio and Salmon,
2007). This down regulation of APC/C activity is a result of the SAC components
Mad2 and BubR1 binding to and inhibiting the activity of the crucial APC/C co-factor
Cdc20 (Davenport et al., 2006; Fang, 2002).

When microtubules bind to the kinetochores, they strip away the components
of the SAC, such as Mad2 in a Dynein dependent manner and transport them to the
spindle poles (Howell et al., 2001). The activity of BubR1 is also down-regulated
upon Cenp-E capture of microtubules (Mao et al., 2005). With the SAC inactivated,
the APC/C is activated by Cdc20 and chromosome segregation can begin.

During metaphase, sister chromatids are bound to each other at the
pericentric heterochromatin by Cohesin (Nonaka et al., 2002), a ring shaped
complex formed from the proteins Smc1, Smc 3 and Scc1 that encircles the sisters
and maintains cohesion (Gruber et al., 2003). At the onset of anaphase, the APC/C

releases Separase from its binding partner Securin by targeting Securin for
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degradation (Zur and Brandeis, 2001). Separase then cleaves the Scc1 subunit of
the Cohesin complex and releases the cohesion between the sister chromatids
(Hauf et al., 2001; Waizenegger et al., 2002).

Upon initiation of anaphase, the microtubules that comprise the spindle
undergo several changes in their dynamics. Depolymerisation of the kinetochore
microtubules at their plus ends generates a force to pull the separated sister
chromatids to the spindle poles (Cassimeris, 2006). Microtubule binding protein
complexes at the kinetochore, such as the Dam1 complex, maintain binding to the
depolymerizing microtubules by forming a ring behind the depolymerizing
protofilaments (Westermann et al., 2006). By harnessing themselves via the
kinetochores to depolymerizing microtubules, chromosomes are able to segregate

to the spindle poles and thus complete mitosis.

1.4: Homologous pairing, the synaptonemal complex and meiotic

recombination

During meiotic prophase, all sexually reproducing organisms undergo meiotic
recombination. Meiotic recombination has two important functions within the context
of meiosis, it generates genetic diversity among the resulting offspring, and it
reconfigures the chromatin, preparing it for two consecutive rounds of chromosome
segregation.

During meiotic recombination homologous chromosomes pair up and a
proteinaceous structure known as the synaptonemal complex forms between them.
It was thought that the synaptonemal complex was responsible for the pairing of the
homologous chromosomes. However, the presence of homologous pairing in
systems where the synaptonemal complex is absent, such as Drosophila males (von

Wettstein, 1984) and mutants that abolish the synaptonemal complex, such as a null
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allele of zip1 in yeast (Nag et al., 1995) have shown that the story is not so
straightforward.

Homologous pairing seems to be dependent on sequence homology
between the pairing chromosomes. In Drosophila males with transpositions of
chromosomal sequence from the 2™ chromosome to the Y chromosome, the Y
chromosome was shown to pair with the 2" chromosome at frequencies based on
the size of the transposition (McKee et al., 1993). However, how a chromosome
identifies homologous sequences on another chromosome is still not known (McKee,
2004).

Once homologous chromosomes are paired, the synaptonemal complex
forms between them. Structurally, the synaptonemal complex resembles railroad
tracks with the vertical lateral elements associated with the chromosomes
connected by the horizontal transverse filaments between them (Page and Hawley,
2004). Formation of the synaptonemal complex can occur independently of meiotic
recombination in some organisms, such as Drosophila females and C. elegans
(MacQueen et al., 2002; McKim et al., 1998). Indeed, in the case of Drosophila
females, formation of the synaptonemal complex is essential for the initiation of
meiotic recombination (McKim et al., 2002). However in other organisms, like yeast,
the initiation of meiotic recombination is required for synaptonemal complex
formation (Page and Hawley, 2004). Functionally, the synaptonemal complex serves
to convert recombination intermediates, formed during meiotic recombination to
mature chiasmata (Page and Hawley, 2004).

The initiation of meiotic recombination occurs when Spo11, a protein with
homology to type Il Topoisomerases, introduces double stranded breaks (DSBs) in
the DNA duplex. These DSBs are then processed to form single stranded 3’
overhangs. One of these 3’ overhangs invades a homologous duplex where it

displaces its corresponding strand of homologous DNA in a D-loop, which anneals
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to the remaining single stranded 3’ overhang. Repair DNA synthesis then occurs to
produce a structure known as a double Holliday Junction (Cromie and Smith, 2007).
Cleavage of two of the strands in the double Holliday Junction results in the creation
of either crossovers, where an entire arm of a chromosome is exchanged between
two homologues, or non crossovers, where only certain sequences are exchanged
(Sun et al., 1989; Szostak et al., 1983). The resolution of the double Holliday
Junction results in chiasmata that connect the homologues, which are important for
proper segregation of the homologues during meiosis, and persist even after the

synaptonemal complex is disassembled (Page and Hawley, 2004).

1.5: Meiotic chromosome segregation

In many ways, the process of meiosis resembles that of mitosis. DNA duplication
occurs, the spindle forms and chromosomes are captured and stabilized by
microtubules nucleated from the centrosomes. However unlike mitosis,
chromosomes in meiosis undergo two rounds of segregation, meiosis | and meiosis
II, without any intervening DNA duplication.

Meiotic chromosomes are connected at two places so as to coordinate
chromosome segregation such that the homologous chromosomes separate before
the sister chromatids. As in mitosis, sister chromatids are joined at the centromere
and held together by the cohesin complex as described in section 1.3. Additionally,
the homologues are held together by chiasmata formed from the resolution of the
double Holliday Junctions and the chiasmata themselves are reinforced by the
presence of the cohesin complex on the chromosome arms (Watanabe, 2005).

At the onset of meiosis |, the two kinetochores of each homologue (each
belonging to a sister chromatid) co-orient and begin to act as a single unit. In yeast,

this requires the activity of the monopolin complex (Monje-Casas et al., 2007).

23



During metaphase |, paired homologues (known as a bivalent) then become
bioriented at the spindle midzone, with the homologues within each bivalent facing
opposite spindle poles. When anaphase | begins, cohesin is cleaved at the
chromosome arms, but protected at the centromere by the protein Shugoshin
(Watanabe and Kitajima, 2005). This releases the attachment of the homologous
chromosomes, but not the sister chromatids, and the homologues are pulled
towards opposite spindle poles. Homologue segregation is followed by telophase |
and cytokinesis, which results in two daughter cells each containing half the
homologues (and thus half the chromosome number) found in the original mother
cell.

Meiosis Il proceeds in a similar fashion to mitosis, with the chromosomes bi-
oriented at the spindle midzone such that each sister chromatid faces an opposite
spindle pole. When anaphase Il occurs, the sister chromatids are drawn towards
opposite poles. Following telophase Il and cytokinesis, the four resulting daughter
cells each have half the chromosome number of the original mother cell. Not until
fertilization and fusion with its complementary gamete will the original chromosome

number be reconstituted (Petronczki et al., 2003).

1.6: Chromatin mediated spindle formation during female meiosis

During female meiosis, the bipolar spindle is formed without the centrosomes.
Research has indicated that several alternate microtubule nucleation pathways play
a role in forming the female meiotic acentosomal spindle. Intriguingly, chromatin
itself is an important determinant of female meiotic spindle formation and is able to
nucleate the microtubules that form the spindle (Karsenti et al., 1984).

The main protein implicated in chromatin mediated microtubule nucleation is

Ran, a small GTPase which can exist either in a GTP or a GDP bound state.
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Though Ran has intrinsic GTPase activity, the conversion of RanGTP to RanGDP
can be stimulated by the activity of RanGAP (Ran GTPase Activating Protein)
(Bischoff et al., 1994). Conversely, RanGDP can be converted to RanGTP by the
activity of the RanGEF (Guanine nucleotide Exchange Factor) RCC1 (Bischoff and
Ponstingl, 1991). Since RCC1 is localized to the chromatin (Nemergut et al., 2001)
and RanGAP is mostly cytoplasmic (Mattaj and Englmeier, 1998), a gradient of Ran
is set up, with the GTP bound form predominating near the chromosomes and the
GDP bound form becoming more prevalent further away (Li and Zheng, 2004).

Importins are a class of proteins that facilitate the nuclear transport of
Nuclear Localization Signal (NLS) containing proteins (Gorlich et al., 1995). It has
been shown that RanGTP can bind to Importins and cause them to release their
cargo (Gorlich et al., 1996; Rexach and Blobel, 1995). Immunoprecipitation assays
have indicated that one of the cargo molecules subject to Importin binding is TPX2
(Targeting Protein of XkIp2), a microtubule associated protein that is able to induce
microtubule nucleation in Xenopus egg extracts (Gruss et al., 2001).

The current model for female meiosis starts with a high gradient of RanGTP
around the chromatin causing the local release of Importin bound TPX2 following
nuclear envelope break down (Gruss and Vernos, 2004). This local release of TPX2
initiates microtubule nucleation in the vicinity of the chromatin, with some of the
microtubule fibres captured by the kinetochores as described in section 1.3. Other
microtubules are organized by the spindle midzone, which is comprised of chromatin
and other associated proteins such as Subito, into the interpolar microtubules which
comprise the rest of the spindle (Jang et al., 2005).

Plus end directed microtubule motors such as the Eg5 kinesin are
responsible for bundling the interpolar microtubules at the midzone (Sawin et al.,
1992) and minus end directed motors such as Ncd (Non-claret disjunctional) focus

the spindle poles (Hatsumi and Endow, 1992). In lieu of centrosomes, these focused
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poles are stabilized by Msps (Mini-Spindles), a microtubule associated protein of the
dis1/TOG family which is anchored by D-TACC (Drosophila Transforming Acidic
Coiled Coil protein) at the spindle poles (Cullen and Ohkura, 2001). (Fig. 2)

Mutations in certain proteins, such as NHK-1 (Nucleosomal Histone Kinase
1), disrupt chromatin organization during female meiosis and also affect the proper
formation of the female meiotic bipolar spindle (Cullen et al., 2005). In light of
chromatin’s importance in forming the female meiotic bipolar spindle, it is essential
to understand the origins and maintenance of the unique configuration that

chromatin assumes during female meiotic prophase: The Karyosome.

1.7: The Karyosome

During female meiosis in many species, a spherical structure is formed from all the
chromatin within the developing oocyte nucleus (referenced in (Garagna et al.,
2004; Parfenov et al., 1989)). The pathways involved in the formation of this
structure, named alternatively the karyosome or the karyosphere, and the role that it
plays in female meiosis are not well understood. However, its formation is proposed
to be required for the oocyte to acquire full developmental competence (Zuccotti et
al., 1998; Zuccaotti et al., 2002).

The nucleolus is a nuclear structure that is intimately involved with the
formation of the karyosome in many species, including mice (Garagna et al., 2004)
and humans (Parfenov et al., 1989). During meiotic maturation in mice oocytes, the
oocytes transition from a non-surrounded nucleolus (NSN) chromatin configuration
to a surrounded nucleolus (SN) configuration (Mattson and Albertini, 1990). NSN
oocytes are transcriptionally active (Debey et al., 1993), with homogenously diffused

chromatin and heterochromatin localized preferentially to the nuclear periphery
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Figure 2. Formation of the acentrosomal bipolar spindile.
During female meiosis, the nuclear envelope breaks down and
microtubules are nucleated around the chromatin. These microtubules

are then organized into the bipolar spindle.
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(Garagna et al., 2004). SN oocytes on the other hand are transcriptionally inactive
(Debey et al., 1993; Longo et al., 2003) with chromatin taking on a more compact
thread like morphology (Zuccotti et al., 1995) and heterochromatin forming a rim
around the nucleolus (Longo et al., 2003).

Interestingly, antibodies specific for centromeric proteins in have revealed a
progressive clustering of the centromeres around the nucleolus as the oocyte
transitions to the SN configuration (Garagna et al., 2004). However it still remains to
be seen whether centromeric clustering plays a role in the formation and
maintenance of the karyosome.

In certain species such as Drosophila melanogaster, the nucleolus
disappears early in oogenesis (Liu et al., 2006; Mahowald, 1972). How the
karyosome forms in the absence of the nucleolus is not well understood, but
experiments performed in Drosophila have revealed certain proteins that, either
directly or indirectly, affect the formation of the karyosome.

During meiotic recombination in Drosophila, double stranded breaks (DSBs)
are generated to facilitate strand invasion and crossover repair (McKim et al., 2002).
To repair these DSBs Drosophila relies on two proteins, SpnB and Okra, the
Drosophila homologues of the yeast DSB repair proteins Rad51 and Rad54
(Ghabrial et al., 1998). If these DSBs are not repaired, the meiotic recombination
checkpoint is activated which causes egg dorsal/ventral patterning defects as well
as karyosome morphology defects (Ghabrial et al., 1998; Gonzalez-Reyes et al.,
1997).

Mutations in the translation initiation factor Vasa have been shown to cause
similar phenotypes (Lasko and Ashburner, 1988; Styhler et al., 1998; Tomancak et
al., 1998). Unlike SpnB or Okra, the defects caused by Vasa cannot be rescued by
disabling the meiotic recombination checkpoint. Furthermore, when the meiotic

recombination checkpoint is active, the mobility of the Vasa protein in an SDS-
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PAGE gel is altered, indicating modification of the Vasa protein (Ghabrial and
Schupbach, 1999). These results suggest that Vasa acts downstream of the meiotic
recombination checkpoint and has two main functions when the meiotic
recombination checkpoint is activated. It influences the dorsal/ventral patterning of
oocytes by directly controlling the translation of the Gurken protein, and it affects
karyosome morphology by an as yet unknown pathway (Ghabrial and Schupbach,
1999). (Fig. 3)

While these experiments have revealed that activation of the meiotic
recombination checkpoint indirectly affects karyosome morphology, the actual
proteins that directly play a role in karyosome formation have remained elusive.
However, recent work has identified a protein, Nucleosomal Histone Kinase 1 (NHK-
1) that directly effects the formation of the karyosome.

NHK-1 was originally identified as a kinase that phosphorylated nucleosomal
Histone H2A (Aihara et al., 2004). A female sterile mutant of NHK-1 was
subsequently found that affected the formation and maintenance of the karyosome
(Cullen et al., 2005; Ivanovska et al., 2005). Experiments have shown that there are
actually two separate pathways by which NHK-1 can affect the morphology of the
karyosome.

In Drosophila female meiosis, the condensin complex is loaded onto the
chromosomes following the disassembly of the synaptonemal complex. However, in
NHK-1 mutants, the chromosomes do not disassemble the synaptonemal complex
and the condensin complex is not loaded onto the chromosomes. The loss of
phosphorylation on histone H2A is proposed to be the reason behind this failure to
load condensin onto the chromosomes, and ultimately the root cause of the

karyosome morphology defects (lvanovska et al., 2005).
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Initiation of meiotic recombination

}

Double Stranded Breaks —p Meiotic Recombination — Vasa

Checkpomt
Double Stranded Break
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Chiasmata .
Karyosome Morphology Dorsal / Ventral Patterning

Figure 3. Activation of the meiotic recombination checkpoint
leads to karyosome morphology defects.

The meiotic recombination checkpoint affects both dorsal patterning
in the eggs as well as karyosome morphology via an as yet
unidentified pathway.

Image adapted from (Ghabrial and Schupbach, 1999).

30



Histones are not the only proteins phosphorylated by NHK-1. An in-vitro
kinase assay identified BAF (Barrier-to-Autointegration Factor) as a second
phosphorylation target (Lancaster et al., 2007). The BAF protein binds to both
chromatin and LEM (LAP2, Emirin, MAN1) domain containing nuclear membrane
proteins, such as LAP2 and Emerin (Furukawa, 1999; Segura-Totten and Wilson,
2004). Phosphorylation of BAF has been shown in-vitro to reduce the affinity that
BAF has for both chromatin and the LEM domain (Nichols et al., 2006). By binding
to both chromatin and nuclear membrane proteins simultaneously, BAF is proposed
to link chromatin to the inner nuclear envelope (Shumaker et al., 2001).

The current model is that phosphorylation by NHK-1 during female meiosis
reduces the affinity that BAF has for both chromatin and LEM domain containing
proteins. This releases the chromatin from its anchoring at the nuclear envelope and
facilitates the formation of the karyosome (Lancaster et al., 2007). To test this
hypothesis, a non-phosphorylatable form of BAF was created. This non-
phosphorylatable BAF caused a karyosome morphology phenotype similar to that
seen in NHK-1(Lancaster et al., 2007), indicating that the phosphorylation of BAF is
an important step in the formation of the karyosome. (Fig. 4)

Even though Drosophila karyosomes do not organize around a nucleolus, as
in mice and humans, there is still evidence of similarities between the two processes.
Research has shown that in Drosophila karyosomes, the centromeres of non-
homologous chromosomes are clustered (Dernburg et al., 1996). Whether this
clustering of centromeres in Drosophila is analogous to centromere clustering
around the nucleolus in mice still remains to be seen. However these similarities
indicate that karyosome organization might proceed along similar lines even in
disparate model systems.

Though current research is revealing proteins and pathways that are

involved in the formation of the karyosome, it remains a little understood facet of
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Figure 4. NHK-1 phosphorylation of BAF releases chromatin

from the nuclear periphery.

Phosphorylation of BAF by NHK-1 reduces its affinity for both
nuclear membrane proteins and chromatin. This release of
chromatin is important in the formation of the karyosome.
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female meiosis. More work is required to decipher the role and regulation, the

formation and function of this enigmatic female meiotic specific structure.
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1.8: Project aims

1.) To identify mutants defective in karyosome morphology

Recent research has proposed that the karyosome, a little studied chromatin
structure that forms during female meiotic prophase, is important for both spindle
formation and meiotic progression. However the proteins and pathways involved in
the formation of this essential structure are mostly unknown.

The primary aim of my project will be to identify proteins that have a role in
karyosome formation and maintenance. To identify these proteins, | will screen a
collection of mutants, and identify those where karyosome morphology is affected.
Subsequent genetic analysis of these particular mutants should identify the proteins

that are directly involved in forming and maintaining the karyosome.

2.) To identify genetic modifier that interact with NHK-1, a protein essential for

karyosome formation

NHK-1 directs proper karyosome formation by way of its phosphorylation target BAF.
However the regulatory mechanisms governing this interaction and other potential
phosphorylation targets of NHK-1 are not known. By screening deficiencies for
modifiers of NHK-1"", a semi-lethal allele of NHK-1 (using a viability assay), | hope
to identify genes that interact with NHK-1 in either a synergistic or antagonistic

manner
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Chapter 2: Materials and Methods

2.1: Suppliers

All chemicals used in this study were supplied by Invitrogen, BDH or Sigma-Aldrich,

and were of analytical grade. All oligonucleotides were purchased from MWG-

Biotech. Suppliers of all other reagents, kits and equipment are stated in their

respective sections. All fly stocks were obtained from the Bloomington stock centre

unless stated otherwise.

2.2: Commonly used buffers

PBS

137mM Sodium chloride
2.7mM Potassium chloride
4.3mM Na,HPO,

1.4mM KH2PO,

Robbs Media (adjust to pH 7.4 with NaOH)
55mM Sodium Acetate

40mM Potassium Acetate

100mM Sucrose

10mM Glucose

1.2mM Magnesium chloride

1mM Calcium chloride

100mM Hepes
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2x Fly fix buffer (adjust to pH 7.2 with acetic acid)
100mM Cacodylic acid

100mM Sucrose

40mM Potassium acetate

10mM Sodium acetate

10mM EGTA

Mounting Media
85% Glycol

2.5% Propyl gallate

10x DNA sample buffer

30% Glycerol

25mM EDTA

5% 6x Gel loading dye, blue (New England biolabs)

2.3: Fly stocks

2.3a: ovo® stocks used to generate germline clones

Genotype Origin
ovo®, w*, FRT9-2 w']/Y Nusslein-Volhard
y, w, FLP'?? /'Y : FRT40A, ovo® / CyO, [hs-hid] Nusslein-Volhard

y, w, FLP"?? /Y : FRT42B, ovo® / CyO, [hs-hid] Ohkura lab




2.3b: Bloomington duplications used to rescue males from lethal X chromosome

mutants for complementation testing

Name

Duplicated X segment

Dp(1;Y)y[2]67g19.1

1A1;2B17 -18 + 20A3;2Fh

Dp(1,)R

1A3-4;3A1 - 2 + 20A1;20Fh

Dp(1;3)w[vco]

2B17 -C1;3C5-6

Dp(1;2;Y)W[+]

2D1-2;3D3 -4 + 1B1;1B2 + 20B;20F + 21A1;22E4

Dp(1;2)w-ec

3C1-2;3E7-8

Dp(1;2)4FRDup

3C2;3F + 3F;4E3 + 20Fh;20Fh + 4E3;5A1 - 2;26D7

Dp(1;Y)dx[+]5

4C11;6D8 + 1A1;1B4

Dp(1;3)sn[13a1]

6C;7C9 - D1

Dp(1;2)sn[+]72d

7A8 - 8A5

Dp(1;Y)619

7D;8B3 - D7 + 16A1;16A1 + 20B;20Fh

Dp(1;Y)FF1

8C - D;9B + 1A1;1B2

Dp(1;2)v[+]75d

9A2;10C2

Dp(1;Y)BSC1

1A1;1B1-2 +10C1 - 2;11D3 - 8

Dp(1;Y)y[*+IV[*+[#3

9F4;10E3 - 4 + 1A1;1B2 + 20B;20Fh

Dp(1:9)y[*]

11D - 11F;12B7 + 1A1;1B2 - 12

Dp(1;fLJ9

12A6 - 10;13A2 -5+ 1A1;,1B3 - 4

Dp(1;4)r[+]I

13F1 - 4;16A1 + probably X tip segment 1A1;1A

Dp(1;Y)W73

15B1-D;16F + 1A1;1B2 + 16A1;16A1 + 20A;20Fh +
20B;20Fh

Dp(1;Y)W39

16F1 - 4;18A5 -7 + 1A1;1B2 + 19E5 - 7;20Fh

Dp(1;Y)y[*+Imal[+]

18F1;20Fh + 1A1;1B2

38




2.3c: Stocks used in recombination mapping of X-339-19

Genotype

Origin

m

Bloomington stock center (#69)

FMO, B, f, m, sc, v, w,y/Y

Bloomington stock center (#1954)

2.3d: Bloomington deficiencies used to map lethal mutations in X-339-19

Name Cytological region deleted
Df(1)A113 3D6 - 4F8
Df(1)BSC640 5E1 - 5E7
Df(1)BSC654 5B6 - 5D2
Df(1)BSC724 5C2 - 5D3
Df(1)C149 5A8 - 5C5
Df(1)dx81 5C3-6C12
Df(1)ED418 5C7 - 5E4
Df(1)Exel6238 5D3 - 5E4
Df(1)Exel6239 5F2 - 6B2
Df(1)Exel6240 6B2 - 6C4
Df(1)Exel6802 5A12 - 5D1
Df(1)Exel6829 5C7 - 5F3
Df(1)Exel6878 6C12 - 6D8
Df(1)G4e[L]H24i[R] 5E3 - 5E8;6B
Df(1)JC70 4C11 - 5A4
Df(1)JF5 5E5 - 5E8
Df(1)N-8 3C1-3D6
Df(1)N73 5C2 - 5D6
Df(1)RC40 4B1 - 4F1
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2.3e: Bloomington deficiencies used to map sterile mutations in the single allele X

chromosome mutants

Name Cytological region deleted
Df(1)ED404 1D2 - 1E3
Df(1)ED447 17C1 - 17F1
Df(1)ED6443 1B14 - 1E1
Df(1)ED6521 1E3 - 1F4
Df(1)ED6565 2B14 - 2F5
Df(1)ED6574 2E1 - 3A2
Df(1)ED6630 3B1-3C5
Df(1)ED6712 3D3 - 3F1
Df(1)ED6716 3F2-4B3
Df(1)ED6720 4B3 - 4C7
Df(1)ED6727 4B6 - 4D5
Df(1)ED6802 5A12 - 5D1
Df(1)ED6829 5C7 - 5F3
Df(1)ED6906 7A3 - 7B2
Df(1)ED6957 8B6 - 8C13
Df(1)ED6991 8F9 - 9B4

Df(1)ED7005 9B1-9D3
Df(1)ED7010 9D3 - 9D4
Df(1)ED7067 10B8 - 10C10
Df(1)ED7147 10D6 - 11A1
Df(1)ED7153 11A1 - 11B1
Df(1)ED7170 11B15 - 11ES8
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Df(1)ED7217 12A9 - 12C6
Df(1)ED7225 12C4 - 12E8
Df(1)ED7229 12E5 - 12F2
Df(1)ED7294 13B1 - 13C3
Df(1)ED7331 13C3 - 13F1
Df(1)ED7344 13E1 - 13F17
Df(1)ED7364 14A8 - 14C6
Df(1)ED7374 15A1 - 15E3
Df(1)ED7424 17D1 - 18C1
Df(1)ED7620 18D10 - 19A2
Df(1)ED7635 19A2 - 19C1
Df(1)ED7664 19F1 - 19F6
Df(1)ED11354 2F6 - 3A4
Df(1)ED14021 20C3 - 20F1

2.3f: Stocks used in recombination mapping of 2R-242-29 and 2R-322-03

Genotype

Origin

eya/CyO

David Finnegan

al, dp, b, pr, Bl, ¢, px, sp/CyQO

Bloomington stock center (#214)

2.39: Bloomington deficiencies used to map sterile mutation in 2R-242-29

Name Cytological region deleted
Df(2R)BSC132 45F6 - 46B4
Df(2R)BSC153 48C1 - 48D7
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Df(2R)BSC199 48C5 - 48E4
Df(2R)BSC231 ATFS - 48B6
Df(2R)BSC259 48A3 - 48C4
Df(2R)BSC271 44F12 - 45A12
Df(2R)BSC274 50A7 - 50B4
Df(2R)BSC279 45A9 - 45E3
Df(2R)BSC281 46F1 - 47A9
Df(2R)BSC298 46B2 - 46C7
Df(2R)BSC303 46E1 - 46F3
Df(2R)BSC305 49A4 - 49A10
Df(2R)BSC307 50B6 - 50C18
Df(2R)BSC329 48A3 - 48D3
Df(2R)BSC361 50C3 - 50F 1
Df(2R)BSC408 45D4 - 45F4
Df(2R)BSC595 ATA3 - 4TF1
Df(2R)BSC651 51C5 - 51E2

Df(2R)CB21 48E - 49A
Df(2R)ED2219 47D6 - 48B6
Df(2R)ED2222 ATF13 - 48B6
Df(2R)ED2247 48A3 - 48D5
Df(2R)Exel6062 49E6 - 49F 1
Df(2R)Exel8057 49F1 - 49F10

Df(2R)X3 46C1 - 46E2
Df(2R)01D09Y-M073 45F5 -6 - 46C4 - 7
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2.3h: Bloomington stocks used to map sterile mutation in 2R-129-09

Name Cytological region deleted / comments
Df(2R)BSC398 52A13 - 52D2
Df(2R)BSC427 52A10 - 52D2
Df(2R)Exel6285 52A4 - 52B5

Df(2R)Exel9015 51F11 - 51F12
Df(2R)Exel9026 52A13 - 52A13
duplal] Lethal allele of Dup
dup[a3] Lethal allele of Dup
dup[k03308] Lethal allele of Dup
dup[PA77] Female sterile allele of Dup

2.3i: Stocks used for the NHK-1 genetic modifier screen

Genotype

Origin

w ; cu, trip / TM6B

Ohkura lab

w/Dp(1;Y) y* ; CyO /nub, b, noc®®, It,
stw ; MKRS / TM6B, Tb

Bloomington stock center (#3703)

2.3j: Bloomington deficiencies used for genetic modifier screen and the mapping of

single allele 2R mutants

The following deficiencies were used to identify genetic modifiers of NHK1. These

deficiencies were also used to map the sterile and lethal mutations in the single
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allele 2R mutants. Df(2R)ED2426 and Df(2R)ED2436 that mapped the sterility

causing region of 2R-129-09 that contained SRPK are listed in bold.

Name Cytological region deleted
Df(2L)ED19 21B3 - 21B7
Df(L)ED62 21D1 - 21E2
Df(2L)ED94 21E2 - 21E3
Df(2L)ED123 22B8 - 22D4
Df(2L)ED136 22F4 - 23A3
Df(2L)ED250 24F4 - 25A7
Df(2L)ED489 27E4 - 28B1
Df(2L)ED499 27F4 - 28C4
Df(2L)ED611 29B4 - 29C3
Df(2L)ED623 29C1 - 29E4
Df(2L)ED647 29E1 - 29F5
Df(2L)ED678 29F5 - 30B12
Df(2L)ED695 30C5 - 30E4
Df(2L)ED746 31F4 - 32A5
Df(2L)ED775 33B8 - 34A3
Df(2L)ED784 34A4 - 34B6
Df(2L)ED793 34E4 - 35B4
Df(2L)ED1050 35B8 - 35D4
Df(2L)ED1109 36A3 - 36A10
Df(2L)ED1231 37C5 - 37E3
Df(2L)ED1303 37E5 - 38C6
Df(2L)ED1315 38B4 - 38F5
Df(2L)ED1473 39B4 - 40A5
Df(2R)ED1618 42C3 - 43A1
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Df(2R)ED1673 42E1 - 43D3
Df(2R)ED1715 43A4 - 43F1
Df(2R)ED1725 43E4 - 44B5
Df(2R)ED1735 43F8 - 44D4
Df(2R)ED1742 44B8 - 44E3
Df(2R)ED2155 47C6 - 47F8
Df(2R)ED2308 49C3 - 49E7
Df(2R)ED2354 50E6 - 51B1
Df(2R)ED2426 51E2 - 52B1
Df(2R)ED2436 51F11 - 52D11
Df(2R)ED2457 52D11 - 52E7
Df(2R)ED3610 54F1 - 55C8
Df(2R)ED3683 55C2 - 56C4
Df(2R)ED3728 56D10 - 56E2
Df(2R)ED3791 57B1 - 57D4
Df(2R)ED3923 57F6 - 57F10
Df(2R)ED3952 58B10 - 58E5
Df(2R)ED4065 60C8 - 60E8
Df(2L)ED5878 21B1 - 21B3
Df(2L)ED7007 27A1 - 27C7

2.3k: Bloomington deficiencies used to further map the interacting region in

Df(2R)ED1742

Name Cytological region deleted

Df(2R)BSC266 44A2 - 44D1

Df(2R)Exel6056 44A4 - 44C2




Df(2R)Exel6057 44B8 - 44C4
Df(2R)Exel6058 44C4 - 44D1
Df(2R)Exel7095 44B3 - 44C2
Df(2R)Exel7096 44C6 - 44D3
Df(2R)Exel8047 44D4 - 44D5

2.4: Fly handling

Standard techniques of fly manipulation were followed (Ashburner, 1989). Fly stocks

18 was used as the

were grown at 25°C or 18°C on standard cornmeal media. w
wild type in all experiments. All fly stocks listed in this chapter were obtained from
Bloomington stock centre, and information concerning these stocks can be found on

Flybase. The Nusslein-Volhard collection used in the screen was created in the lab

of Christiane Nusslein-Volhard (Luschnig et al., 2004; Vogt et al., 2006).

2.5: Germline clone induction

To generate female flies with ovaries that were germline clones for the mutant
chromosomes, the crossing scheme as laid out in (Fig. 5) was carried out. Mated
females were allowed to lay eggs for two day. On the third day, the parents were
tipped into a new bottle and stored at 18°C. The bottles containing the larvae were
then heat shocked at 37°C in an agitating water bath (Grant) for 1 hr for the X
chromosome mutants and 45 mins for the 2L (left arm of the second chromosome)
and 2R (right arm of the second chromosome) mutants. After heat shocking, bottles

containing the larvae were left overnight at 24°C. On the 4™ and 5" day, heat
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X chromosome germline clone induction

w, f, FRT9-2 hs-FLP122 é X ovoP, w*, FRT9-2 [w*]
FM7c, B Y d

w, f, FRT9-2 hs-FLP122

ovoP, w*, FRT9-2 [w*] 7
w, f, FRT9-2 hs-FLP122
Heat Shock Y 6
Select non Bar
(B) females FMrc B

ovoD, W', FRT9-2 [w'] *

FM7c, B
Y

Figure 5. Crossing schemes for the generation of X chromosome
germline clone females.

Crossing scheme to generate germline clone females of the X
chromosome mutants. The X chromosome germline were chosen
based on eye morphology (the germline clones have normal, non Barr,
eyes).



2L chromosome germline clone induction

+ al, dp, b, pr, FRT4OA\§§X v. w. FLP122 . FRT ovoP

Y ¢cyo, [hs-hid] Y 'y, hs-hidlO
9 [ al, dp, b, pr, FRT40A 6\ —al, dp, b, pr, FRT40A
FRT ovoP FRT ovoP

CyO, [hs-hid]

CyO, [hs-hid]

+

y, w, FLP122*

Heat Shock
[hs-hid] flies die

Select females

Figure 5 (cont). Crossing schemes for the generation of 2L
chromosome germline clone females.

Crossing scheme to generate germline clone females of the 2L
chromosome mutants. All flies with the [hs-hid] gene die upon heat
shock. Remaining females have germline clone ovaries.



2R chromosome germline clone induction

+ FRTG13, ¢, px, sp \éX v. w. FLP122 . FRT ovoP

Y

v

CyO, [hs-hid]

"Cyo, [hs-hior]8

- [ FRTG13, ¢, pX, Sp 8

FRT ovoP

[ FRTG13, ¢, px, sp

FRT ovoP

CyO, [hs-hid] CyO, [hs-hid]
+
—y — + » —
y, w, FLP122° Y’
/Cyo, [hs-hid] \ |/Cy0, hs-hid] \
Heat Shock

[hs-hid] flies die

Select females

Figure 5 (cont). Crossing schemes for the generation of 2R

chromosome germline clone females.

Crossing scheme to generate germline clone females of the 2R
chromosome mutants. All flies with the [hs-hid] gene die upon heat
shock. Remaining females have germline clone ovaries.




shocking was repeated as on the 3™ day and after heat shocking the bottles were
stored at 24°C. After the third heat shock treatment on the 5" day, bottles were left
at 24°C for five more days. On the 11th day after mating the parents, the heat
shocked adult progeny of the cross were collected. For the X chromosome mutants,
females with germline clone ovaries were selected on the basis of their eye
phenotype (the females with germline clone ovaries have wild type eyes). For the
2" chromosome mutants, because of presence of the hid gene (head involution
defective) on the balancer chromosomes under control of a heat shock promoter
[hs-hid], only the females with germline clone ovaries survive to adulthood. These
females with germline clone ovaries were matured in yeasted bottles with half as
many males as females for 3 days at 24°C or for 6 days at 18°C. After maturing,

females with germline clone ovaries were dissected as described in section 2.6.

2.6: Fixing and staining of karyosomes

Females with germline clone ovaries were matured for dissection for 6 days at 18°C
or for 3 days at 24°C. 4 or 5 mature females were put to sleep with carbon dioxide
and decapitated. Decapitated females were dissected in Robbs medium under a
light microscope at 15x magnification, and the ovaries were removed. Ovaries were
slightly teased apart to allow entry of fixing and staining solutions and transferred to
a 1.5ml tube. The ovaries were then fixed in 100yl of fly fix mixture containing 8%
formaldehyde and 1x fly fix buffer for 10 mins. Following fixation, ovaries were
washed in 0.1% Triton X-100 in PBS (henceforth known as PBST). After washing,
ovaries were stained in 100ul staining mixture containing 0.2ug/ml propidium iodide,
0.4ug/ml DAPI, 0.4pg/ul RNase in PBST for 10 mins. Following staining, ovaries
were washed twice in PBST. After washing, fixed and stained ovaries were placed

on a coverslip containing 18ul of mounting medium. Under a light microscope at 15x
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magnification, ovaries were completely teased apart and the fragments were pushed
to the bottom of the mounting medium, adjacent to the coverslip. A glass slide was
then lowered onto the ovaries in the mounting medium, and the coverslip was

sealed with nail varnish.

2.7: Antibody staining

Females with germline clone ovaries were matured for dissection for 6 days at 18°C
or for 3 days at 24°C. 4 or 5 mature females were put to sleep with carbon dioxide
and decapitated. Decapitated females were dissected in Robbs medium under a
light microscope at 15x magnification, and the ovaries were removed. Ovaries were
slightly teased apart to allow entry of fixing and staining solutions and transferred to
a 1.5ml tube. The ovaries were then fixed in 100yl of fly fix mixture containing 8%
formaldehyde and 1x fly fix buffer for 10 mins. Following fixation, ovaries were
washed in PBST. Ovaries were then blocked in 100ul of block solution containing
1% Triton X-100, 10% foetal calf serum in PBS for 2hrs. Ovaries were then washed
in PBST. After washing, ovaries were stained in 50ul of 1/50 concentration of rabbit
primary antibody against CID (Abcam) diluted in PBST overnight. After staining with
the primary antibody, the ovaries were washed. After washing the ovaries were
stained in 100ul of secondary antibody staining solution containing 1/250
concentration of 488 secondary antibody against the rabbit primary antibody (Alexa
Fluor), 0.2pg/ml propidium iodide, 0.4ug/ml DAPI, 0.4ug/ul RNase diluted in PBST
overnight. After staining with the secondary antibody, the ovaries were washed.
After washing, the stained ovaries were placed on a coverslip containing 18yl of
mounting medium. Under a light microscope at 15x magnification, ovaries were

completely teased apart and the fragments were pushed to the bottom of the
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mounting medium, adjacent to the coverslip. A glass slide was then lowered onto

the ovaries in the mounting medium, and the coverslip was sealed with nail varnish.

2.8: Microscopy

All images were examined using the Axio Imager with an attached LSM5 exciter
confocal microscope (Zeiss). Karyosomes were examined at 63x magnification,
using the plan-apochromat 63x / 1.4 numerical aperture objective lens. Immersol
518F oil was applied to the coverslip to facilitate the oil immersion objective.
Propidium iodide staining was visualized using the 543nm helium/neon laser and
DAPI staining the 405nm diode laser. The secondary antibody used for CID staining
was visualized with the 488nm argon laser. Normal karyosomes were imaged and a
single, representative, Z section image was imaged. For morphologically abnormal
karyosomes, 1um thick Z sections that overlapped by 0.5um were taken across the
entire visible karyosome. Karyosomes stained with the anti-CID antibody were
visualized in the same manner as morphologically abnormal karyosomes, using
lasers for visualizing both propidium iodide and the secondary antibody to the
primary CID antibody. Images used in the results were exported as Tagged Image
File Format (TIFF) files. Some of the images shown in the results were a projection
of 3-6 Z sections taken of a single karyosome that most clearly captured the relevant
feature being depicted. Images were adjusted for contrast and brightness uniformly

across the entire image and cropped to 250 pixels by 250 pixels in Photoshop.

2.9: Examining the dorsal patterning of eggs from germline clone ovaries

Females with germline clone ovaries were matured as described previously. A yeast

paste was made by mixing yeast with water and stirring until homogenous. A small
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amount of yeast paste was placed on grape juice plates 22.5¢g/l agar, 25g/l sucrose,
1.5¢g/I nipagin, 12.5% red wind concentrate. The grape juice plates with yeast were
fitted to the bottom of truncated fly bottles and sealed in place with autoclave tape.
The matured females were placed along with half as many males, in the bottles with
the grape juice plates. These bottles containing the flies were sealed with cotton and
placed at 24°C for 2hrs. After 2hrs flies were tipped into a bottle containing a new
grape juice plate with yeast and replaced at 24°C and left overnight. The old grape
juice plate with yeast was removed from the truncated bottle, covered with the plate
cover, sealed with autoclave tape and labelled. These grape juice plates where the
flies had laid their eggs were examined under a light microscope at 20x
magnification. A maximum of 50 eggs for each mutant were examined and the
dorsal patterning phenotype of these 50 eggs was recorded. Eggs were separated
into the following 3 categories: Normal dorsal development, fused dorsal
appendages and missing dorsal appendages. Normal dorsal appendages were well
developed and completely separated from the base to the tips. If the dorsal
appendages of an egg showed adhesion at the base then it was regarded as having
fused dorsal appendages. If there were less than 50 eggs on the first grape juice
plate, the second grape juice plate that had been left overnight was examined and
the dorsal patterning of the eggs laid was recorded and the results combined with

those of the first grape juice plate.
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2.10: Oligonucleotides

To sequence Dup and SRPK, the following oligonucleotides were used:

Name Sequence Comments

oBL09 CTG GTT GTC AAG GTG CTT GTT Forward PCR oligo for exon 3 of Dup
oBL10 ATC TAG CCT GACCTTCCCTTT Reverse PCR oligo for exon 3 of Dup
oBL11 ACACTC CACAGTCCGTGGTTT Forward PCR oligo for exon 1, 2 of Dup
oBL12 AAC AGC TGA GTG GTT AGT GTT Reverse PCR oligo for exon 1, 2 of Dup
oBL13 | ATC GCT GTG GTC ACA CTG GAA Forward PCR oligo for exon 1 of SRPK
oBL14 TGC TGT GCT TGT CTT TGG CAA Reverse PCR oligo for exon 1 of SRPK
oBL15 | ATC CCG TGA AAA CGC ACT CAA Forward PCR oligo for exon 2, 3 of SRPK
oBL16 AAG AGT GCG GCC AGA ACT AAA Reverse PCR oligo for exon 2,3 of SRPK
oBL17 | AAC GAG AAG CGAAAG TTG CTT Forward PCR oligo for exon 4 of SRPK
oBL18 CCTTTT AGT GCT GTT GCT CTT Reverse PCR oligo for exon 4 of SRPK
oBL19 GGT TAG CCT AAT CCG GTT Sequencing oligo for exon 3 of Dup
oBL20 CTC GAT CAG TGATTT TGG Sequencing oligo for exon 3 of Dup
oBL21 GAT CGA GCA GAAGGC TCT Sequencing oligo for exon 3 of Dup
oBL22 GGA CTT GAA ACT ATA GGA Sequencing oligo for exon 2 of Dup
oBL23 CCA GCT TAC TGG ACT GAG Sequencing oligo for exon 1, 2 of Dup
oBL24 ATT TGC CAC ACA CAA CAG Sequencing oligo for exon 1 of SRPK
oBL25 GAATTC GCT GTC GTATTT Sequencing oligo for exon 2,3 of SRPK
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oBL26 GGT GAC AAT CTG CTG AAA Sequencing oligo for exon 3 of SRPK

oBL27 CCG ATG CTG ATG AAT ACT Sequencing oligo for exon 3 of SRPK
oBL28 ACTTGC GCTTTCCTTTTT Sequencing oligo for exon 4 of SRPK
oBL29 GAT CTG GGC AAC GCT TGT Sequencing oligo for exon 4 of SRPK

2.11: PCR and sequencing

2.11a: DNA isolation

A male flies homozygous for the mutant to be sequenced and a control male fly
were placed in two different 1.5ml tubes and frozen at -20°C for 10 mins. A DNA
isolation mixture was prepared containing 25mM NaCl, 0.2% Triton X-100 and
200ug/ml proteinase K in a pH8 TE solution (pH adjusted with HCL) (TE is a
solution of 10mM Tris and 1mM EDTA ). 40ul of DNA isolation mixture was added to
each of the two separate tubes. The fly in each tube was homogenized in the DNA
isolation mixture with an autoclaved plastic dounce. The homogenized fly mixtures
were then incubated at 37°C in a water bath for 30 mins. Following incubation, the
homogenized fly mixtures were boiled in a heating block at 95°C for 5mins to

inactivate the proteinase K.

2.11b: PCR

To amplify sequences by PCR, a 30ul PCR reaction mixture was made, on ice,

containing 1pmol/ul of each of the two PCR primers, 0.2mM of each of the 4 dNTPs,

1x concentration PCR buffer (Roche), 1ul of homogenized fly mixture mentioned
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above, and 5 units of Taq DNA polymerase (Roche). The reaction mixtures
containing the DNA from both the mutant fly and the wild type fly were run in PCR
thermal cyclers (Thermo Hybaid) using the following program:
1: 95°C for 30 sec
2: 94°C for 20 sec
3: 55°C for 30 sec 30x
4:72°C for 1 min
5: 72°C for 10 mins
Following the program, 5pl of PCR reaction mixture was run on a TAE (Tris-acetate)
agarose gel as described in (Sambrook et al., 1989) to determine if the PCR was

successful. Reaction mixtures were stored in freezers at -20°C.

2.11c: Sequencing

To sequence the PCR products, a mixture was made, on ice, containing 3ul of the
PCR reaction mixture detailed above, 5 units of Exonuclease | (Usb) and 0.5 units of
Shrimp Alkaline Phosphatase (Usb) In the PCR thermal cycler, the mixture was
incubated at 37°C for 15 mins and then 80°C for 15 mins. After incubating the
mixture was cooled down. After the mixture had cooled down, 4ul of the Big Dye
sequencing mix (Applied Biosystems) and 2ul sequencing primer (at a concentration
of 0.8pmol/ul) was added to the mixture for a final concentration of 0.16pmol/pl
sequencing primer. This mixture was then run in the PCR thermal cycler using the
following program:

1: 96°C for 30 sec

2:50°C for 15 sec  \25x

3: 60°C for 4 mins
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After running, 10ul of H,O was added and the entire sequencing mixture was sent

off to Gene Pool (University of Edinburgh) for sequencing.
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Chapter 3: A screen to identify mutants disrupting karyosome

formation and maintenance

In order to identify mutants that disrupt karyosome formation and maintenance, |
carried out a screen for abnormal karyosomes on 220 lines of mutants derived from
mutagenesis conducted in the Nusslein-Volhard lab (Luschnig et al., 2004; Vogt et
al., 2006). These mutants may have meiotic defects as they lay eggs that don’t
develop, a phenotype shared among some meiotic mutants. From this screen, |
hoped to identify the genes directly responsible for karyosome morphology and

maintenance during meiosis.

3.1: The karyosome screen: Using germline clones and microscopy to identify

mutants that disrupt the karyosome

The mutants used in this screen were generated in the Nusslein-Volhard lab in a
separate screen for embryonic axis patterning mutants (Luschnig et al., 2004). The
Nusslein-Volhard screen identified multiple classes of phenotypes, including
mutants that laid eggs that didn’t develop. Since their screen was primarily
interested in studying embryonic axis patterning mutants, we were granted
permission to use the class of mutants that laid eggs that didn’t develop for our own
screening purposes. The mutations generated in the Nusslein-Volhard lab were
located on the X chromosome and the left and right arm of the 2" chromosome,
which in this thesis will be abbreviated as 2L and 2R respectively.

Due to the lethal nature of some of the mutations in the Nusslein-Volhard
mutant stocks, the ovaries have to be examined in germline clones generated by the

Flippase — Dominant Female Sterile (FLP-DFS) recombination system (Chou and
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Perrimon, 1992). The FLP-DFS recombination system works by inducing mitotic
recombination between homologous chromosomes at specific sites close to the
centromere. The two homologous chromosomes undergoing mitotic recombination
are the chromosome carrying the mutation of interest and a wild-type chromosome
containing ovo®, a dominant mutation that disrupts ovarian development. During
mitosis these recombined chromosomes will be randomly segregated between the
two daughter cells. The result is a mosaic fly with a proportion of cells that are
homozygous for either the mutant or the wild type chromosome, with the remainder
of the cells being heterozygous for both chromosomes. (Fig. 6)

In somatic cells, the daughter cells that are homozygous for the lethal
chromosome will die. Viability is maintained by the cells that are heterozygous for
both the mutant and wild type chromosomes and the cells that are homozygous for
the wild type chromosome. Due to the presence of ovo® on the viable chromosome
in the female germ cells, only the cells that are homozygous for the mutant
chromosome will propagate, leading to an ovary that is phenotypically
representative of the mutant of interest.

Confocal microscopy was used to visualize the karyosomes. In preparation
for this, the female flies were matured for a week with males at 18°C and then
dissected in a physiological buffer to preserve the ovaries. The ovaries were then
teased apart, fixed and stained for DNA with DAPI and propidium iodide.

Both DAPI and propidium iodide were used to visualize the karyosome due
to their unique staining patterns. DAPI stained only the chromatin and was useful for
visualizing karyosomes with morphology defects. Propidium iodide stained
chromatin and the cytoplasm to a lesser extent, making it useful for visualizing the

nuclear outline.
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l Heat shock induced recombination

Mitotic segregation

Somatic Cells: Somatic Cells: Somatic Cells:
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Ovaries: Ovaries: Ovaries:
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Legend

' OvoP
\ chromosome

FRT Recombination sites
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Figure 6. Generation of germline clones.

The mutant chromosome is assumed to have a mutation in a gene
required for viability. The crossing scheme to generate the germline
clones is detailed in section 2.5.
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Though the FLP-DFS recombination system has been used to screen for
other maternal specific mutations, (Bellotto et al., 2002; Fedorova et al., 2001;
Luschnig et al., 2004; Page et al., 2007; Perrimon et al., 1989), this is the first time

that mutants were screened for defects in karyosome formation and maintenance.

3.2: 26 karyosome affecting mutants were identified on the X and the 2L

chromosomes

In the initial round of screening, | examined the morphology of 10 karyosomes in
each mutant, in oocytes ranging from stages 3 — 8, for defects in order to gauge the
penetrance of the phenotype. Only if half or more of the karyosomes examined were
aberrant in their morphology, would they then be considered to have a possible
defect in karyosome formation or maintenance.

The criteria used to judge the morphology of the mutant karyosomes were
based on three characteristics of wild-type karyosomes. Wild-type karyosomes are
spherical, compact, and completely detached from the walls of the oocyte nucleus.
Only if the karyosomes in the mutant flies conformed to all three of these
characteristics were they considered to be morphologically normal.

Based on their general morphology, karyosome defects were classified into
the following three broad categories: misshapen, lobed and disassociated. (Fig. 7) In
misshapen karyosomes, the chromatin often had protrusions or invaginations that
affected the general spherical profile of the karyosome. However, the chromatin in
misshapen karyosomes was still able to maintain an approximate centre of mass.
This was not the case in lobed karyosomes where the chromatin was separated into
multiple connected foci, usually numbering four or fewer (possibly corresponding to
the four chromosomes found in Drosophila). Finally, in disassociated karyosomes

the chromatin had come apart into multiple spatially separate foci. Rarer karyosome
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OR-242-79 %% ¢

Figure 7. Karyosomes phenotypes seen in the screen.

The phenotype of (A) wild type karyosomes was used to judge the
screened mutants. The most common abnormal karyosome
phenotypes seen in the screen were the (B) misshapen, (C) lobed
and (D) disassociated karyosomes. Karyosome indicated by white

arrow. Scale bar represents 10um.
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defects, such as chromatin threads and chromatin adhesion to the nuclear wall were
noted in addition to the categories outlined above.

During the course of the screen, | noticed that mutants with very
underdeveloped ovaries consistently had greater than 50% karyosome defects
when examined. Because this karyosome phenotype seems to arise due to the poor
development of the ovary, rather than any specific cellular mechanism, | did not
examine the karyosomes of the flies with very underdeveloped ovaries.

In total, 117 mutant lines were screened for karyosome defects on the X
chromosome and the 2L chromosome. 26 mutants examined had abnormal
karyosome morphology, 19 on the X chromosome and 7 on the 2L chromosome.

(Fig. 8, 9)

3.3: 14 persistent karyosome mutants found on the X and 2L chromosomes

To gauge the persistence of the karyosome phenotype of the mutants isolated in the
screen, | re-examined the karyosome morphology of each mutant. If a mutant
showed morphology defects again in half or more of the karyosomes examined,
then it was deemed a mutant with a persistent karyosome phenotype.

Out of the 26 mutants examined (19 on the X chromosome and 7 on the 2L
chromosome), 14 had persistent karyosome phenotypes, 13 on the X chromosome

and 1 on the 2L chromosome .

3.4: Identifying mutants that activated the meiotic recombination checkpoint

on the X and 2L chromosomes

Activation of the meiotic recombination checkpoint by double stranded breaks

causes an inhibition of the Vasa protein. The Vasa protein controls both axis
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<9

Normal Misshapen Lobed Disassociated Other CID Dorsal Persi
. L . ersistant
karyosome karyosome karyosome karyosome abnormality staining Patterning defect

Weak

X-002-27 5 8 5 1 0 0 0 1 0 0 Normal (5/44 Abnormal) No
Strong

X-009-25 3 5 4 0 1 0 0 5 1 0 Abnormal (6/6 Abnormal) ves
Weak

X-023-02 5 4 4 2 0 1 0 2 1 1 Abnormal (7/40 Abnormal) ves
Weak

X-029-31 5 8 0 0 4 1 0 0 1 1 Normal (1/ 50 Abnormal) No

X-040-13 3 4 0 2 0 2 0 2 4 0 Abnormal Unknown Yes

(No eggs)

Strong

X-107-36 5 5 1 1 0 2 4 1 1 1 Normal (12/12 Abnormal) ves
Weak

X-107-39 3 10 0 0 0 0 1 0 2 0 Normal (2/50 Abnormal) No
Weak

X-141-17 2 10 0 0 0 0 0 0 4 0 Normal (4/50 Abnormal) No
Weak

X-176-32 5 5 1 0 0 1 2 4 2 0 Normal (1/9 Abnormal) ves
Weak

X-183-05 5 4 4 2 1 1 0 2 0 1 Normal (9/47 Abnormal) ves

Figure 8. X chromosome karyosome morphology affecting mutants.
For each phenotype, the numbers on the left represent results from the screen, the numbers on the right are from re-testing



99

Normal Misshapen Lobed Disassociated Other CID Dorsal .
. L K Persistant
karyosome karyosome karyosome karyosome abnormality staining Patterning defect
X-216-14 4 4 3 3 0 1 1 2 0 0 Normal No Yes
(0/4 Abnormal)

X-250-01 1| 3 | 4 2 1 3 4 2 0 0 | Abnormal Unknown Yes
(No eggs)

X-277-10 1 2 2 1 0 2 7 5 0 0 Normal Unknown Yes
(No eggs)

Weak

Xense ¢ ¢ ° ! ° 1 0 0 0 ! Normal (11/50 Abnormal) Yes

X-322-25 0 1 5 4 1 0 4 5 0 0 Abnormal Unknown Yes
(No eggs)

X-326-35 1 6 2 1 3 1 4 2 0 0 Normal Unknown No
(No eggs)

X-339-19 3 1 7 4 0 1 0 3 0 1 Normal Unknown Yes
(No eggs)

X-370-17 0 4 8 3 1 1 1 2 0 0 Normal Unknown Yes
(No eggs)

Strong
X ° ’ ° 1 0 0 0 ! 0 0 Normal (48/50 Abnormal) No

Figure 8 (cont). X chromosome karyosome morphology affecting mutants.
For each pnenotype the numbers on the left represent results from the screen, the numbers on the right are from re-testing
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Normal Misshapen Lobed Disassociated Other CID Dorsal .
. L . Persistant
karyosome karyosome karyosome karyosome abnormality staining Patterning defect
Weak
21-142-21 4 6 0 0 1 2 1 1 2 1 Normal (2/29 Abnormal) No
2L-213-17 3 6 4 2 0 3 1 0 2 1 Normal No Yes
(0/50 Abnormal)
21.-244-20 4 6 4 0 0 0 0 0 2 0 Normal No No
(0/50 Abnormal)
21.-246-13 4 8 2 2 0 0 3 0 0 0 Normal No No
(0/11 Abnormal)
21.-295-21 3 7 2 2 3 1 0 0 2 0 Normal No No
(0/50 Abnormal)
Weak
2L-301-05 3 5 3 0 2 0 1 1 1 0 Normal (1/50 Abnormal) No
Weak
2L.-336-03 4 6 2 0 2 0 0 0 2 0 Normal (47/50 Normal) No

Figure 9. 2L chromosome karyosome morphology affecting mutants.
For each phenotype, the numbers on the left represent results from the screen, the numbers on the right are from re-testing




patterning of the oocyte by inducing the translation of the Gurken protein, and
proper formation of the karyosome by an unknown mechanism (Ghabrial and
Schupbach, 1999; Styhler et al., 1998; Tinker et al., 1998; Tomancak et al., 1998).
In order to determine if the karyosome morphology defects were caused by an
activation of the meiotic recombination checkpoint, | examined the axis patterning of
oocytes.

In mutants that activate the meiotic recombination checkpoint, the egg dorsal
appendages are often either fused or missing due to improper dorsal development
caused by low levels of the Gurken protein (Ghabrial and Schupbach, 1999). By
examining the dorsal appendages in eggs laid by germline clones of the karyosome
morphology mutants, it will be possible to determine if the karyosome defects seen
in the mutants are due, indirectly, to the activation of the meiotic recombination
checkpoint.

| examined a maximum of 50 eggs from each of the mutants identified on the
X and 2L chromosome. If a mutant had normal dorsal appendages in all eggs
examined, then the meiotic recombination checkpoint had not been activated. If less
than 30% of the oocytes examined had dorsal patterning defects, then they “weakly”
activated the meiotic recombination checkpoint. And finally, if 30% or more of the
oocytes examined had dorsal patterning defects, then they strongly activated the
meiotic recombination checkpoint.

According to the above criteria, 5 of the mutants did not activate the meiotic
recombination checkpoint (X-216-14, 2L-213-17, 2L-244-20, 2L-246-13 and 2L-295-
21), 11 of the mutants weakly activated the checkpoint (X-002-27, X-023-02, X-029-
31, X-107-39, X-141-17, X-176-32, X-183-05, X-283-06, 2L-142-21, 2L-301-05 and
21-336-03) and finally, 3 of the mutants strongly activated the meiotic recombination
checkpoint (X-009-25, X-107-36, and X-383-21). The remaining 7 mutants laid no

eggs (X-040-13, X-250-01, X-277-10, X-322-25, X-326-35, X-339-19 and X-370-17)
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making it impossible to determine whether the meiotic recombination checkpoint

was being activated.

3.5: Centromere clustering studied in the X and 2L chromosome mutants

In wild-type karyosomes, all centromeres are localized to one or two punctate foci
located at the periphery of the karyosome (Dernburg et al., 1996). This localization
pattern must represent the clustering of the centromeres of non-homologous
chromosomes. Mutations that affect this clustering of the centromeres might also be
affecting the ability of the chromosomes to associate and form the karyosome.

In order to assess whether centromeres associate properly in the mutant
karyosomes, the ovaries of mutants on the X and 2L chromosome were stained with
an antibody against CID, the Drosophila homologue of CENP-A, a constitutive
centromere protein (Blower and Karpen, 2001).

In most mutants identified during the screen, even when the chromatin had
disassociated into multiple fragments, only one or two CID foci were observed as in
wild-type karyosomes. However, in 5 out of the 14 mutants (namely X-040-13, X-
023-02, X-009-25, X-322-25 and X-250-01) there were three or more CID foci in
some of the karyosomes. (Fig. 10)

These results indicate that centromere clustering defects, while present in
some karyosome morphology affecting mutants, do not seem to be the cause of

most cases of karyosome morphology defects.

3.6: Identifying karyosome affecting mutants on the 2R chromosome

When | screened the X and 2L mutants, | noticed that karyosome morphological

abnormalities tended to cluster in the same area on the slide, indicating that there
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A DNACID DNA CID

PR 1

wild type

o

X-322-25

Figure 10. Wild-type and abnormal (more than 2 foci) CID staining.
(A) Confocal image of wild-type karyosome stained with propidium
iodide (DNA) and anti-CID antibody (CID). CID foci indicated by white
arrow.

(B) Confocal image of mutant (X-322-25) karyosome stained with
propidium iodide (DNA) and anti-CID antibody (CID). Scale bar
represents 10um.
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was an ovary specific bias for defects within the screen. In order to compensate for
this, | altered my counting strategy for the 2R mutants.

For the 2R mutants, | started examining the karyosomes by microscope field
as opposed to by single oocyte. All the karyosomes in a particular field of view were
examined, and if there was a karyosome defect, it was noted before moving on to a
different field of view. If conversely, all the karyosomes were normal, then one
karyosome was imaged as representative of that particular field of view.

In hindsight, because this strategy concentrated on imaging abnormal
karyosomes out of an entire microscope field, and did not take into account that the
rest of the field might consist of normal karyosomes, it increased the likelihood that
mutants with lower penetrance than the original desired cut-off, i.e. false positives,
would be included in the results.

In total, 74 mutant lines were screened for karyosome defects on the right
arm of the 2" chromosome. 20 mutants out of the 74 examined had abnormal
karyosome morphology. In order to correct for the false positives with lower than
desired phenotype penetrance, all mutants identified in the 2R mutant screen will
have to be examined again using the original counting strategy to eliminate the false

positives in the results. (Fig. 11)

3.7: Discussion

In this screen, | used a forward genetics approach to identify Drosophila
melanogaster mutants that affected the formation and maintenance of the
karyosome, a chromatin structure that forms during the prophase of female meiosis.
The mutants were examined using the FLP-DFS (Flipase-Dominant Female Sterile)
Germline Clone (GLC) system pioneered by Chou and Perrimon (1992) to study the

effect of mutations in genes required for viability on female germline development.
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Normal Misshapen Lobed Disassociated Other

karyosome karyosome karyosome karyosome abnormality
2R-002-21 Karyosomes too large or oddly shaped
2R-017-39 Karyosomes lobed
2R-126-18 4 2 0 0 2
2R-129-09 5 3 2 0 1
2R-156-29 Karyosomes broken up
2R-181-27 5 2 2 1 0
2R-184-34 Karyosomes disintegrated
2R-194-34 4 6 0 0 0
2R-196-33 Karyosomes split up with intervening chromatin connections
2R-205-08 2 1 1 4 1
2R-206-40 3 3 4 0 0
2R-217-15 2 7 0 0 1
2R-231-14 5 3 0 2 0
2R-242-29 4 3 1 1 0
2R-261-29 5 2 3 0 0
2R-322-03 0 5 0 0 5
2R-328-38 2 2 1 0 0
2R-330-21 3 7 0 0 0
2R-352-24 2 3 2 3 0
2R-361-19 3 5 0 0 1

Figure 11. 2R chromosome karyosome morphology affecting
mutants.

Mutants listed in red were screened and described by Fiona Cullen
(personal communication) prior to my arrival in the lab. Though | did
not personally screen them, these mutants are included here for
completeness.
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With the exception of stage 1 and 2 Drosophila oocytes, the screen was
deliberately unbiased with regard to oocyte stage, so as to identify mutants that
affected the karyosome at various stages of oocyte development. (In stage 1 and 2
oocytes, the chromatin is contiguous with the oocyte nucleus and the karyosome
cannot be distinguished as a discrete entity.) However, only the mutants with the
most penetrant karyosome phenotypes were considered for further study. To select
these mutants, an arbitrary cut off of at least 50% penetrance was used.

220 mutants on both the X and the 2™ chromosome were screened for
karyosome defects and 46 mutants affected karyosome morphology in total, 19 on

the X chromosome, 7 on the 2L chromosome and 20 on the 2R chromosome.

3.7a: Underdeveloped GLC ovaries

Early in the screening process, | noticed that following germline clone induction,
14% (30/220) of the mutants had underdeveloped, small ovaries resembling that of
ovo® expressing ovaries. ovo® dominantly suppresses ovarian development, and in
germline clone mosaics, this suppression allows the mutation carrying cells to
predominate. | noticed two phenotypes common to these small, underdeveloped
ovaries, (1) most of the oocytes did not develop past stage 2 and (2) those oocytes
in which the karyosome was distinguishable had karyosome morphology defects.
These two phenotypes made it difficult to locate and image the karyosome,
and when a mature karyosome was located, hard to determine whether the
karyosome morphology defect was due to a mutation in a specific gene or the poor
development of the ovary. It is possible that mutations in certain genes produce a
phenotype similar to that seen in ovo® ovaries, or that some mutations result in

ovarian cell death, leaving the ovo® expressing cells to predominate.
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To determine if the small underdeveloped ovaries are showing an ovo®
phenotype, it will be necessary to compare the karyosome phenotype of ovo®
ovaries with karyosome phenotype of the mutants. Due to the predominance of
karyosome defects in the few observable karyosomes in these mutants, | have
excluded them from the main screen results so as not to bias the screen towards

them.

3.7b: Dorsal patterning and Meiotic Recombination Checkpoint (MRC) activation

The 46 mutants identified in the screen were then further categorized according to
the dorsal development of the eggs laid by the GLCs. Improper dorsal development
(fused or missing dorsal appendages) can be indicative of incomplete meiotic
recombination and activation of the MRC. Besides causing improper dorsal
development, activation of the meiotic recombination checkpoint also leads to
defects in karyosome morphology, though the mechanism for this is still unclear.

The mutants on the X and 2L chromosomes were grouped into three
categories based on the percentage of eggs with improper dorsal development out
of 50 eggs (or the total number of eggs if there were less than 50). The three
categories were, no dorsal patterning defects, a weak dorsal patterning defect
phenotype (30% or less eggs with improper dorsal development) and a strong
dorsal patterning defect phenotype (more than 30% eggs with improper dorsal
development). Perhaps not surprisingly, most of the mutants identified (11/26) fell
into the weak dorsal patterning defect category as this category likely encompasses
both mutants that actually activate the MRC weakly, and mutants where any eggs
were misclassified as having dorsal development defects. In order to properly

determine which mutants out of these 11 have actual egg dorsal patterning defects,
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it will be necessary to repeat the GLC egg assay with sample sizes similar to those
in screens for egg dorsal patterning mutants, i.e. >300 (Barbosa et al., 2007).

As a definitive assay of whether the MRC has been activated in these
mutants, it will be useful to see whether these dorsal phenotypes persist in an MRC
impaired background. Mei-41 is a kinase responsible for activating the checkpoint in
response to unrepaired double stranded breaks (Lydall et al., 1996). By placing the
mutants in a Mei-41 deficient background, mutants that activate the meiotic
recombination checkpoint can be separated from those that merely affect the

localization of dorsal patterning proteins.

3.7c: Centromere clustering in mutants with abnormal karyosome morphology

As stated in section 1.7, karyosomes form around the nucleolus in many species.
Part of this transition from the non-surrounded nucleolus to surrounded nucleolus
involves the progressive clustering of centromeres around the nucleolus, though the
purpose for this clustering is not known. In Drosophila, where the nucleolus
disappears early in female meiosis, female meiotic centromeric clustering has not
been extensively studied. In a study by Dernburg et al. (1996), centromeres were
imaged with Fluorescence In Situ Hybridization (FISH) using probes specific for the
pericentromeric sequences of each chromosome. Though centric heterochromatin
of several chromosomes clustered to one side of the karyosome, in many oocytes
the pericentromeric heterochromatin of one chromosome was often at a marked
distance from the others.

To examine whether centromeric clustering is preserved in mutants that had
abnormal karyosome morphology, | stained the ovaries of the X and 2L
chromosome mutants with an antibody against the Drosophila Cenp-A homologue,

CID. Out of the 26 mutants that | had isolated on the X and 2L chromosomes, |
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observed that 5 of them (X-040-13, X-023-02, X-009-25, X-322-25 and X-250-01)
had more than 2 CID foci. These 5 mutants might represent a subset of mutants
where defects in centromere clustering are leading to karyosome morphology
abnormalities or vice versa. Conversely they might represent a previously
undocumented natural centromere clustering configuration within the karyosome.

Further work is required to determine which of these two hypotheses is correct.

3.7d: The Nusslein-Volhard collection

The 220 mutants that | used in my screen were part of a collection created in the
Nusslein-Volhard lab via EMS (Ethyl MethaneSulfonate) mutagenesis in order to
identify new genes involved in axis patterning in Drosophila embryos (Luschnig et al.,
2004; Vogt et al., 2006). EMS reacts with guanine bases in-vivo and results in the
replacement of G:C pairs with A:T pairs and the generation of multiple point
mutations in the resulting progeny (Hoffmann, 1980). Drosophila melanogaster was
chosen for the Nusslein-Volhard screen because the reduced functional redundancy
of the Drosophila genome as compared to vertebrates makes it more likely that a
mutation in a gene will produce a distinct phenotype.

The two criteria used in the Nusslein-Volhard lab to select for axis patterning
mutants were (1) the inability of the mutant embryos to hatch and (2) a distinct
phenotype recognizable in the embryonic cuticle. Our lab was granted use of
mutants that fell into category (1), but not into category (2), i.e. mutants where
embryos did not hatch but lacking a recognizable cuticle phenotype. Since some
female meiotic mutants share this non-hatching embryo phenotype, this collection
has theoretically already been enriched for female meiotic mutants, which are

studied in our lab.
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Chapter 4:
Genetic analysis of the mutants

identified in the karyosome screen
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Chapter 4: Genetic analysis of the mutants identified in the

karyosome screen

Having identified 46 mutants that affected karyosome formation in a cytological
screen of 220 mutant fly lines generated in the Nusslein-Volhard lab (Luschnig et al.,
2004; Vogt et al., 2006), | carried out genetic analysis on the mutants identified.
Furthermore, combined with molecular analysis, | identified one of the mutated

genes causing the karyosome defects seen in the mutants.

4.1: Genetic analysis of the X chromosome mutants

As a first step in identifying the mutated genes that were causing the karyosome
morphology defects, | performed genetic analysis on the 19 X chromosome mutants

that | identified in the screen.

4.1a: Complementation testing identified 2 groups of non-complementing mutants

on the X chromosome

Due to the large number of mutants that were generated by the Nusslein-Volhard
lab, there was a possibility that some of the mutants shared mutations in the same
gene. In order to determine whether any of the karyosome morphology mutants
identified in the screen share mutations in the same gene, | carried out
complementation testing.

Complementation testing works as follows: if you cross two mutants with
mutations in different genes together, the healthy copy of one gene in one of the

mutants will compensate for the mutated copy in the other mutant. However, if both
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mutants have a mutation in the same gene, the resulting progeny will inherit a
mutated copy of the gene from either parent and this will lead to the emergence of
either lethality or sterility phenotypes. By this method it is possible to identify
mutants with mutations in the same genes by observing whether their
transheterozygote offspring are sterile or missing.

Many of the X chromosome mutants had lethal mutations on the X
chromosome. In order to maintain X chromosome mutant stocks with lethal
mutations, the flies were kept as heterozygotes. However, for complementation
testing, males with the mutant X chromosome were required. This was problematic
because males have only one X chromosome. Therefore duplications, chromosomal
aberrations with large segments of the X chromosome duplicated on other
chromosomes, were used to rescue the lethal mutation in these males.

| crossed a series of duplications located on the X chromosome overlapping
with the lethal mutants that | had identified in the screen. Out of 10 lethal mutants
(X-002-27, X-009-25, X-023-02, X-176-32, X-183-05, X-216-14, X-283-06, X-326-35,
X-339-19 and X-370-17), | was able to rescue 7 of them with duplications (X-002-27,
X-176-32, X-183-05, X-216-14, X-326-35, X-339-19 and X-370-17). 4 of the mutants
(X-002-27, X-176-32, X-339-19 and X-370-17) were all rescued by the same
duplication Dp(1;Y)dx*5 (a duplication of chromosomal region 4C11-6D8), X-216-14
was rescued by Dp(1,/)R (1A3-3A1), X-183-05 was rescued by Dp(1;Y)W39 (16F1-
18A7) and X-326-35 was rescued by Dp(1;f)y* (11D-12B7).

Flies from each of the mutants identified in the screen were then crossed to
each other, if there were no transheterozygote progeny, then the parents shared a
lethal mutation. From the progeny of these crosses, female flies transheterozygous
for both parent chromosomes were selected and their fertility was tested. If these
transheterozygote females were sterile, then both parent chromosomes shared a

sterile mutation. From the complementation testing, | identified two groups of non-
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complementing mutants on the X chromosome. The two non-complementing groups
were X-002-27 / X-339-19 and X-107-36 / X-040-13.

X-002-27 / X-339-19 forms a lethal non-complementing group. Consistently,
the lethal mutation in both X-002-27 and X-339-19 were rescued by the same
duplicated region, Dp(7;Y)dx*5 (chromosomal region 4C11-6D8 on the X
chromosome).

X-040-13 / X-107-36 forms a sterile non-complementing group. Examination
of the ovaries of the transheterozygote offspring revealed no karyosome morphology
defects. The sterile mutation was eventually mapped to the gene Phl (pole hole)
(Fiona Cullen, personal communication). Phl has a role in pattern formation in
Drosophila embryos (Ambrosio et al., 1989; Perrimon et al., 1984; Perrimon et al.,
1985). The lack of karyosome morphology defects in the transheterozygotes and the
shared mutation in Phl led to the conclusion that it was the defect in pattern
formation in the embryos that was causing the sterility in the transheterozygotes and
that the karyosome morphology defects were being caused by mutations different
from each other and from Phl.

| was unable to carry out a full complementation test of all the mutants
located on the X chromosome, as three of the X chromosome mutants (X-009-25, X-
023-02 and X-283-06) could not be rescued by any of the duplication stocks. It is
therefore possible that there are still some non-complementing mutant pairs to be

found on the X chromosome.

4.1b: Meiotic recombination of X-339-19 revealed that the lethal mutation is linked to

karyosome defects

For the lethal non-complementing mutants on the X chromosome, X-002-27 and X-

339-19, | already knew that the same duplication, Dp(1,Y)dx"5, rescued the lethality
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of both mutants, as | had used it in both mutants to generate viable males for
complementation testing. Therefore, the shared lethal mutation must be located in
the duplicated cytological region, 4C11-6D8. However, | did not know if the lethal
mutation was also causing the karyosome defect.

| used meiotic recombination to find out if the lethal mutation and the
karyosome defect mutation could be separated. Sexually reproducing organisms
undergo meiotic recombination between homologous chromosomes. Meiotic
recombination generates chromosomes that are a random hybrid of their parent
homologues. If the lethal phenotype and karyosome defect phenotype are due to
two separate mutations, then meiotic recombination can separate them. The
probability that the two mutations will be separated by meiotic recombination
depends on the distance between the two mutations on the chromosome. (Fig. 12)

| generated 10 recombinant stocks, 6 viable and 4 lethal, and examined the
karyosomes in the recombinants that had recombined near the lethal mutation as
judged by visible genetic markers. These recombinants were chosen to increase the
chance of identifying a recombinant that had separated the lethal and the
karyosome affecting mutations. Homozygote females of the viable stocks examined
all showed wild-type karyosomes. The karyosomes of the lethal stocks were
examined in germline clones generated by the FLP — DFS recombination system. All
the lethal recombinants examined had karyosome morphology defects similar to
those seen in the parent mutation X-339-19. (Fig. 13) This indicated that either, the
lethality and the karyosome defect are due to the same mutation, or the two
phenotypes are caused by mutations close enough not to be separated by this

round of recombination.
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Figure 12. Attempting to separate two mutations on the X
chromosome by recombination.

Recombination was used to determine whether the lethality and the
karyosome morphology defects in X-339-19 were due to two different
mutations. If they were due to two separate mutations, then they
would be separable by recombination. This technique was also used
to determine whether the sterility and the karyosome morphology
defects in 2R-242-29 were due to two separate mutation.
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X chromosome recombination
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Figure 12 (cont). Attempting to separate two mutations on the X
chromosome by recombination.

Recombinant here refers to the chromosome that is created from

recombination between miniature (m) and the mutant chromosome
w, f, FRT9-2 hs-FLP122
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Viable / Lethal white miniature

m (miniature) Viable + -
X-339-19 Lethal - +
Rec(339)5 Viable + -
Rec(339)6 Viable - +
Rec(339)9 Viable + +
Rec(339)20 Lethal - +
Rec(339)21 Viable + +
Rec(339)23 Lethal + +
Rec(339)30 Viable + -
Rec(339)32 Lethal - -
Rec(339)35 Viable + -
Rec(339)36 Lethal - -

Figure 12. Attempting to separate two mutations on the X
chromosome by recombination.

Genetic markers carried on the recombinants for mapping purposes
are also listed (white and miniature). In this diagram, + means wild
type and — indicates presence of the genetic marker.




Rec(339)05 Rec(339)36

Figure 13. Karyosomes of viable and lethal X-339-19

recombinants.
Viable recombinants of X-339-19 had normal karyosomes, as can be

seen in Rec(339)05. Lethal recombinants had karyosome defects, as
shown in Rec(339)36. Scale bar represents 10um.
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4 .1c: Deficiency mapping of the X chromosome karyosome mutants narrowed the

lethal mutation to cytological region 5SE1-5E4

| used a series of overlapping deficiencies to map the lethal mutation in the non-
complementing group of X-002-27 and X-339-19. Deficiencies are aberrant
chromosomes with large deletions. If a deficiency deletes the gene that is causing
lethality or sterility in a particular mutant, then when crossed with the mutant, there
will be sterility or lethality in the offspring due to non-complementation. Conversely,
if the deficiency does not delete the gene causing sterility or lethality in a particular
mutant, then there will be complementation in the resulting progeny and a rescue of
lethality or sterility phenotypes. Using a series of overlapping deficiencies, it is
possible to narrow down the region where a particular lethal or sterile mutation is
located.

A series of deficiencies around the duplicated region, Dp(7;Y)dx"5 (4C11-
6D8), were used to narrow down the region containing the lethal mutation. Using
this method, | narrowed down the region containing the lethal mutation for X-002-27

and X-339-19 to cytological region 5E1-5E4 which encompasses 10 genes. (Fig. 14)

4.2: Deficiency mapping of the sterile X chromosome single allele mutants

identified the region causing sterility in X-250-01

| also used a series of overlapping deficiencies to map the mutations in my X
chromosome single allele mutants. | focused first on the sterile mutants because, as
stated in section 4.1, the lethal mutants lack viable males to perform crosses with.

| crossed a collection of deficiencies with defined breakpoints that altogether
spanned 60% of the X chromosome. One of the deficiencies, Df(X)ED6521 (1E3-

1F4), did not complement the sterility of mutant X-250-01. However, the karyosome
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Figure 14. Shared lethality causing cytological region 5E1-5E4 in X-002-27 and X-339-19 as defined by deficiency
mapping.

Deleted genes are displayed in blue and associated coding sequences in gold/grey. Mapping deficiencies are at the
bottom in red. Vertical blue dashed lines indicate the extent of the mapped region. Original image was created using the
Gbrowse function in flybase.



morphology of the transheterozygotes was normal, leading to the conclusion that in
this case, there were two separate mutations, the first causing female sterility, which
was the mutation uncovered by the deficiency, and the other responsible for the

karyosome defect.

4.3: Genetic analysis of the 2R karyosome mutants

As a first step in identifying the mutated genes that were causing the karyosome

morphology defects, | performed genetic analysis on the 20 2R chromosome

mutants that | identified in the screen.

4.3a: Complementation testing revealed an 11 allele non-complementation group on

the 2R chromosome

| carried out complementation testing on the 20 karyosome affecting mutants that |
had identified on the 2R chromosome. On the 2R chromosome, there was one non-
complementing group consisting of eleven mutants (2R-017-39, 2R-126-18, 2R-156-
29, 2R-196-33, 2R-217-15, 2R-231-14, 2R-242-29, 2R-322-03, 2R-328-38, 2R-352-
24, and 2R-361-19).

The 2R chromosome non-complementation group was a sterile non-
complementing group. Examination of the transheterozygote offspring revealed

karyosome defects in the oocytes.
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4.3b: Recombination mapping of 2R-322-03 and 2R-242-29 revealed that a sterile

mutation is located at cytological region 40-50

| identified 11 mutants on the 2R chromosome that shared a sterile mutation. To
narrow down the location of the sterile mutation, recombination mapping was carried
out on 2 alleles. | chose 2R-242-29, as the healthiest allele (based on the proportion
of homozygotes in the stock), and 2R-322-03, as the allele that had shown the
strongest karyosome phenotype during the karyosome screen.

The mutant 2R chromosomes that | used in the recombination mapping had
genetic markers, visible mutations used to demarcate chromosomal regions, at
cytological regions 52D (curved), 58F (plexus) and 60B (speck) (the centromere on
the 2" chromosome is located between cytological regions 40 and 41 and the right
arm of the chromosome terminates at region 60F). These genetic markers were
examined in a pool of recombinant flies to determine the region of the chromosome
associated with the sterile mutation.

For the 2R-242-29 recombination mapping, there were recombinants like
Rec(242)10 that had lost all three genetic markers but had inherited the sterile
mutation, and Rec(242)6 that had all three genetic markers, but had lost the sterile
mutation. This indicated that the sterile mutation was not located in region defined
by the genetic markers, i.e. 52D-60B. Therefore, the sterile mutation must be
located elsewhere on the mutant chromosome. The regions where it might be
located were between the FRT site (located at cytological regions 42B) and curved
at 52D, or, less likely due to size, between speck at 60B and the end of the
chromosome arm at 60F. (Fig. 15)

| examined the karyosomes of females homozygous for either the
Rec(242)10 chromosome or the Rec(242)6 chromosome. The sterile Rec(242)10

homozygote females displayed karyosome abnormalities similar to those seen in the
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Figure 15. Meiotic recombination mapping of the sterile mutation
in 2R-242-29 using genetic markers.

Recombination mapping of 2R-242-29 revealed that the sterile
mutation was not located within the region defined by the curved (c),
plexus (px) or speck (sp) markers. See section 4.3b for details.
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Figure 15 (cont). Meiotic recombination mapping of the sterile
mutation in 2R-242-29 using genetic markers.
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original 2R-242-29 mutant. However, the fertile Rec(242)6 homozygote females had
wild-type karyosomes. This indicates that the karyosome phenotype is either the
same mutation as the one causing sterility in 2R-242-29, or that the sterile and
karyosome affecting mutations are too close for recombination to separate. (Fig. 16)

To confirm if the sterile mutation in Rec(242)10 was the same as that in the
non-complementation group, | crossed Rec(242)10 with 2R-361-19, one of the 11
non-complementing alleles. The resulting transheterozygote offspring were sterile,
indicating that Rec(242)10 shared a sterile mutation with 2R-361-19.

| carried out similar recombination mapping on the phenotypically stronger
allele 2R-322-03, with the added goal of removing a separate lethal mutation also
present on the chromosome. Out of the 100 recombinants generated, only one,
Rec(322)83 was both sterile and viable. However, when crossed with the other 2R
non-complementing alleles (2R-017-39, 2R-352-24, 2R-361-19), the resulting
transheterozygote offspring were (poorly) fertile, indicating that Rec(322)83 had not
inherited the shared sterile mutation of the non-complementation group.

The sterility of the Rec(322)83 homozygotes indicates that 2R-322-03 has at
least 3 separate mutations, a lethal mutation removed by recombination, and two
unrelated sterile mutations, one of which is shared by the non-complementing group.
Further analysis of 2R-322-03 might prove problematic on account of the

complications caused by trying to differentiate and separate these three mutations.

4.3c: Deficiency mapping of the 2R non-complementation mutants revealed that a

sterile mutation is located at cytological region 48C

| used a series of overlapping deficiencies to map the sterile mutation shared by the
11 allele non-complementation group identified on the 2R chromosome. The

deficiencies together uncovered the region between the FRT site (cytological
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Rec(242)06 Rec(242)10

Figure 16. Karyosomes of Rec(242)06, a fertile recombinant, and
Rec(242)10, a sterile recombinant.

Rec(242)06, a fertile recombinant of 2R-242-29, had normal
karyosomes. Rec(242)10, a sterile recombinant, had abnormal
karyosomes, some of which were attached to the oocyte nucleus
periphery. Scale bar represents 10um.
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regions 42B) and the genetic marker curved (cytological region 52D). Using this
method, the region containing the sterile mutation was narrowed down to cytological

region 48C, encompassing 15 genes. (Fig. 17)

4.4: Deficiency mapping of the 2R chromosome single allele mutants
narrowed down sterility causing region in 2R-129-09 to Df(2R)ED2436,

Df(2R)ED2426 and Df(2R)Exel9015

| used a collection of deficiencies to map the single allele 2R karyosome mutants.
The deficiencies chosen were those with defined breakpoints, and together they
uncovered roughly 35% of the 2R chromosome. One of the mutants, 2R-129-09,
displayed sterility in combination with three overlapping deficiencies, Df(2R)ED2436,
Df(2R)ED2426 and Df(2R)Exel9015. The overlapping region of these three

deficiencies contained two genes, Dup and SRPK. (Fig. 18)

4.4a: Sequencing revealed the mutation in 2R-129-09 to be in SRPK

| sequenced the coding region of the two genes identified in the deficiency mapping
of 2R-129-09, Dup and SRPK. The sequencing was performed in males
homozygous for 2R-129-09 and was compared to the same sequences derived from
males homozygous for FRTG13 ¢ px sp, the chromosome mutagenized in the
Nusslein-Volhard lab to generate the 2R mutant collection (Luschnig et al., 2004).
Sequencing revealed only one mutation in the entire sequenced region, a C>T
single nucleotide substitution at position 1589 in the coding region of the SRPK
gene. This substitution resulted in the introduction of a premature stop codon in
SRPK that deleted the C-terminal 735 nucleotides of the SRPK coding mRNA.

(Fig. 19)
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Figure 19. In the mutant 2R-129-09, a mutation in SRPK, leads to

the truncation of the protein.

The kinase domain of SRPK is divided into two halves and
separated by a spacer region. The mutation in 2R-129-09 introduces
a premature stop codon into the spacer region and truncates half of
the kinase domain.
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SRPK is one of three SR protein phosphorylating kinases identified in a
survey of the Drosophila genome for homologues of pre-messenger mRNA
processing factors found in other organisms (Mount and Salz, 2000). Specifically, it
is predicted to be the Drosophila orthologue of human SRPK2, a protein responsible
for regulating the activity and cellular localization of SR proteins (Barbosa et al.,
2007; Koizumi et al., 1999; Tenenbaum and Aguirre-Ghiso, 2005). SR proteins
contain a serine/arginine rich RS domain, where the phosphorylation by SRPK takes
place (Gui et al., 1994). SR proteins have a wide array of functions, including
imparting specificity to the alternative splicing machinery and mRNA export from the
nucleus (Long and Caceres, 2009).

SRPK, like its human orthologue SRPK2, has an C-terminal kinase domain
that is separated into two halves by the presence of a large spacer sequence (Wang
et al., 1998). The premature stop codon in 2R-129-09 falls within this large spacer
sequence in SRPK, and truncates the second half of the kinase domain.

A maternal screen for genes regulating oocyte polarity in Drosophila had
already identified SRPK as being important for the proper dorsal development of
Drosophila eggs (Barbosa et al., 2007). However, the alleles identified in the oocyte
polarity screen were examined for karyosome morphology, but no abnormal
karyosomes were reported. Instead, the SRPK mutants identified in that screen
displayed abnormal positioning of the Drosophila oocyte within the nurse cell cluster

as opposed to posterior to the nurse cells as in wild type Drosophila eggs.

4.5: Discussion

| performed complementation testing on the mutants | identified in the karyosome
screen on the X and 2" chromosome to identify allelic mutants. Complementation

testing revealed one lethal non-complementing group on the X chromosome, and 2
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sterile non-complementing groups, one on the X chromosome and another on the
2", On the X chromosome, the lethal non-complementing group contained 2
mutants (X-002-27, X-339-19) and the sterile non-complementing group likewise
contained 2 mutants (X-107-36, X-040-13). On the 2™ chromosome, the sterile non-
complementing group contained 11 mutants (2R-017-39, 2R-126-18, 2R-156-29,
2R-196-33, 2R-217-15, 2R-231-14, 2R-242-29, 2R-322-03, 2R-328-38, 2R-352-24,
and 2R-361-19).

Genetic mapping of these three non-complementation groups using
recombination and deficiency mapping revealed the region in which the shared
mutations were located. For the lethal non-complementing group on the X
chromosome (X-002-27, X-339-19), the shared lethal mutation is located in 5E1-5E4,
a region that contains 10 genes. The shared sterile mutation of the non-
complementing group on the 2" chromosome (2R-017-39, 2R-126-18, 2R-156-29,
2R-196-33, 2R-217-15, 2R-231-14, 2R-242-29, 2R-322-03, 2R-328-38, 2R-352-24,
and 2R-361-19) is located in 48C, a region that contains 15 genes.

The shared mutation of the X chromosome sterile non-complementing group
(X-107-36, X-040-13) was mapped to the gene Phl (pole hole) (Fiona Cullen,
unpublished data). Phl is required for pattern formation in Drosophila embryos, but
apparently does not affect karyosome formation, as the sterile transheterozygotes of
these two mutants (X-107-36, X-040-13) had normal karyosomes.

| also performed deficiency mapping on the single allele X and 2™
chromosome mutants. On the 2R chromosome, | was able to map the sterility in 2R-
129-09 to two genes, Dup and SRPK. Subsequent sequencing of both genes
revealed that the mutation introduced a stop codon into the spacer region between

the two kinase domains of SRPK (SR Protein Kinase).
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4.5a: SRPK, roles and regulation.

The mutation that | identified in 2R-129-09 introduced a premature stop codon into
the spacer region of the Drosophila gene SRPK that resulted in the deletion of the
N-terminal 735 nucleotides of the SRPK coding mRNA, including half of the kinase
domain. This truncation presumably leads to a kinase null phenotype, though an in-
vitro kinase assay will be required to verify any loss of kinase activity.

SRPK is the kinase responsible for phosphorylating the serine and arginine
rich RS domains found in SR proteins. SR proteins regulate both constitutive and
alternative splicing and play a role in mRNA export from the nucleus (Long and
Caceres, 2009). Phosphorylation of SR proteins enhances their interaction with
other RS domain containing splicing factors (Xiao and Manley, 1997) and enhances
their splicing activity in vitro, while dephosphorylation is required to catalyze splicing
once the spliceosome has been assembled (Cao et al., 1997).

Phosphorylation (and dephosphorylation) is also important for the transit of
the shuttling SR proteins from the nuclear interior to the cytoplasm and vice versa,
and thus indirectly controls the export of associated mRNA transcripts (Lin et al.,
2005). In an SRPK kinase null mutant, any or all of these activities might be affected,
leading to a global decrease in splicing and transcript export. However, to
understand how this affects the karyosome, it will be necessary to identify the
specific mMRNA transcript being affected that has a role in karyosome formation and
maintenance.

Besides SR proteins, RS domains have been found in other proteins,
including Lamin B Receptor (LBR). LBR is an integral nuclear transmembrane
protein with a highly charged N-terminal segment consisting of two globular domains.
The C-terminal half of the protein is hydrophobic and contains 8 transmembrane

sequences (Human LBR: (Ye and Worman, 1994) Drosophila LBR: (Wagner et al.,
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2004)). Besides binding to B type lamins as its name implies (Simos and Georgatos,
1992), LBR is also capable of binding to chromatin, specifically HP1 associated
heterochromatin (Polioudaki et al., 2001; Ye et al., 1997). It has been shown that
SRPK1 is able to phosphorylate the RS domains of LBR in-vitro (Papoutsopoulou et
al., 1999) and that phosphorylation of LBR by Xenopus SRPK1 is responsible for
increasing the affinity of LBR for chromatin (Takano et al., 2004).

Paradoxically, in my mutant 2R-129-09, where the kinase activity of SRPK
was presumably abrogated by the truncation of the kinase domain, the phenotype
that | observed was that of continued chromatin adherence to the nuclear
membrane. If SRPK phosphorylation is required for the binding of LBR to chromatin,
then the phenotype for 2R-129-09, where this phosphorylation is abolished, should
be one of chromatin release from the inner nuclear membrane, and not continued
binding.

However, as stated in section 4.4, SRPK is but one of three RS domain
phosphorylating proteins identified in Drosophila. More specifically, SRPK is the
Drosophila homologue of SRPK2, which might have a different function from the
Drosophila orthologue of SRPK1 during female meiosis. At present, more work is
required to determine whether this mutation in Drosophila SRPK is affecting
karyosome morphology due to misregulation of the SR proteins and alternative
splicing, or if phosphorylation by SRPK is required to release chromatin from

proteins located at the inner nuclear membrane.
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Chapter 5: A genetic modifier screen to identify NHK-1 interacting

proteins

Nucleosomal Histone Kinase 1 (NHK-1) was a protein previously identified in our lab
as being important for proper karyosome formation via its phosphorylation target
Barrier-to-Autointegration Factor (BAF) (Cullen et al., 2005; Lancaster et al., 2007).
To identify other proteins that interact directly or indirectly with NHK-1, | carried out a
genetic modifier screen using a collection of 44 deficiencies with defined breakpoints
(Ryder et al., 2007; Ryder et al., 2004). By this screen, | hoped to identify proteins

that are important for the regulation and function of NHK-1.

5.1: The genetic modifier screen: Using haplo-insufficiency to identify genes

that interact with a semi-lethal allele of NHK-1

Genetic modifier screens identify genes that interact with a specific mutation and
either increase or decrease the severity of its phenotype. To identify genes on the
2" chromosome that interact with NHK-1, | used a semi-lethal allele of NHK-1 called
NHK-1" to screen the 2" chromosome deficiencies fly stocks.

Drosophila melanogaster has four chromosomes but only the 2
chromosome deficiency fly stocks were tested. The first chromosome deficiency fly
stocks were not tested due to the complications involved in maintaining viability in
deficiency males (as stated in section 4.1a). The third chromosome deficiency
stocks were not tested because the gene encoding NHK-1 is located on the third
chromosome. Since this screen examines the effect of the deficiencies in a
homozygous NHK-1"" background, it would have required recombination between

NHK-1 and the third chromosome deficiencies to produce a chromosome with both.
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To carry out such recombination for every deficiency located on the third
chromosome would have been inefficient given the time constraints. Finally, the
small size of the fourth chromosome meant that similar to the third chromosome, it
would have been inefficient to screen the 4" chromosome deficiencies.

As stated in section 4.1c, flies with deficiencies have large chromosomal
deletions, with each deleting multiple genes. By placing these deficiencies in an
NHK-1"P homozygous background, | can identify which deficiencies, and ultimately
which deleted genes result in an enhancement or repression of the NHK-1"" semi-
lethal phenotype.

The crossing scheme used generated a population of flies with different
genotypes in a single vial. The two genotypes that | used to isolate genetic modifiers
of NHK-1 were the flies heterozygous for the deficiency in an NHK-1"P homozygous
background, and otherwise wild type flies in an NHK-1"" homozygous background.
To aid in identification, flies that were heterozygous for the deficiency had orange
eyes, and flies homozygous for NHK-1"" had curly wings. (Fig. 20)

In a homozygous NHK-1" background, the ratio of flies with the deficiency
to flies without the deficiency will indicate if a particular deficiency is enhancing or
suppressing the semi-lethal phenotype of NHK-1"P_If the deficiency had no effect on
fly viability of the NHK-1"" homozygotes, then | would expect to see a 1:1 ratio of
these two populations of flies. To account for fluctuations in fly population numbers, |
decided to focus only on those deficiencies that produced losses or gains in fly
viability of 2 fold or more in a NHK-1"" homozygous background.

As a control, | determined if the deficiencies, independent of NHK-1"", were
affecting the viability of the flies. To do this, | compared the number of flies with the
deficiency in a non-homozygous NHK-1"P background to the number of flies which
did not have the deficiency in the same non-homozygous NHK-1"" background. If

the deficiency was not having an effect on fly viability independent of NHK-1"", then

104



cu NHK-1trpy Df [wHm%W

J 9 W l
TM6B, Hu CyO
cu NHK-1tpy Df w*™W]  cu NHK_1tri;ZZ\

w,
T™M6B. Hu ©= X W + +

Df [w*m™]  cu NHK-1trp +  cu NHK-1trir
W . Vs wo : .
+ cu NHK-1trip + cu NHK-1tg

Figure 20. Two step crossing scheme for genetic modifier screen
using the DrosDel deficiency collection.
DrosDel deficiencies are marked with the dominant w*™W eye color

marker.
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I would expect the ratio of 1:1 of flies with the deficiency to flies without the

deficiency.

5.2: Df(2R)ED4065, Df(2L)ED94, Df(2L)ED19 and Df(2R)ED1742 all enhanced

the semi-lethal phenotype of NHK-1""

| carried out the genetic modifier screen with the collection of 2" chromosome
deficiencies. The crosses were carried out twice, the first time on all 44 deficiency fly
stocks and the second on only those stocks that enhanced or suppressed the semi-
lethal phenotype of NHK-1"" in the first round of crosses.

The following 4 deficiencies produced an enhancement of the semi-lethal
phenotype of the NHK-1" allele in both rounds of crosses:, Df(2L)ED19,
Df(2L)ED94, Df(2R)ED1742 and Df(2R)ED4065.

Taking in combination both rounds of crosses, Df(2L)ED 19 caused a more
than 2 fold loss of viability, Df(2L)ED94 caused nearly a 3 fold loss of viability,
Df(2R)ED1742 caused a 12 fold loss of viability and Df(2R)ED4065 caused more
than a 3 fold loss of viability. | concentrated my efforts on Df(2R)ED 1742, the

deficiency that had the strongest effect on NHK-1"". (Fig. 21)

5.3: The overlapping deficiency Df(2R)ED1735 enhances the semi-lethal

phenotype of NHK-1"" similar to Df(2R)ED1742

The cytological region deleted in Df(2R)ED1742 spans from 44B8-44E3 on the 2™
chromosome. Overlapping this region were two deficiencies, Df(2R)ED 1735, and
Df(2R)ED1770.

Df(2R)ED 1735 was one of the 44 deficiency stocks used in this genetic

modifier screen and had been identified in the first round of crosses to enhance the
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NHK-1trip Non NHK-1trp
homozygous homozygous
background background

+ Df - Df +Df -Df
Df(2L)ED19 16 41 136 228
Df(2L)ED94 12 32 175 223
Df(2R)ED1735 2 15 46 59
Df(2R)ED1742 4 12 142 143
Df(2R)ED4065 7 27 183 277
Df(2R)Exel6056 1 8 107 102
Df(2R)Exel6057 23 16 135 105
Df(2R)Exel6058 23 14 131 123
Df(2R)Exel7095 23 21 174 181
Df(2R)Exel7096 8 15 222 231
Df(2R)Exel8047 27 28 206 225
Df(2R)BSC266 1 27 163 132

Figure 21. Results of the NHK-1 genetic modifier screen using
semi-lethal allele of NHK-1, NHK-1tP,

Df(2R)ED1742 where the NHK-1tr interacting genetic region was
originally identified and the deficiencies that overlap this region, Df
(2R)ED1735 and Df(2R)BSC266, are indicated with red text.
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semi-lethal phenotype of NHK-1""_ It caused an 8 fold loss of viability in a
homozygous NHK-1" background. This 8 fold loss of viability for Df(2R)ED1735 is
comparable to the 12 fold loss of viability seen in Df(2R)ED1742. However, in the
second round of crosses, Df(2R)ED 1735 did not cause any appreciable (2 fold or
more) enhancement of the semi-lethal phenotype in a homozygous NHK-1""
background.

Knowing that the deleted cytological region of Df(2R)ED 1735 overlapped
that of Df(2R)ED1742, and that this overlapping region uncovered more than half of
the deleted cytological region of Df(2R)ED1742, | repeated the genetic modifier
crosses for both Df(2R)ED1735 and Df(2R)ED1742 (as a control).

Both Df(2R)ED 1735 and Df(2R)ED 1742 enhanced the semi-lethal phenotype
in a NHK-1"" homozygous background. Df(2R)ED1735 showed a 7 fold loss of
viability in a homozygous NHK-1"" background and Df(2R)ED1742 showed a 3 fold
loss of viability. This shared enhancement of the semi-lethal phenotype of NHK-1""
indicates that the gene interacting with NHK-1 is located in the overlap cytological

region of 44B8-44D4.

5.4: The deficiency Df(2R)BSC266 that overlaps both Df(2R)ED1742 and

Df(2R)ED1735 also enhances the semi-lethal phenotype of NHK-1""

| used other deficiencies to further narrow down the region enhancing the semi-
lethal phenotype of NHK-1"". The following deficiencies uncovered the overlapping
region of Df(2R)ED1742 and Df(2R)ED1735: Df(2R)Exel6056, Df(2R)Exel6057,
Df(2R)Exel6058, Df(2R)Exel7095, Df(2R)Exel7096, Df(2R)Exel8047 and
Df(2R)BSC266 (Parks et al., 2004; Thibault et al., 2004).

As Df(2R)Exel6056, Df(2R)Exel6057, Df(2R)Exel6058 all have the w* gene

on their deficiency chromosomes, | was able to identify progeny with the deficiency
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in a similar fashion to Df(2R)ED1742 and Df(2R)ED1735 (as laid out in section 5.1,
progeny with the deficiency chromosome would have orange eyes). | carried out the
genetic modifier screen as laid out in section 5.1 for these deficiencies with
Df(2R)ED1742 as a positive control. While Df(2R)ED1742 showed a 15 fold loss of
viability in a NHK-1"" homozygous background consistent with previous results,
none of these deficiencies caused a similar loss of viability.

Unlike Df(2R)ED1742, the remaining deficiencies, Df(2R)Exel7095,
Df(2R)Exel7096, Df(2R)Exel8047 and Df(2R)BSC266, did not have any visible
markers on their deficiency chromosome. Therefore, | used a different three step
crossing scheme to test these deficiencies. (Fig. 22)

The crossing scheme is set up such that the only possible genotypes that
are homozygous for NHK-1"" will be flies that are heterozygous for either the
deficiency or noc®®. noc®® is a dominant mutation and the presence of its
phenotype (missing dorsal bristles) in a homozygous NHK-1"" background will
mean the absence of the deficiency, and vice versa (Ashburner et al., 1983;
Ashburner and Harrington, 1984; McGill et al., 1988).

| carried out this genetic modifier cross on the remaining deficiencies with
Df(2R)ED1742 as a positive control. Only the deficiency Df(2R)BSC266
demonstrated a loss of viability phenotype similar to that seen in Df(2R)ED1742 (27
fold loss of viability in Df(2R)BSC266 and 15 fold loss of viability in Df(2R)ED1742).
This shared enhancement of the semi-lethal phenotype of NHK-1"7 indicates that
the gene interacting with NHK-1 is located in the overlap cytological region of 44B8-
44D1, a region containing 41 genes. (Fig. 23)

This region, 44B8-44D1, is completely uncovered by three deficiencies
Df(2R)Exel6057, Df(2R)Exel6058 and Df(2R)Exel7096. As stated earlier in this
section, these three deficiencies have already been tested for interaction with the

NHK-1", and, paradoxically, none of them displayed a loss of viability phenotype
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Figure 22. Three step crossing scheme for genetic modifier
screen using deficiencies without dominant w*™W eye color

marker.

nocSe, a dominant bristle affecting marker was used to identify the

deficiency carrying flies.
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comparable to Df(2R)ED1742 in a homozygous NHK-1"" background. However, as
with the overlapping deficiency Df(2R)ED 1735, which, as stated in section 5.3, did
not show a loss of viability phenotype comparable to Df(2R)ED1742 in the second
round of crosses, these results might be due to random fluctuations in fly population.
Further testing will be required to determine which of these deficiencies, if any,

uncovers the region containing the gene that interacts with NHK-1.

5.5: Discussion

Nucleosomal Histone Kinase 1 (NHK-1) was previously identified in the lab as a
protein that was essential to the proper formation of the karyosome. To identify
genes that interact with NHK-1, | conducted a deficiency modifier screen on a
collection of 44 deficiencies with molecularly defined breakpoints, using a semi-
lethal mutant of NHK-1, NHK-1"".

The screen identified 4 deficiencies, Df(2L)ED19, Df(2L)ED94,
Df(2R)ED1742 and Df(2R)ED4065, that enhanced the semi-lethal phenotype of
NHK-1"_ In a NHK-1" homozygous background, Df(2L)ED19, Df(2L)ED94 and
Df(2R)ED4065 all caused between 2 and 4 fold losses in fly viability, while
Df(2R)ED1742 caused a 12 fold loss of viability. Since it demonstrated the strongest
interaction with NHK-1"", | chose to study Df(2R)ED1742 further.

Using two deficiencies that overlapped Df(2R)ED 1742, | attempted to narrow
down the deleted region causing the loss of viability in conjunction with NHK-1"".
One of the deficiencies, Df(2R)ED 1735, caused a loss of viability in a homozygous
NHK-1"" background similar to that of Df(2R)ED1742, indicating that the gene
interacting with NHK-1 is probably located in the overlap region: 44B8-44D4. Out of
the 7 deficiencies that overlap this cytological region, in a NHK-1"" homozygous

background, only the deficiency Df(2R)BSC266 caused a loss of viability similar to
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Df(2R)ED 1742, further narrowing down the region containing the interacting gene to
44B8-44D1. Puzzlingly, this region is uncovered by three of the overlapping

deficiencies, but none of these deficiencies showed any interaction with NHK-1".

5.5a: Haplo-insufficiency testing in a homozygous background

Traditionally, deficiency modifier screens involve using dominant mutations to
identify genetic modifiers of a certain gene. The benefit of this is that only one cross
is required to generate flies heterozygous for both the deficiency and the dominant
mutation. However, the accompanying drawback is that this strategy doesn’t work
with recessive mutations.

To address this shortcoming, | have developed a two step crossing scheme
that generates flies that are homozygous for the mutation (in this case NHK-1"") and
either heterozygous for the deficiency or otherwise wild type. Though slower than
the traditional one step method, this crossing scheme is both broader and more
sensitive, as it allows for the screening of recessive mutants.

The development that made the two step crossing scheme feasible was the
creation of the DrosDel collection of deficiencies fly stocks (Ryder et al., 2007;
Ryder et al., 2004). DrosDel deficiency stocks have the dominant w*™" eye color
gene on their deficiency chromosomes, which allows for efficient identification of the
deficiency bearing progeny in the F2 generation. Without this dominant marker, an
extra crossing step would be required to introduce appropriate markers to identify
the deficiency chromosome as was the case for Df(2R)Exel7095, Df(2R)Exel7096,

Df(2R)Exel8047 and Df(2R)BSC266.
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5.5b: Rough-eyes and dead flies, two different approaches to genetic modifier

screens

In Drosophila, the eye is the most popular organ in which to conduct modifier
screens for two reasons (1) the ~800 ommatidia (cells that comprise the eye) makes
for both easy and nuanced scoring and (2) the eye is not required for viability or
fertility (St Johnston, 2002). Genetic modifiers of essential genes cannot be studied
in the whole organism because mutations in essential genes can cause lethality.
However, these modifiers can be identified in the eye if the mutated essential genes
are expressed as a transgenic construct with the enhancer region of sev
(Sevenless), a gene encoding a receptor tyrosine kinase (RTK) that determines cell
fate in the eye (Simon, 1994). If this eye-specific expression of a mutated gene
causes the rough-eye phenotype, then enhancers or suppressors of this phenotype
can be screened for (St Johnston, 2002).

The suitability of the Drosophila eye as a system for enhancer/suppressor
genetic modifier screens does beg the question, why didn’t | screen for genetic
interactors of NHK-1 in the Drosophila eye? The obvious answer is that a transgenic
NHK-1" construct, with the enhancer region of sev driving the expression of NHK-
1" in the eye, would not necessarily have caused the rough-eye phenotype
required for this kind of screening. Instead, using the semi-lethality of NHK-1"" as a
testable phenotype, | was able to identify deficiencies that interacted with NHK-1""
in the context of the entire organism.

The main advantage of this screening methodology was the easy scoring of
the suppression / enhancement of the NHK-1"" mutation, which basically involved
counting and comparing the relative populations of flies with different markers. This
screening methodology also has the added advantage in that it can be used to

screen other semi-lethal mutations and thus has applications beyond the scope of
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NHK-1. More work will be required to establish the true efficacy of this novel

technique.
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Chapter 6: Conclusion

In the introduction, | set out two objectives, (1) identify mutants and ultimately
proteins that affect the formation and maintenance of the karyosome and (2) locate
genes that interact with NHK-1, that encode proteins that are essential for
karyosome formation. To that end, | carried out two separate but related projects, a
cytological screen for mutants that affected the formation and maintenance of the
karyosome and a deficiency modifier screen for genetic interactors of NHK-1"", a
semi-lethal allele of NHK-1.

As both were novel experiments in approach and aim, much of the
methodology had to be devised specifically for each screen, and success was not
simply predicated upon faithfully reproducing the work of others. However, in spite of
all this, both screens were successful, and produced results that represent a
foundation for future experiments. In this chapter, | will discuss the significance of

the results and the avenues that they open for further work.

6.1: Conclusions and future work

It has been proposed that proper formation of the karyosome is important for the
assembly of the female meiotic bipolar spindle, however despite this, little is actually
known about the proteins and pathways involved in the formation of the karyosome.
The discovery that NHK-1 plays a direct role in karyosome formation marked the
beginning of a concerted effort in our lab to unravel the proteins and pathways
involved in the formation of this previously enigmatic structure.

Therefore, my screen is important because it represents the first ever

deliberate search for mutants, and ultimately genes and proteins that directly affect
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the formation of the karyosome. In the process of this screen, through trial and error,
| was able to create a set of protocols for screening and evaluating karyosome
morphology in a collection of mutants which can be used in future screens. |
successfully identified 46 mutants on both the 1% and 2" chromosome that affected
the formation of the karyosome and am currently performing genetic analysis to
isolate the genes responsible for the karyosome abnormalities in these mutants.

From the results of this screen, several avenues for future work are
apparent:

(1)Though sequencing revealed that in 2R-129-09, there was a mutation in
the gene SRPK, the mutated genes causing the karyosome defects in the remaining
45 mutants identified in the screen still have yet to be identified. Good candidates for
further analysis are the two non-complementing groups of mutants that were
identified on the 1% and 2™ chromosomes. Deficiency mapping has been successful
in narrowing down the cytological region containing the lethal mutation on the 1%
chromosome and the sterile mutation on the 2™ chromosome to 10 and 15 genes
respectively. Sequencing of these regions will identify the actual mutated genes in
both of these non-complementing groups.

(2) The 3" and 4th chromosomes remain to be screened for karyosome
defective mutants, though the 3™ chromosome and 4™ chromosome mutants still
need to be generated. Selection criteria for new mutants should include “eggs laid
showed proper dorsal development” to exclude mutants where the meiotic
recombination checkpoint is activated.

(3) The mutants identified to have weak dorsal patterning could be analyzed
to identify mutants that activate the MRC. The (Barbosa et al., 2007) screen
specifically did not study this category of mutants as the phenotype was too weak,

so there might still be proteins involved in the MRC there to identify.
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(4) Even though the SRPK mutant (2R-129-09) had a strong, if not penetrant,
karyosome phenotype, how this comes about is still not known. There are two
obvious possibilities to explain this. The first is that SRPK is important for
karyosome formation via its regulation of the SR proteins which are involved in
alternative splicing. The second is that SRPK regulates karyosome formation by
phosphorylating Lamin B Receptor (LBR), which binds to chromatin at the nuclear
periphery. To determine which, if either, of these possibilities is true, a
phosphomimetic form of either the SR proteins or LBR could be expressed, in place
of the wild type proteins, within the oocytes of 2R-129-09 females with germline
clone ovaries. If either the phosphomimetic SR proteins or LBR rescues the
karyosome morphology defect of 2R-129-09, then the protein that is actually causing
the karyosome morphology defect downstream of SRPK will have been identified.

Following on from previous work done in the lab, | also carried out a genetic
modifier screen searching for interactors of NHK-1, a protein that has previously
been shown to have a direct effect on the formation of the karyosome. This screen
involved observing the effect of deficiencies in a homozygous mutant background, a
hitherto untested methodology for conducting genetic modifier screens. Using this
methodology | was able to successfully isolate 4 deficiencies containing genes that
interacted with NHK-1. Further analysis of the strongest interacting deficiency,
Df(2R)ED1742, using overlapping deficiencies narrowed down the region of
interaction to 41 genes. From the results of the deficiency modifier screen the
possibilities for future work are as follows:

(1) The interacting gene located in Df(2R)ED1742 still needs to be located.
Though the cytological region containing the interacting gene has been narrowed
down to 41 genes, 4 deficiencies that overlap that region have shown no genetic
interaction with NHK-1. Re-testing of the overlapping deficiencies should reveal

which, if any, of them contain the gene that is interacting with NHK-1.
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(2) The deficiencies used in this genetic modifier screen did not cover the
entirety of the 2" chromosome, thus it will be useful to screen the deficiencies that
uncover the rest of the 2" chromosome for genes that interact with NHK-1.

(3) Having verified that this screening methodology is valid, | suggest that it
can be used to screen for interactors of other genes with recessive semi-lethal
alleles. | have already applied this methodology to screen for interactors with msps
(Mini-Spindles) though in this case | wasn’t able to identify any interactors with msps

on the second chromosome.
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