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ABSTRACT
Meiosis is an important biological process that results in the formation of 4 haploid
gametes. It is a modified cell division that involves two rounds of chromosome
segregation without intervening DNA replication. Meiosis stages are driven by cell cycle
regulators that, to a large degree, are shared with mitosis. We studied the role and the
regulation of the cell cycle regulator, the Anaphase Promoting Complex/Cyclosome
(APC/C) in Drosophila female meiosis. We first investigated the role of the Spindle
Assembly Checkpoint (SAC), a known inhibitor of APC/C activity in mitosis, in
controlling APC/C activity during meiosis. We find that the loss of SAC does not affect
the overall Cyclin B levels in the egg or the local accumulation of Cyclin B on the
meiotic spindles, as we would expect based on the known role of SAC in inhibiting
APC/C activity in mitosis. Furthermore, the loss of SAC does not affect the segregation
of either the homologous chromosomes at meiosis I, or the sister chromatids at meiosis II.
The segregation of sister chromatids in mitosis depends on the APC/C-mediated
degradation of the Separase inhibitor, Securin, which relieves the inhibition on Separase
allowing sister chromatid segregation. We studied the significance of Securin degradation
in meiosis. We find that while stabilization of Securin causes a delay in meiosis, it does
not prevent the segregation of either the homologous chromosomes at meiosis I or the
sister chromatids at meiosis II. In contrast to the weak effect on meiosis, stabilization of
Securin causes an early mitotic arrest in the embryo. Finally, we investigated the
significance of the restricted expression of Cort, a Drosophila female-specific APC/C
activator, in the germline. We find that the misexpression of Cort outside the germline
leads, surprisingly, to sex transformation of females toward the male fate. This led us to
uncover an important role of maternal Cort in promoting male sexual development,
possibly by inhibiting the activity of Tra/Tra2 splicing complex.
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Chapter 1
General Introduction

1"
"

Cell cycle regulation by protein degradation
The cell cycle is typically composed of four different stages: two gap or growth
phases (G phases), DNA replication or synthesis phase (S phase) and finally a cell
division or mitosis phase (M phase). The successful progression through the cell cycle
stages relies on a number of cell cycle regulators. Cyclins with their Cyclin-dependent
kinase (Cdk) partners drive the entry into S phase and entry into M phase. The exit from
mitosis requires the destruction of cyclins and other substrates by the Anaphase
promoting complex/Cyclosome (APC/C). The APC/C is an E3 ubiquitin ligase that
mediates protein degradation of substrates during metaphase-anaphase transition in
mitosis (reviewed in Pesin and Orr-Weaver, 2008; Peters, 2006b). APC/C is a massive
complex composed of at least a dozen different components that function together with
other ubiquitin conjugating enzymes (E2) to facilitate the polyubiquitination of different
substrates in mitosis and in G1 (Pesin and Orr-Weaver, 2008; Peters, 2006b). This
ubiquitination targets these substrates for degradation by the 26S proteasome and the
recycling of ubiquitin. The specificity of substrate selection is determined, at least in part,
by the type of the APC/C activator. There are two major APC/C activators: Cdc20 and
Cdh1. Cdc20 initiates the activation of the APC/C in prometaphase until anaphase of
mitosis to target cyclins, Securin and other substrates. On the other hand Cdh1 comes into
action in late mitosis and remains active throughout G1. APC/C activators can recognize
specific motifs on substrates. Cdc20 identifies substrates that have a destruction box
(RxxLxxxxN), while Cdh1 identifies the destruction box and the KEN box and other
motifs. In this chapter I will describe the role of the APC/C as a protein degradation
machine in mitosis and meiosis and how it is regulated.
2"
"

Ubiquitination- dependent mechanism for protein degradation
Ubiquitination is a posttranslational modification that regulates a large number of
proteins in the cell. It is a multistep process that requires the activity of three enzymes,
E1; an activating enzyme, E2; a conjugating enzyme and E3; a ligase enzyme (reviewed
in Deshaies and Joazeiro, 2009). The successful action of these three enzymes results in
the formation of a covalent bond between the C-terminal Glycine of the ubiquitin, a
conserved small protein in all eukaryotes, and the epsilon amino group on the substrate
lysine (reviewed in Li and Ye, 2008; Sumara et al., 2008). The process of ubiquitination
can be repeated several times on different Lysines on the same substrate (multiple
monoubiquitination), or a new ubiquitin can be added on any of the seven Lysines on the
ubiquitin protein itself. This leads to the formation of a linear ubiquitin chain
(polyubiquitin). In yeast, all seven ubiquitin Lysines can be used to form chains (Peng et
al., 2003). The importance of some of these chains is not very well understood. Lysine 48
(K48) and K11 chains causes protein degradation by the proteasome (Deshaies and
Joazeiro, 2009; Thrower et al., 2000; Xu et al., 2009), while proteins decorated with K63
chains have been implicated in protein degradation as well as non-protein degradation
processes, such as DNA repair mechanism and kinase activation (Deshaies and Joazeiro,
2009; Kerscher et al., 2006; Xu et al., 2009).
In humans there are around 600 different E3 ligases, among those the anaphase
promoting complex/cyclosome (APC/C) and the Skp1-cullin1-F-box (SCF) protein
complexes are well characterized cell cycle regulators (reviewed in Mocciaro and Rape,
2012).

3"
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The identification of the APC/C
Historically, two independent and different approaches helped in the discovery of
the APC/C. The first approach used a biochemical fractionation experiment in clam
oocytes aiming to understand how Cyclin B is ubiquitinated and degraded. Their
experiments led to the discovery of the activating enzyme E1, different conjugating
enzymes E2 and a ligase E3 (Hershko et al., 1994). These components were only active
when taken from mitotic extracts. The E3 was associated with a 1500 KDa complex
called the “cyclosome” because of its important role in the cell cycle (Sudakin et al.,
1995). At the same time, similar studies using Xenopus egg extracts were able to identify
specific components of a complex that is responsible for Cyclin B degradation. Because
this complex was important for anaphase progression they named it the “Anaphase
Promoting Complex” (APC) (King et al., 1995). The second approach that helped in the
discovery of the APC/C was a genetic approach that was done in yeast. A genetic screen
was performed in S. cerevisiae to understand and to identify the mechanism that is
responsible for the destruction of the B-type Cyclin Clb2. This screen resulted in the
identification of two important genes, cdc16 and cdc23 (Irniger et al., 1995). Mutations in
these genes caused Clb2 stabilization and cells to arrest in mitosis (Irniger et al., 1995).
Further research has identified more subunits of the APC/C (Peters et al., 1996; Zachariae
et al., 1996). Later, orthologous APC/C components have been identified in several
organisms, and a conserved role of the APC/C in anaphase progression and cyclin
degradation has been confirmed in all eukaryotes. Finally, the APC/C has also been
found to play an important role in the G1 of the cell cycle (Irniger and Nasmyth, 1997).

4"
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APC/C subunits
Molecular, biochemical and structural studies have been able to identify 13
different subunits of the APC/C (Hutchins et al., 2010; Passmore et al., 2003; Yoon et al.,
2002; Zachariae et al., 1998b). The large number of subunits and the huge complexity of
the APC/C complicated the effort to determine the complete crystal structure of this
complex for a long time. However, recent studies in yeast were able to reconstitute 70%
of the APC/C structure using recombinant expression of APC/C subunits, electron
microscopy and X-ray crystallography techniques (da Fonseca et al., 2011; Schreiber et
al., 2011). According to these recent findings, the platform of the APC/C consists of
APC1, APC4 and APC5 proteins. Attached to this are two different subcomplexes: one
complex forms an “arc lamp” shape and is composed of homodimers of three to four
subunits, Cdc23, Cdc16, Cdc27 and APC7 in metazoans. These proteins have
tetratricopeptide repeats (TPR), and are important for protein-protein interaction mainly
with the APC/C activator. The other complex forms the catalytic domain of the APC/C,
and is formed from APC2 (Cullin homologous), APC11 (Ring finger) and Doc1
(APC10). The overall structure of the APC/C complex looks like a triangle or a pyramid
with the catalytic domain occupies the center (Figure 1.1). APC2 binds to APC11 and
forms the minimum catalytic activity of the APC/C that has the ability of ubiquitination
(Tang et al., 2001). However, this subcomplex lacks the substrate selection ability that is
determined by Doc1 and the activator (Carroll and Morgan, 2002; Gmachl et al., 2000;
Passmore et al., 2003). Table1.1 summarizes the components of the APC/C in different
organisms.
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Figure1.1. Structure of the Anaphase promoting complex/cyclosome (APC/C)
APC/C structure can be divided into three different domains based on their function. The
platform of the APC/C (blue), the “Arc lamp” of the complex (green) that is important for
protein-protein interaction, and the catalytic domain of the APC/C (orange)." (adapted
from Mocciaro and Rape, 2012)
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Table1.1. APC/C subunits and functions in different organisms. (adapted from Pines,
2011)

!

*E2 is the conjugating enzyme in the ubiquitination reaction. ** Ama1 is a meiosis
specific activator in S. cerevisiae"
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APC/C specificity toward substrates
Although APC/C has 13 different subunits, it still relies on other non-core
proteins for its activation. In mitosis and in G1, APC/C binds to Cdc20 and Cdh1,
respectively in order to be activated (Pesin and Orr-Weaver, 2008; Pines, 2011). These
adaptor proteins or activators, in addition to the APC/C protein Doc1, have also another
important role as they determine the specificity of APC/C toward substrates. Cdc20/Cdh1
protein family contains seven of Trp-Asp (WD40) motifs that form a seven-bladed βpropeller structure that is important for substrate selection. Cdc20 identifies substrates
that have a destruction box (D-box), a conserved 9 amino acids (RXXLXXXXN) found
in substrates like Cyclin B, Cyclin A and Securin. On the other hand, Cdh1 recognizes
substrates with a D-box as well as substrates that have a KEN box (Pesin and OrrWeaver, 2008; Pines, 2011). The D-box and the KEN-box are the typical motifs that can
be recognized by APC/C activators. However different atypical motifs have been also
identified. Examples of those atypical motifs are the O-box (a modified D-box), A-Box
(found in Aurora A), G-box (a modified KEN-box) (Mocciaro and Rape, 2012; Pines,
2011). All of these atypical motifs are recognized specifically by Cdh1.
In general, substrates do not require post-translational modification to be
identified by the APC/C. This aspect is different than the other cell cycle E3 ubiquitin
ligase

SCF

that

recognizes

phosphorylated

substrates

(Pines,

2011).

While

phosphorylation is not required, some examples where phosphorylation of substrates
inhibits their recognition by the APC/C have been identified in Cdc6, Skp2 and Pds1
(Securin orthologue in S. cerevisiae) (Pines, 2011).

8"
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While the type of the activator confers APC/C substrate selectivity, it is the E2
that determines the type of ubiquitin chain formed by APC/C. Recent studies showed that
APC/C substrates are decorated mainly with K11 chains (Jin et al., 2008; Wu et al.,
2010). There are two important E2 enzymes that work together with the APC/C to
generate K11 ubiquitin-chains. UbcH1 (Ube2c) works in the initiation step that involves
the addition of ubiquitins on the substrate itself. The second step involves Ube2S, which
helps in building the ubiquitin chain by adding new ubiquitins on Lysine number 11 of
the ubiquitin protein itself. This is known as the “elongation step” (Mocciaro and Rape,
2012).

Role of the Anaphase Promoting Complex/Cyclosome in mitosis
Mitosis is a cell division that results in the formation of two genetically identical
daughter cells. The accurate regulation of mitosis is critical for proper self-renewal,
proliferation and development. The key event in mitosis is the faithful separation and
segregation of the sister chromatids to the daughter cells. There are different stages that
the cell goes through before it is ready to divide. Prophase is the first stage and here the
chromosomes condense and the nuclear envelope breaks down. In prometaphase, the
microtubules radiating from the spindle poles bind to the kinetochores of the
chromosomes in a “search and capture” mechanism. In metaphase, all chromosomes are
aligned on the cell equator and connected by kinetochore microtubules to both poles of
the spindle. The cyclin-Cdk1 complex plays important roles in chromosome
condensation, nuclear envelope breakdown and spindle assembly. However, the transition

9"
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to the next stage, anaphase, requires a degradation of cyclins and other proteins by the
APC/C. The degradation of cyclins causes inactivation of Cdk1 leading to spindle
disassembly. In anaphase, the cohesin complex is cleaved by Separase and sister
chromatids move toward the cell poles driven by the pulling forces of the microtubules.
Telophase marks the end of mitosis with a new nuclear envelope forming surrounding
each daughter nuclei.
APC/C activity is controlled throughout the cell cycle by three general
mechanisms: control of activator protein levels, by binding of inhibitory proteins, and by
phosphorylation. Cdc20 and Cdh1 protein levels are regulated through the cell cycle.
Cdc20 levels peak in G2/M and drastically drop in G1 (Fang et al., 1998). Similarly,
Cdh1 levels are high in mitosis and drops in G1 and S phases (Kramer et al., 2000). The
drop of Cdc20 levels at mitosis exit occurs through APC/C-dependent protein
degradation (Prinz et al., 1998), while the fall of Cdh1 levels in G1 and S is due to
APC/C-dependent and SCF-dependent degradation, respectively (Benmaamar and
Pagano, 2005; Kramer et al., 2000).
The entry into mitosis requires inhibition of APC/C activity in G2 to allow the
accumulation of mitotic cyclins. This inhibition is accomplished by the Early Mitotic
Inhibitor 1 (Emi1). Emi1 binds to Cdc20, Cdh1 in addition to APC/C core proteins
(Miller et al., 2006; Reimann et al., 2001a; Reimann et al., 2001b). The binding of Emi1
to the APC/C is mediated through a D-box located at the C-terminal of Emi1 protein
(Miller et al., 2006). This competes with the binding of other substrates to the APC/C,
which protects these substrates from APC/C dependent degradation (Miller et al., 2006).

10"
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Phosphorylation plays an important role in regulation APC/C activity. The
activation of the APC/C in mitosis depends on phosphorylation by Cdk1 and Polo Kinase
1 (Plk1) (Kraft et al., 2003; Rudner and Murray, 2000). This phosphorylation seems to
enhance Cdc20 binding to the APC/C (Shteinberg et al., 1999). On the other hand, Cdh1
is inhibited by phosphorylation in S, G2 and in early mitosis and only becomes active
after being dephosphorylated in late mitosis (Keck et al., 2007; Kramer et al., 2000;
Zachariae et al., 1998a). Another important regulator of APC/C activity in mitosis is the
spindle assembly checkpoint (SAC), a surveillance system that inhibits APC/C activity
until all the chromosomes are connected by a bipolar spindle.

APC/C regulation by the spindle assembly checkpoint (SAC) in mitosis
The inhibition of the APC/C by SAC is considered the main mechanism that
guarantees the faithful segregation of chromosomes in mitosis. Before transition to
anaphase, the cell has to pass the SAC checkpoint. The role of the SAC is to inhibit
APC/C throughout prometaphase to ensure a bipolar spindle-chromosome attachment.
Ideally, each sister kinetochore (a protein complex that forms around the centromere of
each sister chromatid) is attached to spindle microtubules from the opposite pole
(amphitelic attachment) (reviewed in Lara-Gonzalez et al., 2012; Musacchio and Salmon,
2007). Mistakes in this process occur when only one sister kinetochore is attached to one
pole (monotelic attachment), or when both sister kinetochores are attached to the same
pole (syntelic attachment) or when one sister kinetochore is attached to microtubules
from both poles (merotelic attachment) (Musacchio and Salmon, 2007).
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SAC also monitors the tension employed on kinetochores by the bi-polar
attachment. The abnormal attachments described above activate Aurora-B kinase, which
is thought to sense the lack or the reduced tension between the sister chromatids (Biggins
and Murray, 2001; Cimini et al., 2006). When kinetochore-microtubule binding is
properly achieved, and enough tension is generated between the sisters, then SAC
become inactive and the negative signal on APC/C is relieved. At this point, the APC/C
becomes active and targets Cyclin B and Securin for destruction, thus permitting
anaphase progression. Any error in this mechanism may lead to aneuploidy (gain or loss
of chromosomes), which can initiate tumorigenesis (Musacchio and Salmon, 2007).
The core SAC genes: Mad1, Mad2, Mad3/BubR1 and Bub1 were discovered in
genetic screens that were done in S. cerevisiae (Hoyt et al., 1991; Li and Murray, 1991).
Mutations in these genes were able to override the mitotic arrest caused by spindle
poisons. The nature of this checkpoint remained a mystery until later work done in
mammalian cell culture found that the SAC was activated in response to mono-oriented
or unattached kinetochores during mitosis (Rieder et al., 1995). The term “spindle
assembly checkpoint” (SAC) reflects the initial discovery that this checkpoint is activated
in response to spindle poisons, while the other commonly used term, which reflects the
actual function of this checkpoint, is the “mitotic checkpoint complex” or “MCC”
(Musacchio and Salmon, 2007).
The SAC core proteins Mad2, Mad3/BubR1, Bub3 in addition to the mitotic
APC/C activator, Cdc20, form a complex in early mitosis. These proteins are usually
present in the cytosol in interphase. However, in mitosis, and in response to unattached
kinetochores, Mad2, Mad3 and Bub3 form a complex with Cdc20 at the kinetochore.
12"
"

The function of this complex is to prevent APC/C activation by Cdc20 and therefore, to
delay anaphase progression until all kinetochores are properly connected to the spindle
microtubules.
One of the widely accepted models that explains how SAC is activated is known
as the “Mad2 template model” (De Antoni et al., 2005). This model depends on the fact
that Mad2 has two conformations, an open form (O-Mad2) when free or unbound, and a
closed form (C-Mad2) when bound to Mad1 or Cdc20. Mad2 also has the ability to
dimerise. In mitosis, O-Mad2 binds to Mad1 at the unattached kinetochore to form a
Mad1-C-Mad2 complex. This complex has the ability to recruit O-Mad2 from the
cytosol. The O-Mad2 bound to the Mad1-C-Mad2 complex can then bind to Cdc20,
dissociates from Mad1-C-Mad2 complex and then form a Cdc20-C-Mad2 complex. This
latter complex prevents Cdc20 binding and activation of the APC/C. Cdc20-C-Mad2 also
promotes more O-Mad2 binding to the free Cdc20. This way there will be amplification
of the inhibitory signal of SAC on Cdc20 and importantly, the inhibitor signal generated
at a single kinetochore, will inhibit APC/C activity throughout the cell and thus inhibit
anaphase. When kinetochore-microtubules attachments are properly accomplished, the
Mad1-C-Mad2 is removed from the kinetochores by a dynein dependent mechanism,
known as “stripping”, and no more O-Mad2 is recruited. P31comet protein also helps in
SAC inactivation by binding to O-Mad2, blocking the formation of Mad2-C-Mad2
(Hagan et al., 2011).
There are other non-core MCC proteins that help to establish this mitotic
checkpoint. Rod, Zw10 and Zwilch proteins form a complex (RZZ complex) in mitosis
that helps in recruiting Mad1 and Mad2 to the unattached kinetochore in mitosis (Buffin
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et al., 2005; Karess, 2005). A protein kinase, Mps1 also aids in SAC activation by
recruiting RZZ complex, Mad1 and Mad2 to the kinetochores, possibly through
phosphorylation of one or more SAC components (Hewitt et al., 2010; Santaguida et al.,
2010; Tighe et al., 2008).

APC/C degradation of Securin in mitosis
Chromosomes duplicate in S-phase and the sister chromatids remain closely
associated throughout G2. These sister chromatids are connected together by cohesion
forces along their arms as well as at the centromeres. The cohesin complex is composed
of: Smc1, Smc3, Scc3 proteins and the kliesin protein Scc1/Rad21 (Xiong and Gerton,
2010). Together, these proteins form a ring structure holding the two sister chromatids
together. The release of arm cohesion starts in prophase by a protease-independent
mechanism (Shintomi and Hirano, 2010). However, the centromeric cohesin is cleaved
by the protease, Separase at anaphase onset. This cleavage allows the sister chromatids to
separate and to subsequently segregate to the future daughter cells.
The faithful separation of sister chromatids in anaphase requires a tight regulation
of Separase activity. Separase has to be held inactive during most of the cell cycle until
activated at anaphase onset. A small conserved protein, Securin, plays an important role
in Separase regulation (Cohen-Fix et al., 1996; Funabiki et al., 1996a; Funabiki et al.,
1996b; Stratmann and Lehner, 1996; Zur and Brandeis, 2001). Securin inhibits Separase
before anaphase and is degraded by the APC/C at anaphase onset, allowing the activation
of Separase (Uhlmann, 2003; Yanagida, 2000). Once activated, Separase cleaves the
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kliesin subunit Scc1/Rad21 of the cohesin complex, facilitating the separation of the
sister chromatids.
To determine if Securin destruction is important for sister chromatid separation,
several groups have constructed non-degradable mutant versions of Securin. The
destruction of Securin involves both D-box and KEN box (Leismann and Lehner, 2003;
Zur and Brandeis, 2001). The ectopic expression of a non-degradable Securin causes
incomplete separation of the sister chromatids in anaphase, but it does not affect cyclin
destruction or cell cycle progression (Cohen-Fix et al., 1996; Leismann and Lehner,
2003; Zur and Brandeis, 2001).
While Securin plays an important role as a Separase inhibitor, it also acts as a
positive regulator of Separase activity in some organisms. In fission yeast and in
Drosophila, the absence of securin leads to loss of Separase activity (reviewed in
Uhlmann, 2003). This means that Securin plays a dual role in Separase regulation. In
Drosophila, pimples (pim)/securin null embryos die at an early stage of embryogenesis,
and have problems in sister chromatid separation, a phenotype identical to than seen in
separase mutants (Jager et al., 2001; Stratmann and Lehner, 1996). Furthermore, in
fission yeast Cut2/Securin helps to recruit Cut1/Separase to the spindle in mitosis, and in
budding yeast Pds1/Securin helps in the accumulation of Esp1/Separase in the nucleus
(Hornig et al., 2002; Kumada et al., 1998). All together, this suggests a functional
complexity in the relationship between Securin and Separase.
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Drosophila female meiosis and early development
Meiosis is a modified cell division that results in the formation of four haploid
cells called gametes. It is fundamentally different than mitosis. Mitosis produces two
genetically identical cells, while in meiosis the gametes are genetically different. Meiosis
involves two cell divisions without intervening DNA replication. In the first division
(meiosis I), the homologous chromosomes segregate to the daughter cells reducing the
initial chromosome number into half, while in meiosis II sister chromatids segregate in a
process similar to mitosis. Studying meiosis regulation is of great importance to
understand how gametes are produced. Errors in meiosis can result in different health
problems, such as infertility and birth defects.
Drosophila oogenesis is considered a great system to study the cell cycle because
of the presence of distinct cell cycle types, orchestrating together to produce the oocyte.
Oogenesis occurs in the female ovary. Females have two ovaries, each composed of
strings of ovarioles. At the anterior tip of each ovariole, in a structure called the
germarium, localizes the germline stem cells (GSC) that divide asymmetrically to
produce a GSC and a cytoblast. The cytoblast, in turn, divides mitotically four times with
incomplete cytokinesis to produce a 16-cell cyst. Among those 16 cells is one oocyte and
15 cytocyte cells that become nurse cells. The nurse cells enter endocycles and become
polyploid, while the oocyte enters 14 stages of oogenesis to form the mature oocyte (see
Spradling, 1993 for an overview of Drosophila oogenesis and meiosis). The oocyte enters
into meiosis while still in the germarium (Figure 1.2). A synaptonemal complex connects
homologous chromosomes until stage 1, after which homologues remain associated via
chiasmata (cross overs). Prophase I arrest is maintained until stage 12/13, at which time
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nuclear envelope breakdown (NEB) occurs. Meiosis then arrests again in metaphase I at
stage 14 until egg activation. Egg activation occurs independent of fertilization and is
thought to depend on mechanical pressure and rehydration (Horner and Wolfner, 2008).
Upon egg activation meiosis resumes and stage 14 oocyte enters anaphase I, in which
homologues segregate, and then meiosis II is rapidly initiated –without cytokinesis- to
form four haploid nuclei inside the egg cytoplasm. If fertilization occurs, the innermost
nucleus migrates toward the male nucleus and together enters the first of 14 rapid mitotic
divisions. These mitotic divisions occur without cytokinesis forming a syncytium. At
cycle 14 membranes form around each nucleus, leading to the cellular blastoderm stage.
This stage also marks the beginning of large-scale zygotic transcription (Figure 1.2). The
remaining 3 haploid nuclei typically fuse together, and arrest in a metaphase-like state
with condensed chromosomes associated with an aster of microtubules. This structure is
known as a polar body (Figure 1.2).
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Figure 1.2. Oocyte development, meiosis and subsequent embryogenesis in Drosophila
Oogenesis starts at the tip of the germarium where stem cells divide to produce the 16cell cyst. Oocyte arrests twice: first in prophase I and then in metaphase I of meiosis
before forming a mature oocyte at stage 14 of oogenesis. Ovulation reinitiates meiosis
progression and results in the formation of four haploid nuclei. Upon fertilization, the
male and the female nuclei undergo 14 rapid mitotic divisions. For details please refer to
the text.
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APC/C in meiosis
The regulation of meiosis is less understood than mitosis. However, it still relies
on the general mitotic regulators, such as Cdk1 and APC/C, in addition to meiosisspecific regulators. The complexity of meiosis requires the activation of the APC/C twice
to help in segregating the homologous chromosomes and the sister chromatids in
anaphase I and in anaphase II, respectively. On the other hand, Cdk1 activity also needs
to be tightly regulated. Sufficient Cdk1 activity is important for oocyte maturation and
the release from prophase I arrest. Cyclin B-Cdk1 phosphorylates downstream proteins
that results in NEB, spindle assembly and chromosome condensation (reviewed in Von
Stetina and Orr-Weaver, 2011). However, low Cdk1 activity should be maintained
between meiosis I and meiosis II to allow spindle disassembly and to prevent DNA
replication.
The APC/C has a conserved role in meiosis in all eukaryotes. Reduction of
APC/C activity causes meiotic arrest in all systems (Pesin and Orr-Weaver, 2008). In
mouse, yeast and Drosophila, the APC/C is required for both meiotic divisions (Cooper
and Strich, 2011; Swan and Schupbach, 2007). However, in Xenopus, the APC/C is
dispensable for meiosis I, while it is required for meiosis II (Peter et al., 2001; Taieb et
al., 2001). APC/C targets Securin for degradation to allow the activation of Separase.
Separase activation is important to release cohesion that connects homologous
chromosomes together in metaphase I, and sister chromatids in metaphase II. APC/C also
targets cyclins for degradation at the metaphase-anaphase transition in both meiosis
divisions that allows inhibition of Cdk1 activity and subsequently help in exit from
meiosis.
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The tight regulation of APC/C activity is crucial during meiosis. The APC/C has
to be activated only at certain points during meiosis, while it should remain inactive
between the two meiotic divisions to allow for cyclins and Securin accumulation (Von
Stetina and Orr-Weaver, 2011). One way to accomplish this in yeast is by the degradation
of the APC/C activator Cdc20 between the two divisions (Cooper and Strich, 2011). This
degradation leads to inhibition of APC/C activity, which allows for the accumulation of
APC/C substrates. In mammals, APC/C activity is regulated by inhibitors Emi1 and Emi2
during both prophase I and in metaphase II arrests, respectively (Pesin and Orr-Weaver,
2008). The Drosophila homologue of Emi1, rca1, has the ability to inhibit APC/CCdh1/Fzr
in G2 of the mitotic cell cycle (Grosskortenhaus and Sprenger, 2002). However, a role of
rca1 in Drosophila meiosis is not known yet. The spindle assembly checkpoint (SAC)
seems also to play a regulatory role in both metaphase I and in metaphase II in different
organisms. Mutations in many SAC genes cause chromosomal non-disjunction and
precocious anaphase. A direct role for SAC in APC/C inhibition has been established in
some organisms, however in Drosophila and Xenopus meiosis, no direct role has been
established yet. The role of SAC in meiosis will be discussed in detail later in this
introduction. In addition to the regulation by inhibitors, in yeast and Drosophila the
activation of the APC/C requires meiosis-specific activators, in addition to the canonical
ones.
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APC/C activators in meiosis
The discovery of meiosis-specific activators of the APC/C enhanced our
understanding of the cell cycle regulation of oocyte development. In yeast and flies,
meiosis-specific activators in addition to the canonical activator, Cdc20 are important for
the full activation of the APC/C. The activity of the APC/C is important for successful
egg activation and spore formation in flies and yeast, respectively. The requirement for
two activators seems to be important to cope with the complexity of meiosis, two cell
divisions without DNA replication in between. Furthermore, having a meiosis-specific
activator may also be important to target unique types of substrates that are only found in
meiosis.
In yeast, successful meiosis results in spore formation. This depends on APC/C
activators that are expressed specifically in meiosis (Asakawa et al., 2001; Cooper et al.,
2000). In S. cerevisiae, there are several lines of evidence indicating that Ama1 is the
meiosis-specific activator of the APC/C: it binds to APC/C components during meiosis,
APC/CAma1 is able to ubiquitinate the B-type cyclin (CIb1) in-vitro, and it is necessary for
CIb1 degradation invivo (Cooper et al., 2000). Furthermore, mutations in ama1 cause
abnormal spore formation (Cooper et al., 2000). Recently, it has been shown that
APC/CAma1 is also important to degrade Cdc20 at meiosis II to allow meiosis exit (Tan et
al., 2011). Similarly in S. pombe, Mfr1/Fzr1 has the ability to activate the APC/C to
degrade cyclin Cdc13 in meiosis II (Blanco et al., 2001). Mutations in mfr1 cause
stabilization of Cdc13 and a delay in spore formation (Blanco et al., 2001).
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In Drosophila, both male and female meiosis-specific APC/C activators have
been identified. In the male germline, another APC/C activator of the Cdc20/Cdh1
protein family is specifically expressed in meiosis (Jacobs et al., 2002). Although not
very well studied, Fzr2 seems to be able to activate the APC/C, as the mis-expression of
Fzr2 rescues a mutation in fzr/cdh1, and causes degradation of Cyclin B (Jacobs et al.,
2002).
In female meiosis, cortex (cort) plays an important role in meiosis progression
and egg activation. cort mutant females are viable but lay eggs that arrest terminally in
meiosis II (Lieberfarb et al., 1996; Page and Orr-Weaver, 1996; Schupbach and
Wieschaus, 1989). Cort has the ability to interact physically with APC/C components in
meiosis (Pesin and Orr-Weaver, 2007). APC/CCort is important for the degradation of
cyclins and Securin. In cort mutants, Cyclin A, B, B3 and Securin protein levels are
increased, while the mis-expression of Cort in mitotic cells causes a decrease in cyclin
levels (Pesin and Orr-Weaver, 2007; Swan and Schupbach, 2005, 2007). Cort levels are
tightly regulated in meiosis at both translation and protein stability levels (Pesin and OrrWeaver, 2007). Cort also seems to play other important non cell cycle roles in translation
and maternal mRNA destabilization as well as in microtubule organization. In cort
mutants, the polyadenylation and the translation activation of bicoid and toll, early
embryonic patterning genes, mRNA is impaired (Lieberfarb et al., 1996). The early
development of Drosophila relies on maternal proteins and mRNA deposited in the egg
by the female, and it occurs independent of transcription. At midblastula stage, zygotic
genes become active and maternal mRNAs are normally destabilized (reviewed in Walser
and Lipshitz, 2011). However, cort mutant embryos fail to do that, which suggest a role
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of cort in maternal transcript destabilization (Tadros et al., 2003). Finally, Cort has been
found to play a role in clearing of cortical microtubules from the cytoplasm after egg
activation. Before egg activation in Drosophila, long fibrous microtubules are normally
seen at the cell cortex. This is usually cleared after egg activation. However, in cort
mutants, eggs fail to clear these cortical microtubules (Page and Orr-Weaver, 1996).
These other cell cycle independent roles of Cort are important upon egg activation, but it
is not known what Cort targets are that mediates these effects.
In addition to the meiosis specific activators, APC/C still relies on the canonical
mitotic activators, Cdc20 and Cdh1 for meiosis progression and the degradation of
substrates. In S. cerevisiae, both Ama1 and Cdc20 coordinate the activity of the APC/C
in meiosis. APC/CAma1 remains inactive until late stages of meiosis to allow the
accumulation of Pds1/Securin and to prevent premature anaphase progression. This
inhibition is accomplished by binding to its inhibitor, Mnd2 (Oelschlaegel et al., 2005).
On the other hand, Cdc20 appears to be required for both meiotic divisions, as cdc20
mutant yeast cells arrest in meiosis I with high levels of Pds1 (Salah and Nasmyth, 2000).
Furthermore, the levels of Cdc20 are elevated at both anaphase I and anaphase II, which
suggests a role of Cdc20 in both divisions (Salah and Nasmyth, 2000). On the other hand
Cdh1 also seems to play important roles during mammalian meiosis. APCCdh1 maintains
prophase I arrest in mouse oocytes (Marangos et al., 2007; Reis et al., 2006), and also
helps to extend prometaphase I by targeting Cdc20 for degradation to allow proper
chromosome congression and to prevent premature chromosome segregation (Reis et al.,
2007).
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In Drosophila female meiosis, both Cdc20/Fzy and Cort play redundant and nonredundant roles in meiosis (Swan and Schupbach, 2007). cort mutant flies lay eggs that
arrest in metaphase II of meiosis, while in fzy mutants they arrest in anaphase II.
Interestingly, double mutants for both fzy and cort cause arrest in meiosis I (Swan and
Schupbach, 2007). This genetic redundancy is also manifested in the preference of Cort
and Fzy for different substrates. It seems that APC/CCort is more oriented to degrade
Cyclin A, while APC/CFzy has more affinity to degrade Cyclin B (Swan and Schupbach,
2007). The role of Fzr/Cdh1 in Drosophila meiosis has not been studied, perhaps because
Fzr is not expressed at high levels during female meiosis (Raff et al., 2002).

APC/C regulation by SAC in meiosis
The requirement of SAC surveillance system seems to be conserved in both
mitosis and meiosis in most organisms (reviewed in de Medina-Redondo and Meraldi,
2011; Vogt et al., 2008). SAC plays a pivotal role in mitosis by detecting unattached
kinetochores or the absence of tension on kinetochores that are not properly connected by
microtubules (Musacchio and Salmon, 2007). When such errors are detected, SAC
generates a “wait anaphase” signal that inhibits the APC/C complex. This inhibition gives
the cell enough time to fix the error, and then proceed to anaphase afterward. However,
meiosis includes two nuclear divisions compared to one in mitosis and homologous
chromosomes and sister chromatids need to align twice at the metaphase plate in
metaphase I and in metaphase II, respectively. Therefore, this may suggest that SAC has
to be activated twice in meiosis to ensure proper segregation of homologues and sister

24"
"

chromatids at both divisions. Another important difference between meiosis and mitosis
is that in metaphase I the two sister chromatids are attached to the same pole unlike
metaphase in mitosis, where sister chromatids are attached to opposite poles. This means
that there is no tension generated between the two sister chromatids in meiosis I, while
the only tension at the kinetochores in meiosis I is resulting from the early exchange
events between the homologs (chiasmata) (Jang et al., 1995; McKim et al., 1993).
There are different lines of evidence suggesting that SAC is indeed functional in
meiosis. Mutations in Mad1 and Mad2 lead to mis-segregation of chromosomes at
meiosis I, but not at meiosis II in S. cerevisiae (Shonn et al., 2000). This chromosomal
non-disjunction could be corrected by delaying anaphase artificially, suggesting that the
SAC proteins Mad1 and Mad2 are normally required to delay anaphase I. In addition to a
normal role of SAC proteins in delaying anaphase I, they also respond to absence of
tension caused by mutations in the recombination factor spo11 (Shonn et al., 2000).
These results show that SAC functions as a checkpoint in meiosis I similar to its role in
mitosis.
Similar to the data from yeast, in the mouse, heterozygousity for Mad2 causes a
shortened meiosis I, and leads to aneuploidy in meiosis I and in meiosis II (Niault et al.,
2007). Supporting a role in kinetochore-spindle regulation, Mad2 and Bub1 localize to
the kinetochores in meiosis I and in meiosis II (Brunet et al., 2003; Wassmann et al.,
2003). Furthermore, treating mouse oocytes with drugs that disrupt spindle morphology
induces a metaphase I arrest and retain Mad2 on the kinetochores as you would expect if
SAC acts as a true spindle-kinetochore checkpoint, similar to its role in mitosis
(Eichenlaub-Ritter et al., 2007; Niault et al., 2007; Wassmann et al., 2003). Mad2 is not
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the only functional SAC protein in meiosis, BubR1 and Bub1 are also important for
normal chromosome segregation in meiosis I. bubr1 mutant mice show an increased rate
of aneuploidy and defects in chromosome segregation in meiosis II (Baker et al., 2004).
Furthermore, depletion of Bub1 from the mouse oocyte leads to precocious anaphase I,
rapid degradation of Cyclin B and consequently misalignment of chromosomes in
anaphase I (Yin et al., 2006). Vertebrate oocytes arrests in metaphase II until fertilization,
and SAC seems a good candidate to play a role in this arrest (Von Stetina and OrrWeaver, 2011). Depletion of Mad1 or Mad2 proteins from Xenopus eggs prevented the
establishment of the metaphase II arrest, while the maintenance of the arrest requires
Mad1 but not Mad2 (Tunquist et al., 2003). Similar results were obtained when SAC
proteins were depleted from the mouse oocyte, showing that the SAC is required for
metaphase II establishment, but unlike Xenopus, SAC is not required for the maintenance
of the arrest (Tsurumi et al., 2004). Apart from the requirement in the metaphase II arrest,
SAC proteins play checkpoint functions in meiosis I and meiosis II in vertebrates.
In Drosophila meiosis, the role of SAC in regulating chromosome and sister
chromatids segregation is less clear. As described above, Drosophila oocyte arrests twice
in meiosis, first in prophase I, and then in metaphase I at stage 14 of oogenesis, where
they remain until egg activation. There is evidence for a role of some SAC proteins in
meiosis. The clear examples are Mps1 and BubR1. mps1 mutant oocytes do not arrest in
metaphase I, and they progress to anaphase I without delay (Gilliland et al., 2007). These
mutant oocytes show an increased rate of non-disjunction between the homologues,
implying insufficiency in SAC control of chromosome alignment and improper binding
of the kinetochores to spindles (Gilliland et al., 2007). On the other hand, bubR1 mutant
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flies shows high rates of sister chromatid non-disjunction both in spermatogenesis and
oogenesis (Malmanche et al., 2007).
A direct role of SAC proteins in controlling APC/C activity has been shown
clearly in mouse, yeast and C.elegans, while it is not very clear in Drosophila and in
Xenopus. Recent data from C.elegans and fission yeast show that SAC indeed delays
anaphase progression by inhibiting APC/C activity (Stein et al., 2007; Yamamoto et al.,
2008). In C.elegans it has been shown that mutations in Mad2 could suppress the
metaphase I arrest caused by a hypmorphic mutation in the APC/C gene, cdc23 (Stein et
al., 2007). In fission yeast Mad2 has the ability to inhibit the APC/C activator
Slp1/Cdc20 in response to improper chromosome-microtubule attachment (Yamamoto et
al., 2008). Other indirect evidence for a role of SAC in regulating APC/C activity is that
Cyclin B and Securin levels decreased in Mad2 depleted mouse oocytes (Homer et al.,
2005a; Homer et al., 2005b). Individual SAC components also have APC/C-independent
roles in mitosis and in meiosis (Malmanche et al., 2006). Therefore, it remains to be
determined if the genetic requirement for specific SAC genes in Drosophila and Xenopus
meiosis indeed reflects a role for the SAC in controlling APC/C in these systems. In
chapter 2, I will present findings that argue that SAC components play checkpoint
independent role in Drosophila female meiosis.

APC/C-mediated degradation of Securin in meiosis
In meiosis the homologous chromosomes segregate from each other in meiosis I
and this requires cleavage of the arm cohesion and dissolution of the chiasmata, while the
27"
"

centromeric cohesion between the sister chromatids remain intact until meiosis II. Many
mitotic cohesin proteins play similar roles in meiosis. However, the kliesin subunit of the
cohesin, Rad21/Scc1 is replaced with Rec8 protein in meiosis. Rec8 in addition to Smc1,
Smc3 and Scc3 form a ring surrounding chromosome arms and centromeres in meiosis.
Similarly, other regulators of cohesion integrity are also active in meiosis. Separase
cleaves Rad21/Scc1 at anaphase onset in mitosis, and it seems also important in meiosis.
Separase has been shown to be indeed required for resolving chiasmata in meiosis I of
C.elegans and mouse oocytes (Kudo et al., 2006; Siomos et al., 2001). As described
earlier, Separase activity is inhibited by Securin in mitosis in most studied eukaryotic
cells. In addition to Securin inhibition, Separase is also regulated by Cdk1-Cyclin B
phosphorylation or binding, in mammals (Gorr et al., 2005; Stemmann et al., 2001). In
yeast and mammalian meiosis, it seems that Securin has a conserved role in inhibiting
Separase. Securin is localized to the chromatin in metaphase I and again in metaphase II
in yeast meiosis and disappears rapidly upon anaphase initiation in an APC/CCdc20dependant mechanism (Salah and Nasmyth, 2000). Degradation of Securin is necessary
for meiosis progression and the separation of chromosomes in yeast meiosis
(Oelschlaegel et al., 2005; Shonn et al., 2000). In mammalian oocytes, it seems that both
Securin and Cyclin B-Cdk1 are involved in Separase regulation, similar to mitosis. The
expression of either non-degradable Cyclin B (with deleted KEN box and the D-box), or
non-degradable Securin inhibits homologous chromosome disjunction in meiosis I of
mouse oocytes (Herbert et al., 2003; Madgwick et al., 2004). However, the stabilization
of either Securin or Cyclin B in Xenopus oocytes does not block the disjunction of the
homologous chromosomes in meiosis I, while it does block sister chromatid segregation
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at anaphase II (Peter et al., 2001; Taieb et al., 2001). In Drosophila, the role of Separase
in meiosis has not been investigated yet, and it is not known whether Securin or CyclinCdk1 are involved in Separase regulation. It is interesting to note that the Rec8
homologue in Drosophila meiosis has not been identified yet (Heidmann et al., 2004).
Therefore, this area requires more investigation to determine if the mechanism of
chromosome segregation in Drosophila meiosis is similar to yeast and mammals. In
chapter 3, I will present results that examine the importance of Securin degradation in
Drosophila female meiosis.
Sex determination In Drosophila
Sex determination is a universal feature that is common in most eukaryotes. In
these bi-sexual organisms, the decision to become a male or a female depends on genetic
factors that reside on sex chromosomes. In humans, females have two copies of the sex
chromosome X, while males have one X and one Y. The Y chromosome determines
maleness in humans because it carries the sry gene that can initiate the development of
male sexual characteristics. Similar to humans, in Drosophila, females are XX while
males are XY, but the Y chromosome has nothing to do with sex determination (reviewed
in Gamble and Zarkower, 2012). It was long thought that the ratio of X chromosomes to
autosomes sets (X/A) determines sex in Drosophila, more recently this view has been
revised to show that sex determination in Drosophila more accurately rely on the number
of X chromosomes (reviewed in Erickson and Quintero, 2007). The presence of two Xs
leads to female development while the presence of only one X leads to male development
(Salz and Erickson, 2010).
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The direct downstream effect of the “X chromosome counting system” is the
transcription of the gene Sex Lethal (Sxl). Sxl is known as the “master regulator of sex
determination” because it initiates all aspects of sex determination and sex differentiation
in Drosophila. It is one of the earliest genes that are transcribed zygotically during
embryogenesis. The transcription of Sxl is sexually dimorphic because it is initially
transcribed only in females. Sxl is transcribed from two promoters, an early and transient
promoter (SxlPe) that is activated corresponding to the threshold of X-chromosome
signal elements (XSE), and a late maintenance promoter that is active throughout most of
development, SxlPm (Figure 1.2). The XSE are the earliest known zygotically
transcribed genes and are composed of the zygotic transcription factors: SisA, Scute
(SisB), Runt and Unpaired. The autosomal gene deadpan (dpn) is transcribed zygotically
and it counteracts the function of XSE proteins (reviewed in Cline and Meyer, 1996). In
addition to the zygotic transcription factors, other maternal factors, i.e. factors that are
made in the female germline and deposited into the egg, have also been identified.
Maternal genes daughterless (da) and hermaphrodite (her) are positive regulators of Sxl
transcription, while extramachrochaetae (emc) and groucho (gro) are negative regulators
(Cline and Meyer, 1996). Gro and Dpn work together to repress the transcription of Sxl
(Lu et al., 2008). However, the presence of two X chromosomes causes the production of
enough XSE to antagonize Gro-Dpn suppression and leads to the transcription of Sxl
from SxlPe promoter in females, while the presence of only one X in males is not
sufficient for Sxl transcription. The process of Sxl production from the early promoter is
very transient starting in the pre-blastoderm stage of embryogenesis and halts soon after
the formation of the cellular blastroderm (Figure 1.2).
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The initial expression of Sxl in females during early development controls all
aspects of sex differentiation through a cascade of alternative splicing. Sxl is a splicing
factor that interacts with the general splicing factors U2AF, Sans-Fille (SnF) and others
to positively regulate the splicing of target RNAs, including its own (Cline and Meyer,
1996; Salz and Erickson, 2010). The determined state in females is maintained by an
auto-feedback loop where Sxl guarantees its own production by positively splicing its
own pre-mRNA (Figure 1.3). The SxlPm promoter is active in both sexes and it makes
Sxl pre-mRNA with a premature stop codon in exon number 3 that leads to early
termination of translation and formation of a non-functional Sxl protein. In females, the
Sxl protein produced from the early promoter (initiator Sxl) binds to poly-U sequences
upstream and downstream of exon 3 leading to splicing out or skipping exon 3 and thus
production of full length and functional Sxl. This way Sxl locks in splicing to the “female
mode” and guarantees the continuous production of its own protein in all cells. The
absence of the initiator Sxl in males leads to a default splicing that keeps exon 3 and
results in a truncated non-functional Sxl in males. In addition to positively regulating its
own splicing, Sxl similarly acts on pre-mRNA of transformer (tra) to promote productive
splicing and thereby generate a functional Tra protein in females. Sxl binds to a 3’
splicing site in tra pre-mRNA and out-competes the general splicing U2AF complex for
binding to the same site (Salz and Erickson, 2010). In the presence of Sxl, exon 2, which
has a stop codon, is removed leading to functional Tra production. In males, the absence
of Sxl causes the retention of exon 2 and a non-functional short Tra protein is produced.
It is worth to note that the Sxl splicing of tra is not 100% efficient, and only around 50%
of tra pre-mRNA is spliced to produce a functional Tra. Tra is a splicing factor that acts
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Figure 1.3. Sex determination pathway in Drosophila.
Sex determination depends on the number of the X chromosomes in Drosophila.
Embryos with 2 X-chromosomes (left) develop into females by producing sufficient
amounts of X-chromosome Signal Elements (XSEs) to initiate the expression of the
splicing factor; Sxl. Sxl acts on its pre-mRNA and the downstream target transformer
(tra) to promote the productive splicing of Sxl and Tra proteins. Sxl is also important to
inhibit dosage compensation in females. Tra with the help of its splicing partner, Tra2
promotes the productive splicing of doublesex (dsx) and the non-productive splicing of
fruitless (fru). Embryos with only one X-chromosome develop into males. The presence
of one X is not enough to produce Sxl, and thus both Sxl and tra splicing occurs in the
default form producing truncated non-functional protein. However, dsx and fru are also
spliced in the default form to produce functional male specific proteins.
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with its obligate partner, the splicing factor Tra2 to splice a downstream target doublesex
(dsx) to produce a female specific Dsx protein (DsxF) in females, while the default
splicing causes a male specific Dsx protein (DsxM) (Figure 1.3). DsxF is a transcription
factor that acts on many downstream targets to initiate female sexual characteristics and
behavior, and it suppresses male sexual characteristics. Similarly, DsxM activates male
sexual characteristics and suppresses female characteristics. Tra also acts on another
target fruitless (fru) to produce a non-functional protein in females, while the default
splicing in males results in the production of functional Fru protein. FruM is important in
determining male behavior (Figure 1.3).
In addition to its important role in female sexual development, Sxl also plays a
key role in dosage compensation. In humans dosage compensation is accomplished by
inhibiting one of the X chromosomes in females, while in Drosophila it is accomplished
by hyper-activating the transcription of X-chromosome genes in males. Sxl blocks the
production of male-specific-lethal-2 (msl2), a key protein in dosage compensation. Sxl
accomplishes this inhibition in the nucleus through binding to msl2 pre-mRNA to retain
an intron at the 5’ end, and in the cytoplasm by inhibiting msl2 translation (Salz and
Erickson, 2010).
It is interesting to note that Tra protein appears to be deposited in the female egg
(Boggs et al., 1987; Siera and Cline, 2008). While this maternally deposited Tra protein
was thought not to contributes to the zygotic sex determination, a recent interesting study
uncovered a positive feedback regulatory loop between Tra and Sxl, which showed that
the overexpression of zygotic or maternal Tra protein could rescue a hypomorphic Sxl
mutation (Siera and Cline, 2008). The discovery of an effect of maternal Tra in the
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zygotic sex determination suggests that this maternal Tra protein should be regulated to
prevent premature activation of the sex determination pathway. In chapter 4, I will
present results that implicate the meiosis specific APC/C activator, Cort, in regulating
maternal proteins that are implicated in the zygotic sex determination.
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ABSTRACT
The Spindle Assembly Checkpoint or SAC plays an important role in mitotic cells to
sense improper chromosome attachment to spindle microtubules and to inhibit APC/CFzy
dependent destruction of Cyclin B and Securin; consequent initiation of anaphase until
correct attachments are made. In Drosophila, SAC genes have been found to play a role
in ensuring proper chromosome segregation in meiosis, possibly reflecting a similar role
for the SAC in APC/CFzy inhibition during meiosis. We find that loss of function
mutations in SAC genes, Mad2, zwilch and mps1 do not lead to the predicted rise in
APC/CFzy dependent degradation of Cyclin B, either globally throughout the egg or
locally on the meiotic spindle. Further, the SAC is not responsible for the inability of
APC/CFzy to target Cyclin B and promote anaphase in metaphase II arrested eggs from
cort mutant females. Our findings support the argument that SAC proteins play
checkpoint independent roles in Drosophila female meiosis and that other mechanisms
must function to control APC/C activity.
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Introduction
Meiosis is a highly specialized cell division that requires a significant retooling of
the normal cell cycle machinery. In spite of the need for many meiosis specific factors,
meiosis still relies on the core cell cycle machinery. In mitosis, Cdk1 and its associated
mitotic cyclins drive nuclear envelope breakdown and spindle assembly, while the
Anaphase Promoting Complex/Cyclosome (APC/C) is necessary for anaphase by
targeting the cyclins and Securin for destruction. These core cell cycle regulators are also
required for meiosis, though their precise functions are less well understood. As shown in
yeast and in Drosophila, meiosis appears to require not just the APC/CFzy but also
requires a meiosis-specific APC/C complex (reviewed in Pesin and Orr-Weaver, 2008).
In Drosophila female meiosis, APC/CCort functions in both overlapping and distinct ways
with APC/CFzy (Swan and Schupbach, 2007).
Another key regulator of mitotic progression is the Spindle Assembly Checkpoint
(SAC). The SAC is a large and variable group of proteins that function together to inhibit
APC/C activity until all chromosomes have made proper bipolar attachments to the
mitotic spindle (reviewed in Malmanche et al., 2006). The core SAC components, Mad1
and Mad2 associate with each other at kinetochores in prophase and prometaphase, and
release an active form of Mad2 from these kinetochores, into the cytoplasm. This
activated Mad2 promotes the activation of cytoplasmic protein complexes that in turn
inhibit APC/CFzy activity towards specific substrates, Cyclin B and Securin. Once
chromosomes achieve bipolar attachments, the resulting kinetochore tension inactivates
the SAC. Free of SAC inhibition, the APC/CFzy can then target Cyclin B and Securin for
destruction, leading to anaphase spindle elongation and sister chromatid separation. In
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addition to core components Mad1 and Mad2, several other proteins are important for
SAC activity, including the BubR1 and Mps1 kinases, and in higher eukaryotes, the RZZ
complex, named after is components (Rod, Zw10 and Zwilch) (Karess, 2005).
The importance of the SAC in meiosis has been demonstrated in several model
systems (Malmanche et al., 2006; Pesin and Orr-Weaver, 2008). In Drosophila, however,
null alleles of Mad2 and SAC-specific alleles of BubR1 are viable and fertile (Buffin et
al., 2007; Rahmani et al., 2009), implying that the SAC has no essential role in meiosis.
On the other hand, inhibition of SAC activity through partial loss of function mutations in
BubR1, mps1 or the RZZ component, Zw10, while having little effect on fertility, result in
some precocious anaphase in meiosis (Gilliland et al., 2007; Gilliland et al., 2005;
Malmanche et al., 2007; Williams et al., 1996) as would be expected if the SAC indeed
functions to inhibit APC/CFzy activity in female meiosis.
The SAC has been shown to promote mitotic arrest upon microtubule
depolymerization in the subsequent embryonic cell cycles, indicating that the SAC is
present and can be activated in the Drosophila egg (Fischer et al., 2004; Perez-Mongiovi
et al., 2005). Localization studies also support a SAC role in meiosis: Mps1 and BubR1
associate with kinetochores and chromosomes respectively in meiosis I (Gilliland et al.,
2007) and using a GFP-Rod transgene (Buffin et al., 2007) we find that the RZZ
component, Rod, accumulates on the meiotic spindle, similar to its localization in mitosis
(OB and AS, unpublished).
While evidence suggests that the SAC components are required to prevent
precocious anaphase in meiosis, it remains to be demonstrated that they do so as part of a
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SAC – that they function as in mitosis, to restrain APC/CFzy activity. Indeed, there is
precedence for SAC components playing distinct roles in meiosis that could impact on
chromosome segregation: BubR1 is necessary for proper synaptonemal complex
formation in Drosophila female meiosis (Malmanche et al., 2007). Here we test the
hypothesis that the precocious anaphase observed in SAC mutants reflects a role in
inhibiting APC/CFzy activity in meiosis. We assay for APC/CFzy activity by Western
blotting and immunostaining for a known substrate in eggs from SAC mutants. Our
results argue that in Drosophila females the SAC does not have this conventional
APC/CFzy inhibiting role.
Results/Discussion
If the premature homologue segregation observed in SAC mutants is due to
precocious APC/C activity, this phenotype should be accompanied by a reduction in the
levels of APC/C targets. Cyclin B is one of the critical APC/CFzy targets and importantly,
its destruction is blocked by SAC-mediated inhibition of the APC/C. Also importantly, its
levels are elevated in APC/C mutants (Swan and Schupbach, 2007), implying that its
levels may also be sensitive to overactivation of the APC/C as in SAC mutants. We
examined Cyclin B levels in control and in different SAC mutants, expecting that if the
SAC has a role in restricting APC/CFzy activity, Cyclin B levels would be lower in these
mutants. We find that Cyclin B levels are not decreased in eggs from Mad2, mps1 or
zwilch mutant females compared to controls (Figure 2.1A), indicating that the SAC does
not restrict APC/CFzy-mediated Cyclin B destruction globally within the egg.
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Figure 2.1. SAC mutants do not affect overall or localized Cyclin B levels
A) Western blot from extracts of unfertilized eggs taken from wild type (yw),
mps1Exc23/mps1C3, Mad2P/Mad2P, and zwilch1229/zwilch1229 (zw) probed for Cyclin B.
Cdk1 is used as a loading control. B-F) Metaphase I arrested and anaphase I Drosophila
oocytes were immunostained for α-Tubulin (red), DNA (green) and Cyclin B (blue and
separately in grayscale). In wild type, Cyclin B accumulates at high levels mainly on the
spindle midzone microtubules in metaphase I arrested oocytes (as well as throughout the
cytoplasm) (B) and persists through anaphase I (C). A similar metaphase and anaphase
accumulation of Cyclin B is seen in Mad2 mutants (D and E). F) zwilch mutant egg in
metaphase I, labeled as above but without DNA staining, shows accumulation of Cyclin
B on the meiotic spindle. Scale bar in (B) = 5um and applies to all panels.
40"
"

While the SAC may not be necessary to maintain overall Cyclin B levels, it is
possible that it functions to protect local pools of Cyclin B during meiosis. In wild type,
Cyclin B accumulates on the meiotic spindle during the metaphase I arrest (Swan and
Schupbach, 2007) (Figure 2.1B), and remains associated with the spindle midzone
through anaphase I (Figure 2.1C).

Localized Cyclin B disappears in anaphase II

dependent on APC/CCort and APC/CFzy activity (Swan and Schupbach, 2007). In eggs
from Mad2 mutant females, Cyclin B accumulates on the meiosis I spindle as in wild
type (Figure 2.1D) and persists through anaphase I as in wild type (Figure 2.1E). We
also examined Cyclin B in eggs from females with a mutation in the RZZ component,
zwilch (Williams et al., 1996). Again, Cyclin B accumulates on the spindle despite the
predicted loss of SAC activity (Figure 2.1F), though we note that in the zwilch mutant,
Cyclin B is more uniformly associated with the spindle than at the midzone (Figure
2.1F). This could reflect a role for the RZZ complex in Cyclin B destruction at the
midzone, or in controlling Cyclin B localization. With this caveat, the SAC does not
appear to be involved in the local inhibition of APC/CFzy in meiosis I.

The above results argue that the metaphase I arrest in female meiosis is not dependent on
SAC-dependent inhibition of APC/CFzy. The first meiotic division is fundamentally very
different from a mitotic division in that it involves the segregation of homologues, while
sister chromatids remain associated. The 2nd meiotic division, on the other hand, much
more closely resembles a mitotic division. Perhaps SAC activity is important for
APC/CFzy inhibition in meiosis II. Such a role might be difficult to assess in Drosophila
as meiosis II occurs very rapidly after the completion of meiosis I. To address a possible
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role for the SAC in meiosis II we made use of mutants in the meiosis specific APC/C
activator, cort. Eggs from cort mutant females almost invariably arrest in metaphase of
meiosis II, with attached sister chromatids and high Cyclin B levels throughout the egg
and on the meiosis II spindles (Page and Orr-Weaver, 1996; Swan and Schupbach, 2007).
Could the SAC play a role in maintaining this arrest by inhibition of APC/CFzy activity?
To test this we examined Cyclin B localization to meiosis II spindles in cort mutants
(Figure 2.2A) and in cort/SAC double mutants (Figure 2.2B-D). The results shown in
Figure 2 clearly show that Mad2, mps1 and zwilch are not required for the maintenance of
spindle associated Cyclin B in a cort mutant background. These results suggest that the
SAC is not responsible for the inhibition of spindle-associated APC/CFzy activity in
meiosis II.
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Figure 2.2. SAC does not inhibit APC/CFzy-mediated destruction of Cyclin B on the
meiotic spindle
Eggs immunestained for α-Tubulin (red) and Cyclin B (blue). In (C-F) Cyclin B is also
shown separately in grayscale (C’-F’). Whole eggs are shown in (A,B), while (C-F) are
close-ups of one of the two meiosis II spindles. cortRH65/cortQW55 eggs arrest in meiosis
with 2 spindles and Cyclin B associated with the midzone (A,C). A similar Cyclin B
accumulation is observed in cortRH65/cortQW55; mps1Exc23/mps1C3 (B,E), cortRH65/cortQW55;
zwilch1229/zwilch1229 (D) and in cortRH65/cortQW55; Mad2P/Mad2P (F). Scale bar in (A) =
20um and applies to (A) and (B). Scale bar in (C) = 5um and applies to C-F.
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We also took advantage of the cort mutant to directly examine the role of the
SAC in maintaining sister chromatid cohesion in metaphase II. If SAC activity is
necessary to maintain the metaphase II arrest in cort mutants we would expect cort/SAC
double mutants to escape this arrest. We used FISH to follow sister chromatids, in cort
mutants and in double mutants between cort and SAC genes. In cort, as previously
described, most eggs contain two spindles, each containing a single FISH signal,
indicative of a metaphase II arrest (Swan and Schupbach, 2007) (Figure 2.3A). This
metaphase II arrest is maintained in cort;zwilch, cort;Mad2 and in cort;mps1 double
mutants, indicating that the SAC is not necessary for the inhibition of anaphase II in cort
mutants (Figure 2.3A,B,C,D).
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Figure 2.3. SAC is not required for inhibition of sister chromatid separation in metaphase
II
Eggs immunostained for α-Tubulin (red) and a FISH probe to the X chromosome
centromeric 359bp repeat (blue). cortRH65/cortQW55 eggs arrest in meiosis with 2 spindles,
each with a discrete FISH signal, indicative of a metaphase II arrest (A).
cortRH65/cortQW55; mps1Exc23/mps1C3 (B), cortRH65/cortQW55; Mad2P/Mad2P (C) and
cortRH65/cortQW55; zwilch1229/zwilch1229 all show a similar arrest. Only one of the two
meiosis II spindles is shown in each panel. Scale bar in (A) = 5um and applies to all
panels.
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Conclusions
In this study we examined the effects of mutations in SAC genes on APC/CFzy activity by
examining the accumulation of Cyclin B, a well-known APC/C target that is stabilized
under conditions of SAC activation. We found by Western blotting and by
immunostaining that this APC/C target appears unaffected by disruption of the SAC. Our
results suggest that the SAC does not perform its defined role as an inhibitor of APC/CFzy
activity in meiosis. It remains possible that the SAC inhibits APC/CFzy targeting of other
proteins to inhibit anaphase in meiosis, but this would mean that Cyclin B is somehow
stabilized in the presence of active APC/CFzy. We favor the possibility that precocious
sister-chromatid segregation observed in some SAC mutants reflects other, non-canonical
roles for these SAC components in meiosis. Consistent with this idea, BubR1
accumulates in the oocyte during synaptonemal complex assembly and is important for
proper formation of the synaptonemal complex. Such a role could account for the
observed failure to maintain homologue pairing in meiosis I (Malmanche et al., 2007).
These results also fit with the failure to detect any obvious meiotic defects in null mutants
of Mad2 or in SAC-defective alleles of BubR1 (Buffin et al., 2007; Rahmani et al., 2009).
It will be interesting to determine if other SAC components interact with BubR1 in this
capacity. It will also be of great interest to discover how APC/C activity is controlled
during meiosis in the absence of a functional SAC.
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Materials and Methods
Fly stocks
Stocks used are cortRH65 and cortQW55 (Schupbach and Wieschaus), mps1Exc23 and mps1C3
(Gilliland et al., 2007) and Mad2P (Buffin et al. 2007).
Immunostaining and Western blotting
For immunostaining, eggs were collected over 2 hours from unfertilized females (mated
with XO males), or from in vitro activated oocytes (Horner and Wolfner, 2008), fixed
and devitilinized simultaneously in Methanol/Heptane and immunostained following
rehydration as previously described (Swan et al. 2005). Anti α-Tubulin YL1/2 (Santa
Cruz) at 1/500 and Oligreen (Invitrogen) at 1/5000 were used to label microtubules and
DNA respectively. Anti Cyclin B antibody (Huang and Raff., 1999) was used at 1/500 to
detect spindle associated Cyclin B. Secondary antibodies were Alexa488 and Alexa568
conjugates (Invitrogen) used at 1/1000. Fluorescence In Situ Hybridization (FISH) was
performed as in (Dernburg, 2000) using Methanol fixed eggs and a probe generated
against the centromeric 359 base-pair repeat on the X-chromosome, labeled with cy3dUTP (Amersham). All microscopy images were acquired on an Olympus FV1000
confocal microscope using 60X water immersion lens. Images were acquired as stacks
and projected using Olympus software. Post acquisition, brightness-contrast adjustments
were made in Adobe Photoshop and were applied equally to all panels of a figure.
Western blotting was performed on extracts from eggs taken from unfertilized females
and probed with mouse monoclonal anti-Cyclin B antibody F2F4 at 1/20.
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(Developmental Studies Hybridoma Bank) and rabbit anti-PSTAIR (Santa Cruz) at
1/1000.
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INTRODUCTION
Successful progression through the cell cycle requires the regulated production
and destruction of cell cycle regulators. Protein destruction during the cell cycle relies on
a small number of E3 ubiquitin ligases that are activated at different times in the cell
cycle (reviewed in Nakayama and Nakayama, 2006). The anaphase promoting
complex/cyclosome (APC/C) associates with two specific activator subunits, Cdc20 (Fzy
in Drosophila) and Cdh1 (Fzr in Drosophila) (reviewed in Pesin and Orr-Weaver, 2008).
APC/CFzy activity is initiated early in mitosis and continues until anaphase onset.
APC/CFzr is active in late mitosis and throughout G1, and is thought to mainly function to
maintain low levels of cyclins and other proteins to provide the conditions required for
pre-replication complex formation. In addition to differences in how they are temporally
regulated, the two APC/C activators confer different substrate recognition abilities. Fzy
specifically recognizes the destruction box (D-box) motif (minimal consensus, RxxL)
while Fzr can recognize the D-box as well as the KEN-box (minimal consensus, KEN)
and other motifs (reviewed in Peters, 2006a; Sumara et al., 2008).

The key event of anaphase is the activation of Separase, the protease responsible
for cleaving the α-kleisin (Rad21/Scc1) of the cohesin complex that connects sister
chromatids together (Uhlmann et al., 1999). Prior to anaphase, Securin (Pimples or Pim
in Drosophila) binds and inhibits the activity of Separase. Securin destruction results in
the release of active Separase, leading to Rad21/Scc1 cleavage and sister chromatid
separation (reviewed in Nasmyth, 2002). Like the mitotic cyclins, Securin contains D-box
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and KEN-box motifs to mediate APC/C recognition. In Drosophila mitotic cells the Dbox and KEN-box motifs of Pim function somewhat redundantly in that only eliminating
both results in a complete mitotic arrest (Leismann et al., 2000; Leismann and Lehner,
2003)

Chromosome segregation in meiosis is considerably more complicated than in
mitosis. For example, the release of sister chromatid cohesion has to occur in two steps,
first along chromosome arms in anaphase I and then at centromeres in anaphase II
(reviewed in Revenkova and Jessberger, 2005). In many organisms, meiotic cohesin is
equipped with proteins different than their mitotic counterparts. Among those is Rec8, the
meiosis specific Rad21/Scc1 protein, which is important for holding sister chromatids
together and is cleaved by Separase during yeast and mammalian meiosis (Lee et al.,
2006; Parisi et al., 1999). At centromeres, Rec8 is protected from Separase activity
throughout meiosis I by Shugoshin/Mei-S332. This allows sister chromatids to remain
together while the homologous chromosomes segregate (reviewed in Watanabe, 2005).
Rec8 is then cleaved at meiosis II to allow sister chromatid segregation. Corresponding to
this greater complexity, APC/C function is also more complex. In yeast and in
Drosophila, meiosis requires a specialized APC/C activator, Ama1 in budding yeast, and
Cortex (Cort) in Drosophila (Cooper et al., 2000; Pesin and Orr-Weaver, 2008).
APC/CCort functions both redundantly and non-redundantly with the canonical APC/CFzy
to destroy cyclins and initiate the events of anaphase in meiosis I and in meiosis II (Swan
and Schupbach, 2007).
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Here we examine the requirement for Securin destruction in Drosophila female
meiosis and in the ensuing mitotic divisions of the early embryo. Surprisingly, we find
that Securin stabilization is not sufficient to prevent chromosome segregation in anaphase
I or anaphase II, while it is sufficient to prevent chromosome segregation in the rapid
syncytial divisions of early embryogenesis. Our findings argue that Securin destruction
may not be the primary driver of meiotic progression in Drosophila.

RESULTS
Generation of stabilized GFP-tagged Pim
To test if Securin/Pim destruction is necessary for meiosis progression, we sought
to express stabilized forms of Pim in the female germline. UASt-pim-myc mutant
transgenes (lacking D-box, KEN-box or both) have been described and were shown to be
stable in mitosis (Leismann et al., 2000; Leismann and Lehner, 2003), but these are not
inducible in the female germline. We therefore designed stabilized forms of Pim using a
UASp vector that allows for strong germline expression. We generated pim transgenes
lacking the D-box (UASp-GFP-pimΔd) or both D-box and KEN-box (UASp-GFP-pimΔdk)
based on equivalent UASt-pim-myc mutant transgenes (pimdba-myc and pimkenadba-myc
respectively) (Leismann et al., 2000; Leismann and Lehner, 2003). We also made a wild
type pim transgene, (UASp-GFP-pimwt). Western blotting reveals that expression of GFPPimwt, GFP-PimΔd and GFP-PimΔdk under control of the germline specific matα4-tubulingal4-VP16 (mat-tub-gal4) driver results in expression at levels higher than the
endogenous Pim (Figure 3.1A). While functional C-terminal tagged Securin transgenes
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Figure 3.1. GFP-Pim interacts with Separase and causes mitotic arrest in imaginal discs
A) Western blot showing expression of Pim in wild type and in embryos from females
expressing UASp-GFP-pim transgenes under control of mat-tub-gal4. The lower band
represents endogenous Pim and serves as a loading control. B) Immunoprecipitation of
GFP-Pimwt and GFP-PimΔd followed by blotting for Pim and for Separase. Wild type and
the stabilized GFP-Pim interact with Separase in stage 14 metaphase I arrested oocytes
and in early syncytial embryos. The control IP from yw embryos (not expressing GFPPim) does not co-IP Separase. * in A and B represents a cleaved form of GFP-Pim, while
** in B indicates a non-specific band detected by Separase antibody. C-E) Wing discs
dissected from the described genotypes crossed to en-gal4; UAS-GFP and stained mitotic
cells with PH3 antibody. GFP outlines where the transgenes are expressed. C) pimdba-myc
(Leismann and Lehner, 2003). D) GFP-pimΔd. E) GFP-pimΔdk. Expression of these
stabilized pim transgenes in the posterior half of the wing leads to a corresponding
increase in frequency of mitotic cells in the posterior side compared to the control
anterior side.
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Have been described before (Herbert et al., 2003; Leismann et al., 2000; Nabti et al.,
2008; Salah and Nasmyth, 2000), it was necessary to determine if our N-terminal GFPtagged Pim retains the ability to bind to Separase and thereby inhibit Separase activity.
To determine if our transgenes are functional we first sought to rescue pim mutants with
GFP-Pimwt. However, previous studies using UAS/gal4-driven pim transgenes revealed
that even modest overexpression of wild type Pim results in lethality (Leismann et al.,
2000). As expected based on these previous findings, we also failed to rescue the
embryonic lethality of pim1L mutants (0/250) or pim1L/pim2 mutants (0/270) when GFPPimwt was expressed using the ubiquitous driver da-gal4. Similar results were obtained
with the previously published (Leismann et al., 2000) UASt-pim-myc (0/270).

Although the lethality resulting from Pim overexpression makes it difficult to test
if GFP-Pim is functional, for our study the most important consideration is whether or not
GFP-Pim retains the ability to bind to and to inhibit Separase. To determine if GFP-Pim
retains this ability to bind Separase, we immunoprecipitated either GFP-Pimwt or GFPPimΔd from embryos and from late stage oocytes using bead-coupled antibodies against
GFP, followed by SDS-PAGE and Western blotting with antisera against Separase. In all
cases, Separase co-precipitated with GFP-Pim (Figure 3.1B), arguing that the GFP tag
does not interfere with Pim ability to interact and therefore inhibit Separase.

The overexpression of stabilized Pim has been shown to cause failure of sister
chromatid segregation and a consequent increase in the mitotic index (Leismann et al.,
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2000). To test if our transgenes produce a similar gain-of-function phenotype, we
overexpressed GFP-PimΔd and GFP-PimΔdk in the posterior compartment of the wing
imaginal disc using en-gal4, and labeled mitotic cells with antibodies against phosphoHistone H3 (PH3). For comparison, we also examined wing discs that similarly expressed
Pimdba-myc (Leismann et al., 2000). In these experiments the transgenes are not
expressed in the anterior part of the wing, which thus serves as an as internal control. We
found that all three transgenes caused an increase in the number of cells in mitosis as
evidenced by the larger number of PH3 stained nuclei in the posterior part of the wing
compared to the anterior control side (Figure 3.1C-E). We conclude from these
experiments that GFP-PimΔd and GFP-PimΔdk are functional with respect to their ability
to bind and inhibit Separase. We next turned to investigating the effect of expressing nondegradable Pim in the female germline.
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Non-degradable Pim leads to a meiotic delay but does not prevent homologue or
sister chromatid segregation
To determine the effect of expressing non-degradable Pim in the female germline
we first induced strong expression of GFP-Pim by combining the mat-tub-gal4 and
nanos-gal4 germline-specific drivers. High-level expression of GFP-Pimwt had no
obvious effect on oogenesis progression (Figure 3.2A), though most eggs from these
females failed to hatch (10/250). mat-tub-gal4/nanos-gal4 driven expression of either
GFP-PimΔd or GFP-PimΔdk resulted in an early block in oogenesis (Figure 3.2B,C). A
similar early arrest was observed when just nanos-gal4 was used (data not shown). Closer
examination of these females revealed extremely small ovaries containing few or no
germline cells (Figure 3.2E). These results reveal a critical role for Pim destruction in the
stem cell and/or cystocyte divisions that generate the 16-cell germarial cyst.
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Figure 3.2. Expression of non-degradable Pim leads to an early block in oogenesis.
Ovaries from females expressing (A,D) UASp-GFP-pimwt, (B) UASp-GFP-pimΔd and
(C,E) UASp-GFP-pimΔdk (C,E) throughout oogenesis under combined mat-tub-gal4 and
nanos-gal4 control. Green = DNA labeled with Oligreen, Red = Actin labeled with
Alexa568-Phalloidin. The expression of wild type GFP-Pim has no obvious effect on
oogenesis (A) but expression of GFP-Pim lacking the D-box (B) or both D-box and
KEN-box (C) results in atrophied ovaries that lack developing egg chambers. D) Closeup view of germaria from GFP-pimwt reveals germline cysts in which individual cells are
connected by ring canals (arrow). A stage 1 egg chamber is budding off from the
germarium (arrow head). E) GFP-pimΔdk germaria contain few or no germline cells, and
no egg chambers budding off from the germarium.

59"
"

Our primary goal was to examine the effect of stabilized Pim in later stages of
oogenesis, specifically during the meiotic divisions. To overcome the early block in
oogenesis resulting from the expression of stabilized Pim in the germarium, we used mattub-gal4 alone. This driver induces expression from stage 2 of oogenesis onwards.
Therefore, stabilized Pim should accumulate only after the completion of the mitotic
divisions that generate the 16-cell germarial cyst. Under control of this driver, all 3
transgenes permitted completion of oogenesis (see below).

To follow meiosis and the subsequent syncytial mitotic divisions in embryos
expressing stabilized Pim, we labeled GFP-PimΔd and GFP-PimΔdk embryos with
antibodies against Tubulin and with a FISH probe specific to the X-chromosome. This
allowed us to follow the segregation of a single chromosome in meiosis and in mitosis. In
wild type eggs meiosis is completed within 20 minutes of ovulation, resulting in the
production of 4 haploid nuclei within the egg syncytium. If fertilized, one of these nuclei
migrates towards the male pronucleus. The male and female pronuclei undergo nuclear
envelope breakdown together and their chromosomes are assembled onto the first mitotic
spindle. The remaining 3 polar body nuclei typically fuse and then arrest with
chromosomes arranged in a rosette pattern associated with a radial microtubule array
(Foe et al., 1993)

To directly observe sister chromatid segregation in meiosis we performed FISH
on embryos collected immediately after a 20 minute egg lay. In wild type, even in these
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short collections, 28/30 (93%) of embryos have completed meiosis as indicated by a
single polar body (or rarely 2-3 polar bodies); or if meiosis had just been completed, 4
post-meiotic nuclei (Figure 3.3A). In those eggs in which meiosis had just been
completed, we find that, as expected, each of the 4 post-meiotic nuclei contains a single
copy of the X-chromosome (Figure 3.3A). In 0-20 minute embryo collections from GFPpimΔd, only 12/34 (35%) of embryos contained either polar bodies or post meiotic nuclei
(Figure 3.3B). Interestingly, 53% of embryos were still in meiosis (15% in meiosis I and
38% in meiosis II) (Figure 3.3C, D). The eggs that were in meiosis I contained a single
spindle that appeared similar to a typical meiosis I spindle seen in wild type stage 14
oocytes (data not shown). However, in all of meiosis II eggs, spindle morphology was
abnormal, and typically the two meiotic spindles are separated from each other (Figure
3.3B-D). In the majority of these meiosis II embryos, sister chromatid segregation had
either not occurred (Figure 3.3C), or had occurred on one of the two meiotic spindles
(Figure 3.3D), indicating that sister chromatid segregation in meiosis II is delayed and
abnormal.

The presence of a significant number of embryos (15%) still in meiosis I suggests
that meiosis I homologue segregation is either delayed or does not occur in the presence
of stabilized Pim. To better ascertain if meiosis I homologue segregation occurs in the
presence of stabilized Pim, we took advantage of cort mutants as a way to arrest embryos
just after completion of meiosis I. cort mutant females lay eggs that typically arrest in
metaphase II of meiosis - as confirmed by the presence of 1 FISH signal in each of the
two spindles (Figure 3.3E). If stabilized Pim blocks meiosis I homologue segregation we
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Figure 3.3. Non-degradable Pim results in delay in meiosis and aberrant chromosome
segregation.
In all panels Tubulin is green and a FISH probe against a centromere region of the Xchromosome is red. For each embryo the meiotic products are magnified and shown in
insets. Arrows point toward mitotic figures. (A-D) Embryos collected over 20 minutes
from wild type females (A) or from mat-tub-gal4 /UASp-GFP-pimΔd (B-D). (A and B)
depict a wild type embryo and a GFP-pimΔd embryo respectively having just completed
meiosis. The wild type embryo in A has 3 polar body nuclei, each with an Xchromosome FISH signal. The 4th female pronucleus has entered mitosis (arrow). In (B)
all 4 female meiotic products are within polar body nuclei while the male pronucleus has
entered mitosis. (C) GFP-pimΔd embryo arrested or delayed in metaphase of meiosis II, as
indicated by presence of two meiotic spindles each with a single X-chromosome FISH
signal. (D) GFP-pimΔd embryo still undergoing meiosis II. Sister chromatid separation
has occurred on one of the meiosis II spindles (the posterior spindle – with 2 FISH
signals), but not the other. (E-F) Embryos collected over 2 hours from females of
cortQW55/cortRH65 mutants (E) or from mat-tub-gal4,cortRH65 / cortQW55;UASp-GFP-pimΔd
(F). (E) Embryos laid by cort mutant females arrest in metaphase II with 2 spindles, each
with one FISH signal, indicating a metaphase II arrest. (F) Embryos from cort; GFPpimΔd females display a similar metaphase II arrest.
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expect that eggs from cort;GFP-pimΔd females will have either a single meiotic spindle
(indicative of complete failure of anaphase I) or a single FISH signal in one of the two
meiotic spindles (indicating failure to segregate the X-chromosome during anaphase I).
However, we found that embryos laid by females overexpressing GFP-PimΔd in a cort
mutant background were indistinguishable from embryos laid by cort mutant alone. In
both cort and cort;GFP-pimΔd a single X-chromosome pair is detected in each of the
meiosis II spindles (Figure 3F), indicating that segregation of homologous chromosomes
in meiosis I eventually occurs, even in the presence of stabilized Pim.
Results presented thus far indicate that the overexpression of stabilized Pim in
meiosis results in a delay in the progression of meiosis. To determine if sister chromatids
eventually segregate in meiosis II; we increased our collection time to 0-2 hours. In a 0 to
2 hour collection of embryos from wild type flies, 94% of the embryos have completed
meiosis as indicated by presence of a polar body or polar bodies. The polar body consists
of the segregated chromatids from the 3 fused polar body nuclei. As expected, most of
these (72%) have 3 distinct X-chromosome FISH dots, indicating proper segregation of
this chromosome in meiosis I and meiosis II (Table 3.1, Figure 3.4A). In 28% of
embryos only two signals are detected, and this likely represents cases where two of the
signals are too close to distinguish. In embryos from females expressing either GFPPimΔd or GFP-PimΔdk the majority of embryos contain polar bodies (Table 3.1, Figure
3.4B), indicating that in most cases meiosis is completed (a higher percentage of embryos
appear in meiosis than in the wild type, consistent with the meiotic delay observed in the
short collections (Figure 3.3). While the completion of meiosis may be delayed, FISH
reveals 3 distinct X-chromosome signals in 65 and 72% of embryos from GFP-PimΔd and
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GFP-PimΔdk respectively (compared to 72% for wild type) (Table 1). This is similar to
what is seen in wild type, suggesting that chromosome segregation occurs as in wild type.
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Figure 3.4. Non-degradable Pim results in failure of sister chromatid segregation in
mitosis.
(A-D) 0-2 hour embryos labeled for Tubulin (green) and the centromere region of the Xchromosome (FISH probe - red). For each embryo the meiotic products are magnified
and shown in insets while mitotic spindles (A’-D’) are shown at higher zoom on the right.
(A) Wild type embryo in early syncytial divisions. The syncytial nuclei are in anaphase
and a single X chromosome is segregating to each pole (this embryo is XY). The single
polar body contains 3 discrete FISH signals representing the remaining 3 haploid meiotic
products. (B-D) GFP-pimΔdk embryos arrested in the first (B,C) and 4th (D) mitotic cycle.
B,B’) Embryo with a single aberrant multipolar spindle containing a large FISH signal,
indicative of rereplication following metaphase I arrest. (C,C’) Embryo arrested with a
single multipolar array and surrounded by free centrosomes. Chromatin has undergone
repeated rounds of re-replication as evidenced by the very pronounced signal from the
FISH probe. (D-D’) Rare embryo from GFP-pimΔdk female that has progressed to the 4th
mitotic division. The metaphase-arrested spindles appear connected by chromatin bridges
(arrow in D’). In all of these embryos, 3 FISH signals are present in the polar bodies,
indicating that X-chromosomes segregated in anaphase I and in anaphase II of meiosis.

67"
"

Table 3.1. Stabilized Pim does not prevent chromosome segregation in meiosis.

Embryos from wild type, GFP-pimΔdk and GFP-pimΔd collected over 2 hours were labeled
by FISH to detect the X-chromosome centromeric repeat and with anti-Tubulin
antibodies. Completion of meiosis = presence of a polar body and no meiotic spindles.
Meiosis (other) = unidentifiable meiotic phenotype. Completed segregation = 3 or 4 (or
more) distinct FISH signals while incomplete segregation = 1 or 2 FISH signals. In wild
type it is expected that nearly 100% of embryos completed chromosome segregation, but
in 28% the separated chromosomes were too close to distinguish.
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The X-chromosome specific FISH probe that we use specifically recognizes a
359-base repeat sequence near the centromere on the X-chromosome. To determine if
chromosome arms also segregate in embryos expressing stabilized Pim, we directly
counted individual chromatid arms in polar bodies. Polar bodies undergo S phase
following meiosis, in synchrony with the male and female pronuclei, and then arrest with
paired sister chromatids in a metaphase-like state (Foe et al., 1993). We expect to see 15
chromatid arms: 3 from the telocentric X chromosome, and 6 each (3 x 2 arms) from the
metacentric second and third chromosomes (we do not count the dot-like fourth
chromosomes). Z-stack images of polar bodies from early embryos of wild type allow
detection of an average of 15 (+/-2, n=10) arms (Figure 3.5A). In later embryos, as
described before (Foe et al., 1993) arm cohesion is lost and approximately double the
number of arms is observed (Figure 3.5B). We then examined polar bodies from
embryos expressing GFP-pimΔd. As in wild type, polar bodies had approximately 15
chromatid arms, indicating that sister chromatids had completely segregated in meiosis.
Interestingly, this number does not double in later embryos, as is seen in wild type
(Figure 3.5C). Combining these findings with the FISH results, we conclude that Pim
stabilization does not affect the release of either centromeric cohesion or arm cohesion in
meiosis. However, the loss of arm cohesion that normally occurs on the replicated
meiotic products is completely blocked by Pim stabilization.
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Figure 3.5. Non-degradable Pim results in failed resolution of arm cohesion in polar
bodies
Polar bodies from 0-2 hour embryos labeled with anti-Histone antibody. A) Polar body
from an early (as indicated by having less than 16 mitotic nuclei) yw embryo showing
approximately 15 chromosome arms. B) Later yw embryo in which polar body shows
approximately double the number of arms compared to A, indicating the loss of arm
cohesion. C) Polar body from GFP-pimΔd embryo showing approximately 15
chromosome arms.
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Pim destruction is essential for syncytial mitosis
While meiosis proceeds to completion in most embryos expressing stabilized Pim,
the ensuing syncytial mitotic program is halted immediately. In a 0-2 hour embryo
collection from wild type females, 0 out of 32 embryos were in the first mitotic division
and only 1 was in the 2nd mitotic cycle. All others had progressed further to the syncytial
mitotic divisions or beyond (Figure 3.4A). In striking contrast, 50/65 or 77% of embryos
from females expressing non-degradable Pim arrest with a single mitotic spindle. The
single spindle contains either 1 or 2 X-chromosome FISH signals as expected for male
and female embryos respectively arrested in metaphase of the first mitosis (Figure
3.4B,B’). 20% of embryos arrest with two spindles and only 3% appear to progress
further (Figure 3.4C and D). In almost all cases the mitotic spindle(s) were abnormal,
typically lacking the compact bipolar organization of microtubules characteristic of wild
type spindles. In the most extreme examples, the spindle appeared as a large multipolar
microtubule array and was often surrounded by free centrosomes. Correlating with the
more severe spindle morphologies, spindles had more intense overall FISH signal,
indicative of re-replication (Figure 3.4B&C). In cases where more than one spindle was
observed, chromatin bridges could be clearly observed between the dividing nuclei
(Figure 3.4D,D’), indicating that even in these cases chromosome segregation is severely
impaired. Therefore the expression of non-degradable Pim is sufficient to prevent sister
chromatid separation in the first mitotic divisions of embryogenesis, despite having a
relatively weaker effect on the preceding meiotic divisions.
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Evidence for spatial regulation of Pim during meiosis and mitosis
The results presented above suggest that APC/C mediated destruction of Pim is
not as critical for progression through meiosis as for mitosis. In Drosophila female
meiosis there are two APC/C complexes APC/CFzy and APC/CCort. Both of them have
been implicated in mitotic cyclin destruction (Pesin and Orr-Weaver, 2007; (Swan et al.,
2005); Swan and Schupbach, 2007). APC/CCort has also been implicated in Pim
destruction (Pesin and Orr-Weaver, 2007). To extend this finding, we examined Pim
levels in embryos from cort/fzy double mutants and we compared this to the effect on
another APC/C target, Cyclin A. As we expected based on the previous findings with cort
mutants (Pesin and Orr-Weaver, 2007), Pim levels are elevated when both APC/C
activators are compromised. However, the increase is relatively minor (1.6 fold) in
comparison to Cyclin A (8.2 fold) (Figure 3.6). These findings indicate that Pim is
somewhat resistant to or protected from APC/C-mediated ubiquitination and proteasomal
degradation in meiosis.

72"
"

Figure 3.6. APC/C has a relatively modest effect on Pim levels in Drosophila eggs
Western blot on 0-3 hour unfertilized eggs collected from yw control and cort/fzy double
mutants, probed with anti-Pim antibody and Actin as a loading control. Extract from
cort/fzy double mutants was also loaded at a ¼ dilution. Overall Pim levels are slightly
elevated (1.6 fold) in cort/fzy eggs compared to (8.2 fold) increase of Cyclin A (CycA).
Quantification of the blot from three independent experiments was compared to yw
extracts and normalized using Actin as a loading control. To better estimate CycA levels
in the cort/fzy mutants we quantified from ¼ loaded lane.
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To some degree the mitotic cyclins are also protected from degradation in meiosis
and in the subsequent syncytial divisions: while in most mitotic cells, cyclin levels rise
and fall in each mitosis, in Drosophila embryos, levels of Cyclins A and B remain
unchanged through the early mitotic cycles, and oscillate perceptibly only from cycle 8
onwards (Edgar et al., 1994; Huang and Raff, 1999; Swan and Schupbach, 2007). This
may be a result of the localized destruction of mitotic cyclins in anaphase of meiosis and
in early embryos. Cyclin B accumulates and is destroyed on the meiotic and mitotic
spindles and this is necessary for the completion of meiosis and mitosis (Huang and Raff,
1999; Raff et al., 2002; Su et al., 1998; Swan and Schupbach, 2007). This localized
destruction allows for anaphase progression while still allowing overall Cyclin B levels to
be maintained for subsequent syncytial divisions. Perhaps Pim is similarly localized to its
sites of activity in meiosis and in the syncytial mitotic divisions, and only this small pool
of Pim is subject to APC/C-mediated destruction. To test the hypothesis that Pim is
subjected to localized destruction, we examined GFP-Pim localization throughout
meiosis and in mitotically arrested embryos expressing GFP-PimΔdk. GFP fluorescence is
readily detected in both the nurse cells and in the oocyte during early stages of oogenesis,
indicating that the transgene is expressed and the fusion protein displays the expected
fluorescence (Figure 3.7A). We then examined stage 14 oocytes in which meiosis is
arrested in metaphase I. At this stage GFP-PimΔdk was not detectably associated with the
meiotic spindle or chromosomes (Figure 3.7B). To determine if GFP-PimΔdk associates
with the meiosis II spindle we once again took advantage of cort mutants to generate a
population of metaphase II arrested oocytes. We were not able to detect any specific
localization of GFP-PimΔdk to the meiotic spindle or chromatin of these metaphase II
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Figure 3.7. GFP-PimΔdk localizes to mitotic but not to meiotic nuclei.
A-E) Ovaries and embryos from females expressing UAS-GFP-pimΔdk under mat-tubgal4 control, labeled for DNA (Red) and GFP (green). GFP signal is also shown
separately in grayscale (A’-D’). A) GFP-PimΔdk accumulates at high levels in the
germline throughout oogenesis. GFP-PimΔdk is not detected on or near the chromatin in
metaphase I arrested oocytes in (B) or at meiosis II in cort mutant embryos in (C). D)
GFP-PimΔdk localizes to chromatin on the polar body. E) Embryo arrested in mitosis
shows an enrichment of GFP-PimΔdk on and surrounding the chromatin.
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arrested oocytes (Figure 3.7C). While there is no apparent localized GFP-Pim
during meiosis, GFP signal could be detected in association with the polar body (Figure
3.7D), as well as the arrested mitotic nuclei of GFP-PimΔdk embryos (Figure 3.7E). Pim
localization to polar bodies and to mitotic figures, but not to meiotic figures, may relate
to the greater sensitivity of mitosis versus meiosis to stabilized Pim (see discussion).
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Discussion
Expression of stabilized Pim does not block sister chromatid separation in meiosis
In this study, we sought to determine the importance of Securin/Pim destruction
on sister chromatid segregation in Drosophila female meiosis by examining the
consequences of overexpressing stabilized versions of Pim (D-box mutant or both D-box
and KEN-box mutant). We found that, while meiosis is delayed in the presence of
stabilized Pim, sister chromatid segregation still occurs. In contrast, stabilized Pim causes
a near complete inhibition of sister chromatid segregation and an early arrest in mitosis.

In most if not all eukaryotic cell types that have been studied to date, the
expression of stabilized Pim is sufficient to block sister chromatid separation. In
Drosophila, high level expression of non-degradable Pim lacking either or both the KEN
or D-boxes results in a failure to complete sister chromatid separation (Leismann et al.,
2000; Leismann and Lehner, 2003). These previous studies, like ours, used the UAS/gal4
system to drive expression of stabilized Pim at higher levels than endogenous Pim levels.
It is possible that the difference between our study and these studies in mitotic cells is
simply that we were unable to generate high enough expression of stabilized Pim.
However, we note that stabilized Pim in our system was expressed at sufficient levels to
disrupt mitotic divisions in the germarium, and to block the mitotic divisions that
immediately follow completion of meiosis. Also, when expressed in mitotic cells of the
wing, GFP-Pim and the previously described Pim-myc produce the same mitotic
phenotype.
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It is also possible that when the expression of our non-degradable Pim is initiated,
Separase would have already been bound to the endogenous wild type Pim, because wild
type Pim is expected to be expressed and deposited in the egg earlier than the expression
of our transgenic Pim. The wild type Pim bound to Separase could be degraded at meiosis
I and meiosis II leading to free Separase activity. This could permit chromosome
segregation in meiosis. However, at early embryogenesis, this wild type supply of Pim
might be almost degraded by the APC/C-mediated activity, while the non-degradable Pim
will be protected from APC/C mediated degradation, and can thus effectively inhibit
Separase to block sister chromatid segregation at this stage. To test this alternative
possibility it would be necessary to express stabilized Pim in the female germline in the
absence of endogenous Pim. Given the essential role of pim in all mitotic divisions we
have not been able to perform these experiments in a pim null background. However,
with the new germline inducible transgenic RNAi constructs (TRiP at Harvard Medical
School) recently described, it becomes possible to knock down maternal genes in the
female germline (Ni et al., 2011). Taking advantage of this new tool, our lab generated an
RNAi line that recognizes the 3’UTR of pim (Z. Guo, unpublished). This is expected to
knock down endogenous but not transgenic pim (that lacks its native UTR sequences).
We are currently using this construct to test the effect of stabilized Pim in the absence or
near absence of endogenous Pim. While knockdown of endogenous pim will be critical,
we note that reducing pim gene dose by half did not have an appreciable effect on meiotic
progression (OB, unpublished), as would be expected if endogenous Pim indeed
competes with transgenic Pim for Separase binding. Therefore, with the important caveat
that we cannot yet completely discount the effect of endogenous Pim and its destruction
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on Separase activity, it seems likely that meiosis is fundamentally different from mitosis
in Drosophila in that Pim does not have the same capacity to inhibit Separase activity.

The effect of non-degradable Pim/Securin in Drosophila meiosis appears different
than the effect observed in mammals. Two different studies found that non-degradable
Securin causes a block in sister chromatid segregation in both meiosis I and meiosis II in
female mice (Herbert et al., 2003; Madgwick et al., 2004). Both of these mouse studies
relied on microinjecting RNA to ectopically express stable Securin in oocytes, whereas
we used the UAS/gal4 system. While the differences in approaches between our study
and these mouse studies makes it difficult to draw strong conclusions, it is possible that
these different findings point to fundamental difference in Securin role in meiosis
between Drosophila and mice.

Expression of stable Pim blocks sister chromatid separation in mitosis
In contrast to the subtle effect of stabilized Pim on female meiosis, it produced a
strong disruption of mitosis. Stabilized Pim in the germarium results in atrophied ovaries
that lack egg chambers. The germline stem cells (GSC) residing in the germarium
normally divide asymmetrically to produce another stem cell and a cytoblast. The
cytoblast, in turn, divides mitotically four times to eventually produce the oocyte and
fifteen nurse cells. The near complete lack of germline cells resulting from expression of
stabilized Pim in the germarium is likely due to Pim-mediated inhibition of Separase
activity during the mitotic divisions of the GSC or cytoblasts/cytocytes. Further
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experiments are needed to clarify this result but either way it appears that Pim-mediated
inhibition of Separase is sufficient to block mitosis in the pre-meiotic stages of oogenesis.
We have shown that the expression of either GFP-PimΔd or GFP-PimΔdk leads to a
mitotic arrest with failed sister chromatid segregation early in embryogenesis. However,
we were not able to see any difference in the severity of the phenotype between GFPPimΔd and GFP-PimΔdk. This may suggest that an intact KEN-box alone is not sufficient
to cause Pim degradation in early embryos. Nonetheless, it has been shown that the
zygotic low-level expression (from the endogenous pim promoter) of either D-box mutant
or a KEN-box mutant Pim was not sufficient to block sister chromatids separation in late
stage of Drosophila embryos, while the high-level expression (using the UASt/gal4
system) of either one caused invariably a metaphase arrest (Leismann et al., 2000;
Leismann and Lehner, 2003). Therefore, the similarity of the phenotype that we see with
PimΔd and PimΔdk is probably due to high levels of expression, while the requirement of
Pim KEN-box as a destruction signal in early embryo meiosis is yet to be determined.
In addition to the mitotic arrest in early embryogenesis, stabilized Pim inhibits the
separation of chromatid arms in polar bodies after fertilization. In wild type embryos the
3 polar body nuclei (4 in unfertilized eggs) undergo S-phase, at the same time as the male
and the female pronuclei, before they arrest permanently in a metaphase-like state (Foe
et. al. 1993). At early stages of embryogenesis the sister chromatids within the polar body
remain connected together through both arm and centromere cohesion, but later the arm
cohesion is resolved while centromere cohesion remains intact. The expression of
stabilized Pim does not affect polar body formation during meiosis, but interestingly, it
blocks this subsequent dissolution of arm cohesion. Therefore it appears that in wild type
81"
"

embryos polar body arm cohesion is initially maintained but Pim destruction and
consequent Separase activation leads to an eventual loss of arm cohesion.
What makes Pim able to inhibit Separase in arrested polar bodies and in the
syncytial mitotic divisions of embryogenesis, but not in the immediately preceding
meiotic divisions, particularly considering that these events occur within a common
cytoplasm that contains the same maternally deposited proteins? One possibility we
considered was that Pim localization within the egg plays an important role in regulating
its activity.

Evidence for local destruction of Pim in mitosis but not in meiosis
GFP-PimΔdk associates with arrested mitotic nuclei and with polar bodies.
However, we did not detect any association with meiosis I or meiosis II figures. This
striking contrast of Pim localization between meiosis and mitosis could explain why
overexpression of stabilized Pim affects mitosis (and polar bodies) but not meiosis. In
other words, the absence of Pim localization on meiotic figures reflects inability to inhibit
Separase locally, while it has that ability in mitosis. Localized activity and localized
destruction of cell cycle regulators appears to be an important feature of early Drosophila
embryogenesis (Edgar et al., 1994; Huang and Raff, 1999; Swan and Schupbach, 2007).
After fertilization, Drosophila embryos undergo rapid mitotic divisions without
cytokinesis to generate a syncytium. In the canonical cell cycle APC/C targets such as
mitotic cyclins and Securin accumulate globally during G2 and fall precipitously in
mitosis. However, in early Drosophila embryos it appears that at least in the case of the
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mitotic cyclins, APC/C mediated destruction is incomplete in each syncytial division
(Edgar et al., 1994). During female meiosis and early Drosophila embryogenesis Cyclin
B appears to be targeted for destruction only on the meiotic and mitotic spindles while
cytoplasmic Cyclin B remains intact (Raff et al., 2002; Swan and Schupbach, 2007). This
mechanism is thought to contribute to the rapidity of these cycles since APC/C only
targets small pool of proteins, reducing the need for new protein synthesis after each cell
cycle. We found that, like the mitotic cyclins, Pim is subject to APC/C-mediated
degradation in the egg. However, Pim levels are less affected than cyclin levels when
APC/C was inactivated, consistent with the possibility that Pim is similarly or even more
protected from global APC/C-mediated degradation in the egg.
Our findings predict that Pim is brought to mitotic nuclei and polar bodies and
rapidly turned over at these sites. This idea is supported by studies in yeast and mice. The
Securin/Pim homologue in Saccharomyces cerevisiae, Pds1, accumulates in meiotic
nuclei during metaphase I and metaphase II and is degraded in anaphase I and anaphase
II of meiosis (Salah and Nasmyth, 2000). Similarly, GFP-Securin microinjected into
mouse eggs localizes to the meiosis I spindle (Lee et al., 2006). These studies identified
local Securin accumulation in meiosis in these organisms, while our results point to local
activity of Securin in the syncytial mitotic divisions but not in meiosis. Nonetheless,
these studies support our hypothesis that the local accumulation and destruction of
Securin may be important for Separase regulation. The difference in Pim localization in
meiosis between our study and these studies could be one reason to explain why
stabilization of Pim does not strongly disrupt Drosophila meiosis as it does in these other
organisms.
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While the specific localization and destruction of Pim in early embryonic mitosis
could be important to inhibit Separase activity locally at these sites it is also possible that
localized Pim helps promote Separase activity at these sites. Interestingly, fission yeast
Cut2/Securin recruits Cut1/Separase to the spindle in early mitosis (Kumada et al., 1998)
and in Drosophila and in other organisms; Pim has dual roles in both activating Separase
and in inhibiting its activity (reviewed in Uhlmann, 2003). Therefore, it will be
interesting to determine if in Drosophila embryos Pim has this capacity to recruit
Separase to chromosomes and thereby spatially control Separase activity in the syncytial
mitotic divisions.
Alternative pathways for Separase regulation
The proper timing of sister chromatid separation requires that Separase is kept
inactive during most of the cell cycle. This is accomplished by at least two pathways:
binding to its inhibitory partner, Securin and by the inhibitory effect of Cyclin-Cdk1
phosphorylation and/or binding (Gorr et al., 2005; Stemmann et al., 2001). Cyclin B has
been shown to be the functional partner of Cdk1 responsible for this inhibitory
phosphorylation in mammals (Madgwick et al., 2004; Stemmann et al., 2001).
Stabilization of Cyclin B1 inhibits sister chromatid disjunction in mouse meiosis (Herbert
et al., 2003; Madgwick et al., 2004), and in Xenopus egg extracts (Stemmann et al.,
2001). Similarly, in Drosophila, the high expression of Cyclin B with a mutant
destruction box causes meiosis and mitosis arrest (Raff et al., 2002; Swan and
Schupbach, 2007). Cyclin A has also been suggested to play a role in the inhibition of
sister chromatid segregation in Drosophila mitosis. Stabilization of Cyclin A causes a
delay in mitosis (Sigrist et al., 1995; Jacobs et al., 2001) and enhances the phenotype
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caused by the expression of stabilized Pim in Drosophila embryos (Leismann and
Lehner, 2003). Furthermore, our preliminary data suggests that Cyclin A stabilization
affects meiosis progression and could restrict sister chromatid segregation (R. Dhaliwal
and AS, unpublished). Therefore it will be interesting to test if Cyclin A or/and Cyclin B
play key roles in Separase regulation in Drosophila meiosis.
In mitotic cells Separase activation leads to the cleavage of Scc1/Rad21 (αkleisin) component of the cohesion complex (Uhlmann et al., 1999). In yeast and
mammalian meiosis, Scc1/Rad21 is replaced by Rec8 (Ishiguro and Watanabe, 2007).
While Rec8 has not been identified yet in Drosophila (Heidmann et al., 2004), an
unrelated protein, Ord, has been shown to be important for the maintenance of sister
chromatid cohesion during both female and male Drosophila meiosis (Bickel et al., 1998;
Bickel et al., 2002) In ord mutants, sister chromatids fail to arrest at metaphase I and
segregate randomly with high frequency of non-disjunction (Bickel et al., 2002). These
studies demonstrate the importance of Ord in protecting against premature segregation of
sister chromatids during meiosis, but they do not explain the mechanism of protection. It
remains to be determined if Ord functionally replaces Rec8 in the cohesin complex in
Drosophila female meiosis, and is cleaved by Separase. The absence of Rec8 in
Drosophila meiosis could suggest that the cohesin complex is composed of different
components in Drosophila meiosis, and thus the regulation of Separase activity may
require different mechanisms. Alternatively, it is also possible that there is a different
mechanism, independent of Separase activity, regulating sister chromatid segregation.
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In vertebrate mitosis, the so-called prophase pathway involves cohesin removal
from the chromosomal arms via a mechanism that appears to be independent of Separase
activity. This pathway involves cohesin phosphorylation by the Polo kinase and Aurora B
kinase (Hauf et al., 2005; Sumara et al., 2002). In Drosophila, polo mutants enhance the
phenotype resulting from overexpression of stabilized Pim in Drosophila embryos
(Leismann and Lehner, 2003). Perhaps sister chromatid segregation in Drosophila
meiosis could depend on a Securin and possibly Separase independent mechanism, in
which Polo, cyclins and maybe other regulators, play key roles. To address these
possibilities it will first be necessary to evaluate the requirement for Separase and
characterize the factors required for sister chromatid cohesion in Drosophila female
meiosis.
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Materials and methods
Drosophila stocks
The following fly stocks were used in this study: UASt-pimdba-myc, UASt-pim-myc
(Leismann and Lehner, 2003), cortRH65, and cortQW55 (Schupbach and Wieschaus, 1989),
fzy6 and fzy7 (Dawson et al., 1993), double mutant fzy;cort: fzy6; cortQW55 / fzy7;cortRH65
(Swan and Schupbach, 2007). Experiments with fzy;cort double mutants were performed
on eggs from females kept at 29°C for 3-5 days. Gal4 stocks used were nanos-gal4, dagal4, en-gal4 (Bloomington Stock Center) and matα4-tubulin-gal4-VP16 (D. St.
Johnston, Cambridge). yw was used as a wild type control in most experiments. pim
transgenes were generated by PCR cloning of pim coding sequence from genomic DNA
(and therefore including introns). Site directed mutagenesis was performed to convert the
Lysine and Leucine amino acids of the destruction box to Alanines (K30A, L33A). The
KEN sequence of the KEN-box at amino acids 7-9 was converted to AAA. Both mutants
were made based on previously identified D-box and KEN-box sequences (Leismann and
Lehner, 2000; Leismann and Lehner, 2003). Wild type and altered pim sequences were
then cloned into a version of the pTIGER vector (Ferguson et al., 2012) that was first
modified with an N-terminal EGFP sequence. The resulting UASp-GFP-pim constructs
were transformed by site-specific recombination into attP2 sites on the 3rd chromosome.
All clones were sequenced before sending for injection to generate transgenic lines.
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Immunostaining and FISH
For most experiments, ovaries and wing imaginal discs were fixed for 30 minutes in 4%
paraformaldehyde in PBST (heptane was added for ovaries). Embryos from either 0-20
minutes or 0-2 hours collections were dechorionated in 50% bleach, devitellinized/fixed
in 50:50 heptane:methanol, and stored in methanol for 1-3 hours before rehydrating and
using

for

either

immunofluorescence

staining

or

combined

FISH

and

immunofluorescence staining. Wing imaginal discs were stained with rabbit anti-PH3
1/1000 (Santa Cruz). GFP-Pim was detected using rabbit anti-GFP 1/1000 (Abcam) in
oocytes or embryos that had been fixed for 10 minutes in 50:50 heptane: 3.7%
formaldehyde in PBST. FISH was performed as described (Dernburg, 2000) using a
probe against the 359 bp centromeric repeat on the X-chromosome, end-labeled using
Cy3-dUTP (Amersham). Following the FISH procedure, samples were immunostained
with rat anti-Tubulin YL1/2 (Millipore) used at 1/500. DNA was detected with Oligreen
(Invitrogen) or mouse anti-Histone (Chemicon) and Actin was detected with Alexa568Phalloidin (Invitrogen). Secondary antibodies were from Invitrogen. All images were
acquired on an Olympus FV1000 Confocal microscope.

Immunoprecipitations and Westerns
Western blots on whole ovary and unfertilized egg (0-3 hours old) extracts were probed
with mouse anti-CycA (Developmental Studies Hybridoma Bank) and rabbit anti-Pim
(Stratmann and Lehner, 1996). Actin was used as a loading control and was detected
using

mouse

anti-Actin

antibody

(Developmental
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Studies

Hybridoma

Bank).

Immunoprecipitation of GFP-Pim from stage 14-enriched oocytes and embryos was
performed using anti-GFP beads (Santa Cruz). Western blots on immunoprecipitates
were probed with rabbit anti-Separase (Jager et al., 2001) and anti-Pim antisera. Westerns
were detected by standard ECL.
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Chapter Four

A novel role of the Anaphase promoting Complex/Cyclosome in Drosophila sex
determination

Osamah Batiha, Eric Fifield, Nila Das and Andrew Swan

This chapter is still in preparation for submission

90"
"

INTRODUCTION
Mitotic progression depends critically on the controlled activity of an E3 ubiquitin
ligase, the Anaphase Promoting Complex/Cyclosome (APC/C). Two major activators of
the APC/C operate in most mitotic cells, Fzy/Cdc20 and Fzr/Cdh1. In mitosis the APC/C
associates with Cdc20/Fzy and targets mitotic cyclins and securin through a destruction
box motif (RXXLXXXXN) typically in the N-terminal part of these target proteins.
APC/CFzr is activated upon the completion of mitosis and maintains low cyclin levels
through G1. Fzr also recognizes the D-box and in addition recognizes other substrates
through the KEN box and a small number of other motifs (reviewed in Peters, 2006b).
While APC/CFzy is sufficient to get cells through mitosis, it is not sufficient for the more
complex chromosome segregation that occurs in meiosis. In Drosophila, APC/CFzy acts
together with a meiosis-specific APC/CCort to drive progression through meiosis I and
meiosis II (Swan and Schupbach, 2007).

Cort encodes a distant member of the Cdc20/Fzy family of APC/C activators.
Like Fzy and Fzr, Cort has a C-terminal WD-repeat implicated in substrate recognition
and two small motifs, the C-box and IR motif implicated in APC/C binding (Chu et al.,
2001; Pesin and Orr-Weaver, 2007; Swan and Schupbach, 2007). While Cort has not
been directly shown to promote ubiquitination of known APC/C substrates, several
findings strongly support the conclusion that it is a functional APC/C activator: Cort
associates with APC/C components in vivo; it promotes the destruction of mitotic
cyclins; and loss of cort results in a meiotic arrest that is consistent with a critical role in
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APC/C function (Lieberfarb et al., 199; Page and Orr-Weaver, 1996a; Pesin and OrrWeaver, 2007; Swan and Schupbach, 2007).
Cort expression is precisely controlled such that the protein is translated late in
female oogenesis, it is present through completion of meiosis I and II, but then it
disappears within 2 hours of embryogenesis, possibly as a result of APC/CFzy-mediated
ubiquitination and proteasomal degradation (Pesin and Orr-Weaver, 2007). Cort is not
expressed again in development, except possibly in terminally differentiating cells
(Buttitta et al., 2010). The very tight regulation of Cort expression reflects on one hand
the narrow requirement for this gene – it is only required in the female germline
(Lieberfarb et al., 1996; Page and Orr-Weaver, 1996; Schupbach and Wieschaus, 1989).
This very tight regulation may also tell us that Cort expression outside of this narrow
window is detrimental to normal development. Indeed, we find that the misexpression of
Cort outside the germline has deleterious affect on female sexual development.
Furthermore, we discover a novel role of maternal Cort in regulating maternal Tra/Tra2
activity to prevent premature activation of the master regulator of sex determination, Sxl.

RESULTS
To determine the importance of the tight regulation of Cort expression, we used
da-Gal4 to drive the ubiquitous expression of a HA-epitope tagged cort (UASp-HA-cort)
transgene. The overexpression of either Fzy or the G1 APC/C activator, Fzr/Cdh1 results
in lethality (data not shown), so we expected that we might see a similar effect upon Cort
misexpression. Strikingly, however, rather than lethality, the misexpression of Cort
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resulted in an effect on sexual morphology. Adult Drosophila display a number of
sexually dimorphic features. These include distinct external genitalia, darkened posterior
abdominal segments in males and the presence of sex combs on the male forelegs. In
addition the female is typically larger than the male (Figure 4.1, compare A,B). XY flies
expressing HA-Cort under da-Gal4 control appear identical to control males (data not
shown). However, XX;HA-cort/da-Gal4 flies are transformed to a male like fate. These
have genitalia that are similar to that of males, darker abdominal pigmentation as in
males, and partial sex combs. While phenotypically similar to males, they are typically
larger than their XY;HAcort/da-Gal4 siblings, indicating that this aspect of female
identify is largely unaltered (Figure 4.1C). We verified that the male-like flies produced
from this cross were indeed the XX progeny by following segregation of the X-linked
yellow or Bar marker mutations (data not shown). The partial sex transformation
phenotype is also observed when HA-Cort is expressed using a different ubiquitous Gal4
driver, act-Gal4 (Figure 4.1D), and importantly, is observed with a different insertion
line of HA-cort is used (Figure 4.1E) as well as from untagged UAS-cort transgenes
(Figure 4.1F), indicating that it is specifically due to the mis-expression of Cort protein.
We also verified that the germline expression of HA-cort transgene could rescue the
maternal effect lethality from cort mutants (data not shown), arguing that these
transgenes encode functional Cort protein.
Sexual identity in Drosophila is established in a cell autonomous manner and as
such, an intersexual phenotype as seen in HA-Cort expressing females could represent
either mosaicism (presence of both male and female cells) or a true intersex (partial
transformation of each cell). To distinguish between these possibilities we examined the
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Figure 4.1. Misexpression of Cort leads to sex transformation in females
(A) Wild type male showing dark abdominal pigmentation in the posterior abdominal
segments (arrow). (B) Wild type female appears larger than males and lacks the dark
abdominal pigmentation found in males. (C) UAS-HA-cort3,7/da-Gal4 female appears
similar to wild type female in size and shows a distinctive pigmentation in the posterior
abdominal segments (arrow). (A’-C’) Scanning EM views of genitalia. (A’) Wild type
male genitalia showing distinctive male parts including male claspers (arrow). (B’) Wild
type female genitalia showing female genital parts including vaginal bristles (arrows).
(C’) HA-cort/da-Gal4 genitalia showing the absence of female genital parts and showing
the presence of male genital parts including male claspers (arrows). (A’’-C’’) Close up
views of the forelegs. (A’’) Wild type male foreleg showing sex combs (arrow). (B’’)
Wild type female foreleg showing the absence of sex combs. (C’’) HA-cort/da-Gal4
foreleg showing incomplete sex combs (arrow). (D) Female expressing UAS-HA-cort3,7
with act-Gal4. (E) Female expressing an independent insertion of HA-cort (HA-cort4)
with da-Gal4 (E). (F) Females expressing untagged UAS-cort (cort17) with da-Gal4.
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sexual phenotype in single cells that make the sex comb. The sex comb is comprised of
approximately 10 cells that generate specialized thickened bristles (teeth) on the foreleg
of the male (Robinett et al., 2010). These cells are also distinguished by their position,
rotated relative to the leg bristles (Figure 4.1A’’,B’’). Each sex comb bristle is the
product of a single cell and as such the number of sex comb bristles can indicate the
degree of mosaicism in an individual. On the other hand, if an individual cell is true
intersex in its identity, it may appear with reduced thickness. Close examination of the
sex combs from HA-Cort expressing XX flies reveals that both the number of sex combs
and the thickness of each bristle is less than in control males (Figure 4.1C’’), indicating
that these XX flies are both mosaic and true intersex.

Cort acts at the level of Tra/Tra2 in the Drosophila sex determination pathway
The sex determination pathway in Drosophila has been extensively studied and
involves a sequential series of alternative splicing events initiated by the master regulator
gene, Sex lethal (Sxl) (reviewed in Salz and Erickson, 2010) (Figure 4.2A). Sxl is one of
the earliest genes to be expressed in the embryo and its expression from an early
promoter is dependent on the presence of a number of X-chromosome encoded
transcription factors. These factors are amongst the earliest genes transcribed zygotically
in the embryo. XX flies, having double the dose of these transcription factors, activate
Sxl expression. Following this burst of early expression, both XX and XY flies express
Sxl from a constitutive late promoter. Default splicing of the transcript from the late
promoter as occurs in males, results in a transcript that generates a truncated,
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Figure 4.2. Cort acts upstream of dsx splicing and downstream of tra splicing
(A) Sex determination pathway in Drosophila. Dashed arrows indicate default pathway
that occurs in the absence of the upstream component of the pathway. (B-D) RT-PCR
analysis on control XY and XX flies, and on XX;UAS-HA-cort/da-Gal4 flies. (B) XX;HAcort flies express only the female Sxl transcript. (C) XX wild type and XX;HA-cort flies
express primarily the female isoform of tra. (D) XX;HA-cort flies express the male and
female isoforms of dsx. (E) RT-PCR for fru on isolated heads from control XY and XX
flies, and on XX;UAS-HA-Cort/elav-Gal4 flies. As with dsx, fru splicing occurs in both
male and female modes in XX flies that express HA-Cort.
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non-functional protein. In females, Sxl, expressed initially from the early promoter,
induces the productive splicing of transcript from the late promoter. In this manner, Sxl is
responsible for a positive feedback loop that ensures its own continuous production.
Sxl regulates the two major pathways that are determined by X chromosome dose:
dosage compensation and sex determination. It establishes female sexual identity by
inducing productive splicing of RNA from the tra gene. Tra also encodes a splicing
factor, and it acts to promote the female specific splicing of dsx – thereby inducing
female morphology. It also induces the non-productive splicing of fru – thereby
promoting female behavior (Figure 4.2A).

To determine how the misexpression of Cort could affect a female to male
transformation, we examined the effect of Cort on the splicing cascade that establishes
female identity. We first examined Sxl splicing. With primers that could distinguish the
female and male spliceforms we found that XX;HA-cort/da-Gal4 flies have only the
female isoform (Figure 4.2B). Since maintenance of Sxl female splicing depends on the
activity of Sxl protein itself, these results argue that Cort could not be affecting Sxl
protein itself or Sxl activity. Sxl is also required for dosage compensation and its absence
leads to female-specific lethality as a result of failure to downregulate X-chromosome
gene expression. The fact that HA-cort/da-Gal4 flies are viable further argues that Cort
induces a sex transformation downstream of Sxl. The size of Drosophila flies is also
under Sxl control; as a result females are larger than males. The size of XX;HA-cort/da-
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Gal4 flies looks very similar to wild type females (Figure 4.1). This further argues that
Cort does not act at or above Sxl in the sex determination pathway.
We next examined the splicing of tra, the gene immediately downstream of Sxl in
the sex determination cascade. In wild type males, only the male isoform of tra is
generated, while in females, as reported, both male and female isoforms are produced in
roughly equal amounts (Boggs et al., 1987) (Figure 4.2C). When we examined tra
splicing in XX;HA-cort/da-Gal4 flies we observed both isoforms in roughly equal ratios,
arguing that misexpression of Cort does not alter the female specific splicing of tra
(Figure 4.2C). This interpretation must be qualified given that both isoforms of tra
appear in the XX;HA-cort/da-Gal4 flies (as in wild type females). The presence of the
male isoform could therefore simply reflect the normal leakiness of female-specific
splicing, but it could also reflect a partial transformation. With this caveat, we conclude
that Cort appears to act downstream of the splicing of tra.
We next looked at dsx splicing. Using male and female specific primers we were
able to identify both spliceforms in the transformed XX;HA-cort/da-Gal4 flies (Figure
4.2D). Since wild type females never show the male isoform of dsx, this result indicates
that Cort misexpression results in the failure to correctly splice dsx in the female mode.
Therefore, Cort acts upstream of dsx splicing to affect a transformation of XX flies to
males.
We also examined the splicing of the other major Tra target, fru, using isolated
heads from XX;HA-cort/elav-Gal4. Both male and female isoforms were detected,
indicating that Cort acts upstream of fru splicing (Figure 4.2E). In sum the examination
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of alternative splicing in XX flies expressing HA-cort supports a model in which Cort
misexpression disrupts female sex determination by acting downstream of tra splicing
and upstream of dsx and fru splicing.

Genetic evidence that Cort acts at the level of Tra/Tra2
As described above, it is difficult to be confident from an analysis of tra
spliceforms that Cort has no effect on tra splicing. To verify our conclusion that Cort acts
downstream of tra splicing we employed a genetic epistasis approach. The forced
expression of a female-spliced tra cDNA (hs-traf) results in a clear transformation of XY
flies to females (Waterbury et al., 1999) (Figure 4.3, compare A,A’ & B,B’). We
generated flies that carry both hs-traf and HA-cort/da-Gal4 and examined both XX and
XY flies to establish the epistatic relationship between them. If cort acts upstream of tra
splicing, for example at the level of Sxl activity, traf should be completely epistatic to
HA-cort. On the other hand, if cort acted at the level of Tra protein or Tra activity we
could expect to see cort epistasis depending on expression levels. We find that the XY;hstraf;HA-cort flies appear in-between or intersex (Figure 4.3C,C’), While the XX;hstraf;HA-cort flies appear largely female (Figure 4.3F,F’). We repeated this experiment
using a UASp-GFP-traf transgene that we generated. GFP-traf driven expression using
da-Gal4 causes complete transformation of male flies to female. When coexpressed with
HA-cort, UAS-GFP-traf was largely epistatic, particularly when examining the genitalia
(data not shown). However, close examination of the sex combs revealed, again a partial
epistasis. We quantitated this effect by assigning a score to each fly that reflects both
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Figure 4.3. Cort acts at level of Tra/Tra2
(A,A’) Wild type male. (B,B’) XY;hs-traf fly appears completely transformed to a female
fate as indicated by the presence of the vaginal bristles (B’, arrows). (C,C’) XY;hstraf;HA-cort3,7/da-Gal4 fly appears partially transformed to male (arrow), indicating
partial cort epistasis. (D,D’) Wild type female. (E,E’) XX; HA-Cort3,7/da-Gal4 fly
transformed to male fate as indicated by the presence of male claspers (D’, arrowheads).
(F)

XX;hs-traf;UAS-HA-cort3,7/da-Gal4

fly

displaying

female-like

abdominal

pigmentation and genitalia indicating tra epistasis. (G-I) Foreleg of the specified
genotypes of XY flies showing different degrees of sex combs phenotype. (G) Wild type
male. (H) GFP-traf/da-Gal4 male showing significant loss of sex combs. (I) GFP-traf;
HA-cort3,7/da-Gal4 male showing intermediate sex combs. (J) Sex comb scores for XY
flies with genotypes shown in (G-I) genotypes. (K-M) Foreleg of the specified genotypes
of XX flies showing different degrees of sex combs phenotype. (K) Wild type female
showing no sex combs. (L) HA-cort3,7/da-Gal4 female showing intermediate sex combs.
(M) GFP-traf;HA-cort3,7/da-Gal4 females showing decreased number of sex combs. (N)
Sex comb scores for XX flies with genotypes shown in (K-M) genotypes
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quantity and quality of the sex combs (see methods). XY flies expressing GFP-traf have
a low sex comb index, indicative of a strong transformation to female fate (Figure 4.3,
compare H to G, also see J). Coexpression of HA-cort partially restores male sex combs
(Figure 4.3I, also see J). Partial epistasis is also seen in females. HA-Cort expression in
females results in a strong transformation to male (Figure 4.3, compare K to L, see also
N). However, coexpression of GFP-traf partially rescues this transformation (Figure
4.3M, see also N). The partial epistasis of either hs-traf or UAS-GFP-traf with HA-cort
argues that cort acts downstream of tra splicing and strongly points toward Cort acting at
the same level as Tra protein.
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One prediction of both tra epistasis and the RT-PCR results is that adding more
Sxl protein should not affect the HA-Cort phenotype, since Cort acts downstream of Sxl.
To test this prediction we obtained transgenic flies expressing the female spliceform of
Sxl under the UAS promoter (UASp-Sxlf) (T. Cline, unpublished) and we co-expressed it
with HA-cort. Surprisingly, expressing SxlF partially suppresses the HA-Cort phenotype.
XX;UAS-SxlF;HA-cort9 have reduced dark abdominal pigmentation compared to XX;HAcort9 alone (Figure 4.4 compare B to A), and a reduced male-like genitalia (Figure 4.4,
compare B’ to A’).
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Figure 4.4. Cort acts downstream of Sxl
(A) XX;UAS-HA-cort9/UAS-GFP;da-Gal4 showing partial male dark abdominal
pigmentation (arrow) and intersexual genitalia having the female specific vaginal plate in
addition to the male claspers (A’). (B) XX;UAS-HA-cort9/UAS-Sxlf/da-Gal4 showing
reduction of dark pigmentation (arrow) and reduction in male genital claspers (B’). VP,
vaginal plate; CL, claspers
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To further test our model that Cort acts specifically at the level of Tra we asked if
the transformation of XX;HA-cort flies is greater if one endogenous copy of the tra gene
is removed. To generate a sensitized genetic background, we used a weaker line of HAcort (HA-cort9) and we performed the experiment at 22°C. Under these conditions,
approximately half of XX;HA-cort9/da-Gal4 flies showed weak sex transformation, while
the other half showed strong sex transformation (Figure 4.5A,E). When HA-cort flies
were also heterozygous for a strong tra allele or a deficiency for the tra region they
showed a flies showed a greater extent of transformation (Figure 4.5B,C,E). Tra works
with its partner Tra2 to splice downstream targets, so we wanted to see if reducing one
copy of tra2 would also enhance the phenotype. We found that heterozygosity for a
strong tra2 mutant also enhances the transformation induced by HA-cort9 (Figure
4.5D,E). Under these same conditions removing one copy of Sxl did not significantly
enhance the phenotype (Figure 4.5E). The genetic enhancement results with tra and tra2
confirm the epistasis experiment and suggest that Cort interferes with the activity of
Tra/Tra2 complex.
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Figure 4.5. Extent of sex transformation by HA-Cort depends on tra and tra2 dose.
(A) XX;HA-cort9/da-Gal4 grown at 22oC shows a particularly weak male pigmentation.
More than a half of these flies have genitalia missing both male and female parts (A’,E),
while the rest show strong transformation into male genitalia (A’’,E). (B) Reducing a
single copy of tra using tra1 mutant allele (B,B’,E) or Df(3L)st-j7 (a deletion of tra)
(C,C’,E) significantly enhances the sex transformation of these HA-Cort-9 flies at 22oC.
Reducing one copy of tra2 gene using tra2b allele also enhances the phenotype (D,D’),
while reducing one copy of Sxl does not seem to enhance the phenotype (E). Arrow in B’
points to the female genital bristles. Arrowheads point toward male claspers.
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Cort inhibits Tra as part of an APC/C complex.
While Cort is known as an APC/C activator it is not known if the ability of Cort
to inhibit female sex determination depends on its interaction with the APC/C. To
determine if Cort disrupts sex determination in an APC/C-dependent manner, we first
asked if Cort interaction with the APC/C is necessary for its ability to transform females
to a male fate. We generated HA-tagged version of Cort that lacks the IR motif– two
terminal amino acids that are necessary to mediate the interaction between the APC/C
activator Cdh1 or Cdc20 and the Cdc27 subunit of the APC/C complex (Chu et al., 2001;
Vodermaier et al., 2003). We expressed HA-cortIR zygotically under da-Gal4 control at
levels equivalent to or higher than HA-cort wild type transgenes (Figure 4.6A). Unlike
the wild type transgenes, HA-cortIR did not produce a detectable sex transformation
(Figure 4.6, compare C to B). Therefore deletion of two amino acids that are implicated
in APC/C interaction completely abrogates the ability of Cort to induce a sex
transformation.
To further test the importance of the APC/C for the sex transformation activity of
Cort we asked if it was possible to suppress this by knocking down specific APC/C
subunits. We therefore generated flies that carried HA-cort as well as a transgene
expressing RNAi against the APC/C component cdc23. RNAi mediated knockdown of
cdc23 results in late larval or pupal lethality for most flies, but when raised at 22oC a
small number of adult escapers are observed. Male and female escapers appeared normal
with respect to sex fate (data not shown). When HA-cort was coexpressed with cdc23RNAi
escaper females appeared closer to normal females (Figure 4.6E), indicating that the
APC/C component Cdc23 is necessary for the sex transformation activity of Cort. In sum
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our results strongly support a model in which Cort acts as part of a functional APC/CCort
complex to affect sex determination.
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Figure 4.6. Cort inhibits Tra/Tra2 as part of the APC/C
(A) Western blot showing HA-Cort levels in larvae expressing different insertion lines
expressing wild type HA-Cort, UAS-HA-cort-7 and UAS-HA-cort-4; and the UAS-HAcortIR line. Levels of HA-Cort are similar in all three lines. Cdk1 is used as a loading
control. (B) XX; UAS-HA-cort-4/da-Gal4 showing male characteristics of dark
pigmentation and male genitalia. (C) XX; UAS-HA-cortIR/da-Gal4 fly has no visible sex
transformation phenotype indicating that the IR-tail of Cort is necessary for sex
transformation. (D-E) Scanning electron microscopy pictures for genitalia of flies that
were grown at 22oC. (D) XX;HA-cort3,7/da-Gal4 genitalia showing male claspers
(arrowheads). (E) XX;UAS-cdc23RNAi;UAS-HA-cort3,7/da-Gal4 fly shows suppression of
transformation as indicated by the absence of male claspers and the presence of female
genital bristles (arrows).
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APC/CCort does not directly target Tra or Tra2 protein
Our results so far point to the possibility that APC/CCort targets Tra or Tra2 for
ubiquitination and subsequent proteasomal degradation. We would therefore expect that
the misexpression of Cort would lead to a reduction in Tra or Tra2 protein levels. As no
antibodies are available against these proteins, we made use of our GFP-tra transgene to
assess any effect of HA-Cort on Tra protein levels. We compared overall levels of GFPTra in whole flies and in larvae expressing UAS-GFP-traf alone, or with UAS-HA-cort.
We did not see any difference in GFP-Tra levels in these tissues when HA-Cort was
coexpressed compared to GFP-Tra alone (Figure 4.7A and B). Similar results were
obtained when these constructs were expressed in the germline using nanos-Gal4 (data
not shown). To test the possibility that Cort affects Tra2 levels, we obtained a UAS-Myctra2 construct (Qi et al., 2006), and we coexpressed it with HA-cort. The ubiquitous
expression of Myc-tra2 causes lethality at early larval stages (data not shown), so we
used gal80ts to inhibit the expression of da-Gal4 at early stages of development to rescue
the early lethality. Gal80ts inhibits Gal4 expression at lower temperatures, while allowing
Gal4 expression at higher temperatures. Under these conditions Myc-Tra2 lethality was
rescued up to the pupal stage, allowing us to obtain 3rd instar larvae for Myc-Tra2
westerns. Comparing levels of Myc-Tra2 in larvae expressing either Myc-Tra2 alone or
with HA-Cort, we did not see any change (Figure 4.7C). We conclude from these
experiments that Cort does not seem to target either Tra or Tra2 proteins for degradation.
Perhaps Cort affects some aspects of Tra/Tra2 activity such as subcellular
localization. We took advantage of the GFP-tra construct to look at the localization of
Tra protein. Tra localization has not been examined before. However knowing that Tra is
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Figure 4.7. Cort does not affect Tra or Tra2 protein levels or localization
Western blots of larvae (A) or whole flies (B) expressing GFP-Tra alone or with HACort. (C) Western blot of larvae expressing Myc-Tra2 alone or with HA-Cort. Myc-Tra2
levels are not affected by the presence of HA-Cort. Wing disc dissected from GFPtra/rn-Gal4 (D) or GFP-tra;HA-cort/rn-Gal4 (E) and stained for DNA, showing GFPTra localization (green) in the merged picture and separately in grey scale below. Wing
disc dissected from Myc-tra2/en-Gal4 (F) or from Myc-tra2/en-Gal4; HA-cort (G) and
stained for DNA showing Myc-Tra2 localization. Localization of either GFP-Tra or
Myc-Tra2 is not affected by the coexpression of HA-Cort.
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a splicing factor we would expect it to localize and function in the nucleus. We expressed
GFP-tra in the wing blade region using rn-Gal4, then dissected wing discs from third
instar larvae. As expected we found that GFP-Tra localizes as speckles inside the nucleus
(Figure 4.7D). To determine if the mis-expression of HA-Cort affects GFP-Tra
localization, we coexpressed HA-Cort with GFP-Tra. We did not see a difference in
GFP-Tra localization when HA-Cort is coexpressed, (Figure 4.7E). We also looked at
the localization of Myc-Tra2 in the wing disc expressed using en-Gal4 (Figure 4.7F),
and compared it to its localization when HA-Cort was coexpressed (Figure 4.7G).
Similar to our results with the localization of GFP-Tra, the expression of HA-Cort did not
affect the localization of Myc-Tra2. In summary our genetic and splicing data argue that
Cort acts at the level of Tra/Tra2 in the sex determination pathway, though apparently not
by directly targeting either protein for destruction, and not by affecting protein
localization.

Maternal Cort is important to regulate zygotic sex determination
Expression of the Cort protein is very strictly controlled, being expressed in the
female germline and subject to degradation in early embryos (Pesin and Orr-Weaver,
2007). If APC/CCort is to have some function in regulating Tra/Tra2 activity it must be in
this specific context. Tra and Tra2 proteins are expressed in the female germline and are
thought not to have any function at this stage (Fisher, 2012; Marsh and Wieschaus, 1978;
Schupbach, 1982). Interestingly, a recent paper showed that Tra could directly promote
Sxl splicing and thereby contribute to initiating or maintaining the Sxl positive feedback
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loop (Siera and Cline, 2008). They also found evidence that even maternally expressed
Tra was capable of at least weakly initiating the Sxl positive feedback loop. These
findings suggest that maternal Tra activity must be tightly regulated to prevent male
embryos from initiating the Sxl positive feedback loop. This premature Sxl production –if
it happens- could be detrimental for male viability and sex determination. Based on these
recent findings and combined with our genetic results showing that Cort interferes with
Tra/Tra2 function, we hypothesized that Cort has a biological role in regulating maternal
Tra/Tra2 activity to prevent premature activation of Sxl. To test this hypothesis we
wanted to see how the loss of Cort maternally could affect the zygotic decision of sex
determination. If Cort normally regulates maternal Tra/Tra2 to prevent the premature
production of Sxl protein, we predicted that the loss of cort might have deleterious effects
on male sexual morphology and viability. cort null flies are viable but females lay eggs
that arrest terminally in meiosis (Lieberfarb et al., 1996; Page and Orr-Weaver, 1996;
Schupbach and Wieschaus, 1989). To overcome the requirement for cort in meiosis, we
required a conditional allele of cort that could permit completion of meiosis but that
could not affect sex determination. Fortunately HA-CortIR appeared to afford us this
possibility. HA-CortIR did not cause sex transformation when expressed ubiquitously, as
described earlier (Figure 4.6). However, we found that HA-CortIR retains some activity
with respect to its cell cycle role – partially rescuing the sterility and meiotic arrest of
cort mutants (data not shown but see below). Therefore, we generated cort mutant
females, carrying a copy of HA-cortIR and driven by the germline driver, nanos-Gal4. We
will subsequently refer to these as cort-/-;cortIR females. Under these genetic conditions
we did indeed find some effect on male progeny, in which 1% (n=320) of them had
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abnormal or missing genitalia (see below). Because of the low penetrance of this
phenotype, we tried to enhance it by sensitizing the genetic background. We crossed
these cort-/-;cortIR females to males that have an extra copy of the Sxl gene carried on the
Y chromosome (Dp(1;Y)ct[+]y[+]). In this sensitized genetic background, we found that
10% (n=330) of males had abnormal external genitalia. Typically, these abnormal males
lack both male external genitalia and analia (Figure 4.8 A-D). Some had abnormal
female-looking genitalia (Figure 4.8E), or very rarely they had normal-looking female
genitalia (Figure 4.8F). Control males resulting from mothers heterozygous for cort and
expressing HA-cortIR (cort+/-; cortIR) crossed to males with an extra Sxl copy, or from
wild type females crossed to males with an extra Sxl copy, had normal male genital
appearance (n=450 and 350, respectively), which rules out that this phenotype is due to
CortIR overexpression, or due to extra Sxl dose. Furthermore, this result was replicated
when cort-/-;cortIR females were crossed to males having an extra Sxl copy carried on the
3rd chromosome (Dp(1:3)Dc490). In this case 6.5% of males (n=76) had abnormal
genitalia.
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Figure 4.8. Loss of maternal cort affects their male progeny sexual characteristics
Wild type male side view showing normal dark abdominal pigmentation (arrow) (A) and
male distinctive genitalia (B). Male progeny of mothers of cortQw/cortRH; HA-cortIR/nosGal4 showing normal pigmentation (arrow) (C) and either missing male genitalia and
analia (D), or having abnormal looking female genitalia (E), or very rarely normallooking female genitalia (F). (G) RT-PCR analysis on adult samples using Sxl common
primers showing both male and female spliceforms (top gel) or using Sxl female specific
primers showing only the female spliceform (bottom gel). Lane 1, male progeny of wild
type females crossed to males with Dp(1;Y)ct[+]y[+] (a Sxl duplication); lane 2, female
progeny of wild type females crossed to males with extra Sxl gene copy; lanes 3 and5
(different samples ran on different gels), male progeny of cort heterozygous females
expressing HA-cortIR under nos-Gal4 driver crossed to males with Dp(1;Y)ct[+]y[+];
lanes 4 and 6 (different samples ran on different gels), male progeny of cort mutant
females crossed to males with Dp(1;Y)ct[+]y[+]. Samples 5 and 6 in the bottom gel
represent a PCR re-amplification of a first PCR, taking 10% of the first PCR product as a
template.
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In our model, the loss of maternal cort leads to excess Tra activity, leading to
inappropriate initiation of Sxl expression in male embryos. Given that Sxl expression is
lethal in males (due to its role in dosage compensation) we may therefore expect to see
some lethality in male progeny from these females. Results using Dp(1;Y)ct[+]y[+]
showed 30% reduction of male viability compared to control males. However, this effect
on viability is not supported with results using Sxl Dp(1;3) (data not shown).Therefore
we do not have enough evidence to say that male viability is affected when cort is
compromised.
The loss or the reduction of maternal cort affects some aspects of sexual
development of their male progeny. This either stems from premature activation of Sxl as
our model predicts, but it could also be an effect on male specific development
independent of sex determination. To distinguish between those two possibilities, we
performed RT-PCR for Sxl to see if its splicing is affected. Control males and females
resulting from wild type females crossed to males with a Sxl duplication, as expected,
showed only Sxl male and female spliceforms, respectively (Figure 4.8G, lanes 1,2).
Similarly, males resulting from cort+/-;cortIR females crossed to Dp(1;Y)ct[+]y[+]males
have only the Sxl male spliceform (Figure 4.8G, lane 3, 5). However we found that the
male progeny of cort-/-;cortIR have both male and female Sxl spliceforms (Figure 4.8G,
lane 4, 6), which confirms that those males are indeed sex transformed. In conclusion,
we have strong evidence for a biological role of maternal Cort in the zygotic sex
determination decision, possibly by inhibiting maternal Tra/Tra2 activity.
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DISCUSION
The Anaphase Promoting Complex plays a central role in mitosis and in meiosis
in all eukaryotes, and its major activators, Fzy/Cdc20 and Fzr/Cdh1 have remarkably
conserved roles in anaphase and G1 respectively. Cort is a distant relative of these
APC/C activators that appears to be only necessary during meiosis in Drosophila
females. APC/CCort plays an important role as a cell cycle regulator in both meiosis
divisions, where it is necessary for cyclin and Securin destruction, and completion of
meiosis (Lieberfarb et al., 1996; Page and Orr-Weaver, 1996; Pesin and Orr-Weaver,
2007; Swan et al., 2005; Swan and Schupbach, 2007). Cort also seems to play cell cycleindependent roles in translational control of early embryonic patterning genes, and in
transcript destabilization at midblastula stage of embryogenesis (Lieberfarb et al., 1996;
Tadros et al., 2003). How Cort affects these processes is not known. The expression of
Cort is interesting in that it is tightly regulated at the transcriptional, translational and
protein stability levels. Cort is expressed late in oogenesis and its mRNA is deadenylated
and consequently transnationally repressed in the early embryo, while Cort protein
disappears within two hours of embryogenesis, presumably by APC/CFzy-dependent
degradation (Pesin and Orr-Weaver, 2007). In this study we were interested to know the
significance of this restricted expression of Cort in the germline. We find the
misexpression of Cort outside the female germline affects female sexual development
and transforms them to intersex. The gain-of-function phenotype observed upon Cort
misexpression appears to reflect a real biological role for Cort in sex determination,
because females lacking cort sex determination activity produce male progeny that are
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partially transformed to females. This latter finding argues that Cort indeed has a
biological function in deciding a fly’s sex.
Cort acts at the level of Tra/Tra2
The splicing analysis suggests that Cort misexpression acts upstream of dsx and
fru splicing, and downstream of tra splicing. This is supported by our genetic epistasis
experiments using tra female specific transgenes (traf) where we found that the
expression of traf -either using a heat-shock promoter or a UAS-promoter suppresses the
UAS-HA-cort phenotype. Interestingly, we find that the latter transgene has more ability
to suppress the phenotype, which might be either due to a higher expression of Tra
protein, or to a more ubiquitous expression of UAS-tra under da-Gal4 driver using this
approach compared to the heat shock tra transgene. However, with either transgene we
see an incomplete epistasis, and therefore Cort has some ability to influence sex
determination even in the presence of female spliced tra. If Cort acted to inhibit tra
splicing, for example by inhibiting Sxl activity, we would expect that traf would be
completely epistatic to HA-cort. On the other hand, if Cort acts to inhibit Tra/Tra2
activity, increasing overall Tra or Tra2 levels may be expected to suppress partially Cort
phenotype. Our conclusion is that Cort acts at the level of Tra/Tra2 activity. This is
further supported by the genetic enhancement experiments, where reducing half of tra or
tra2 gene dose results in a significant enhancement of sex transformation caused by a
weak transgene of cort.
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In contrast to the effect of traf, expression of a female specific Sxl only mildly
suppressed the transformation of females to males by HA-Cort. Furthermore, reducing
one copy of Sxl does not enhance the transformation phenotype. Overall these findings
support our conclusion that Cort acts at the level of Tra activity in the sex determination
pathway. Why then would Sxlf even weakly suppress the transformation caused by HACort expression? The weak suppression we see when Sxl is overexpressed could result
from increased efficiency of tra splicing in the presence of excess Sxl protein. It is known
that tra splicing is normally only 50% efficient in females (Boggs et al., 1987). Sxl
competes with the general splicing factor U2AF for binding to tra pre-mRNA (Salz and
Erickson, 2010). Maybe the overexpression of Sxl causes less U2AF binding which leads
to more production of traf spliceform and subsequently results in the production of more
Tra protein.

Cort inhibits Tra/Tra2 as part of the APC/C
Two complementary approaches were used to show that APC/C function is
necessary for HA-Cort mediated sex transformation. First, by expressing a mutant form
of cort that lacks the IR motif, two conserved amino acids that have been implicated in
mediating the interaction between the APC/C activators Cdh1 and Cdc20 with the APC/C
subunit Cdc27 (Chu et al., 2001; Vodermaier et al., 2003). Second, using RNAi against
the APC/C subunit Cdc23. The complete suppression of the HA-Cort-dependent sex
transformation by deleting the IR motif was quite surprising, because we expected that
CortIR should be still able to interact with the APC/C through the C-box motif, the other
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motif that mediates the interaction with APC2 subunit (Thornton et al., 2006). Therefore,
it seems that disrupting the interaction between Cort and the APC/C by deleting the IR
motif is sufficient to abolish Cort ability in causing sex transformation. It will be
interesting to investigate the requirement of the C-box in Cort -mediated sex
transformation by making a C-box mutant version of Cort and testing its ability to
suppress the sex transformation.

We showed that Cort-APC/C interaction is necessary to cause sex transformation
by HA-Cort. Therefore, APC/CCort may affect sex determination by ubiquitinating a
specific protein in the sex determination pathway – possibly leading to its degradation by
the 26S proteasome. Given our evidence that Cort acts at the level of Tra, we expected
that either Tra or its partner Tra2 would be the most likely candidates. Our negative
results showing no effect on GFP-Tra or Myc-Tra2 overall levels clearly demonstrates
that APC/CCort does not affect the stability of these proteins, but it does not rule out that
Cort may affect these proteins by a different mechanism. Our GFP-tra transgene and the
Myc-tra2 transgene are transcribed under UAS control and they lack the 3’UTR
necessary for translational control, which make them invulnerable to any possible Cort
effect at both transcriptional and translational levels. To test if Cort affects Tra/Tra2
levels through protein degradation independent mechanisms, we made a tagged version
of tra (g-Flag-tra) to be expressed under its own genomic promoter and with its complete
5’ and 3’ UTR sequences. This transgene has been sent for injection in order to make
transgenic flies. We also obtained a similar tagged genomic Flag-tra2 transgenic
construct that expresses Tra2 under tra2 endogenous promoter (Dauwalder and Mattox,
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1998). Co-expressing these transgenes with HA-cort will tell us if Cort has any effect on
the transcription or the translation of tra or tra2. Given that Cort has a known, though
poorly understood, role in translational regulation in the early embryo (Lieberfarb et al.,
1996), it is possible that Cort also affects Tra or Tra2 protein levels by affecting their
translation. There are other possibilities to explain how Cort causes sex transformation.
Cort could bind to Tra or Tra2 protein leading to disrupting the interaction between them,
or this direct binding might otherwise inhibit their activity. Another possibility could be
that Cort ubiquitinates one of these proteins, but this ubiquitination does not lead to
degradation; rather it might causes dissociation from the complex or inhibition of its
activity.
We also cannot dismiss the possibility that Cort targets another protein that affects
the activity of both Tra and Tra2. The protein kinase Darkner of apricot (Doa) has been
shown to play important role in Drosophila sex determination, acting at the same level of
Tra and Tra2 proteins (Du et al., 1998). Doa can phosphorylate Tra and Tra2 and other
splicing factors in-vitro, and this phosphorylation seems important for their activity invivo. Therefore, Doa appears as a candidate to be targeted by Cort. However, we did see
only a weak genetic enhancement of the transformation phenotype when we reduced one
copy of Doa (data not shown). We tried to test if the overexpression of Doa using a UASDoa transgene would suppress the HA-Cort phenotype. However, the ubiquitous
overexpression of Doa caused, as reported (Kpebe and Rabinow, 2008), early lethality,
preventing us from performing experiment (data not shown). We also tested genetically if
the reduction of one copy of other SR splicing factors would enhance Cort mediated sex
transformation. However, our results of reducing one copy of x16, Rbp1 or sf2 showed
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weak (in all of them) enhancements of the HA-Cort phenotype (data not shown), which
makes them not favorable candidates to be targeted by APC/CCort.

Maternal role of APC/CCort in regulating zygotic sex determination
We find that the loss of maternal cort in the germline affects the sex fate of the
male progeny. This is opposite to what we have seen with the misexpression of Cort
zygotically, where it affects sex fate of females. Based on these two results and combined
with our genetic results showing that Cort acts at the level of Tra/Tra2 activity in addition
to requirement of Cort-APC/C interaction, we propose a model to explain the role of Cort
in sex determination. Our model proposes that APC/CCort plays an important role in sex
determination by regulating maternal Tra/Tra2 activity to prevent the premature
activation of Sxl (Figure 4.9).
Why would the regulation maternal Tra/Tra2 activity be important in the sex
determination decision? It has been long thought that maternal Tra and Tra2 have no role
in the somatic sex determination since elimination of these proteins from the germline did
not cause a zygotic phenotype (Marsh and Wieschaus, 1978; Schupbach, 1982). These
results led to the conclusion that Tra/Tra2 activity is exclusively important in the soma.
However, a recent paper from the Cline lab uncovered a surprising role of Tra in
promoting Sxl splicing (Siera and Cline, 2008). This reciprocal feedback loop was
discovered in a sensitized genetic background where the ability of Sxl to autoregulate is
compromised. This results in a reduced female viability and loss of female ovaries in the
escapers. They showed that the overexpression of Tra zygotically could rescue this
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Figure 4.9. Model for the APC/CCort in sex determination
In Drosophila and in other Diptera, maternally expressed APC/CCort inhibits Tra activity.
In Drosophila, this protects against Tra-mediated splicing of Sxl transcript in the early
embryo resulting in the induction of the Sxl auto-postive feedback loop and consequent
transformation of XY embryos to the female fate. In other Diptera, APC/CCort activity
protects against Tra-mediated splicing of its own transcript, leading to promotion of the
female fate
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phenotype, and even the overexpression of Tra maternally could also rescue –at least
weakly- the phenotype. This suggested novel regulation between Tra and Sxl raises the
issue that the uncontrolled activity of Tra might lead to premature activation of Sxl. This
could lead subsequently to deleterious effects on male sexual development and viability.
Therefore, we propose that the regulation of the maternal Tra activity by APC/CCort
protects from the early activation of Sxl in embryos. To strengthen our model we need to
find the mechanism explaining how Cort controls Tra activity.

Evolutionary implications of APC/CCort regulation of Tra/Tra2
The regulation of maternal Tra/Tra2 activity by Cort might have evolutionary
importance. In all studied Diptera species except Drosophila, Tra occupies the top
position in the sex determination hierarchy (Figure 4.9), and Sxl does not seem to have
any role in sex determination (Hediger et al., 2010; Pane et al., 2002; also reviewed in
Saccone et al., 2011; Verhulst et al., 2010). Tra, in these insects, has the ability to
regulate its own splicing to keep producing its own protein. Interestingly, recent findings
in the medfly C. capitata, house fly M. domestica and in other insects showed some
evidence for a positive role of maternal Tra protein in promoting the female fate (Hediger
et al., 2010; Lagos et al., 2007; Pane et al., 2002). They proposed that this maternally
deposited Tra protein could be important for the initiation of tra autoregulatory loop
(Figure 4.9). An interesting question arising from these findings is how the male progeny
are protected from this activity of maternal Tra? It has been suggested that there is a
dominant male-determining (M) factor –possibly coming from the Y chromosome- that
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inhibits female development by antagonizing Tra activity by unknown mechanism (Pane
et al., 2002). This antagonism prevents the initiation of the tra autoregulatory loop and
thus promotes male development. However, it is not known if there are other mechanisms
that also contribute to the regulation of Tra activity. Therefore, based on our results of the
maternal role of Cort in controlling Tra activity in Drosophila, we predict that in these
other Diptera species, maternal Cort protects against the activity of maternal Tra protein.
Maternal Tra protein could promote the productive splicing of tra transcripts in both
female and male embryos. The result would be the transformation of all male embryos to
a female fate.
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Materials and methods
Fly stocks and husbandry
The following fly stocks were used in this chapter: UASp-HA-cort3,7; UASp-HA-cort4
and UASp-HA-cort9 are independent insertion lines of HA tagged wild type cort that
have different expression strengths (Swan and Schupbach, 2007). HA-cort3,7 has two
independent insertions and it was used in most experiments except otherwise indicated.
Hs-traf (Waterbury et al., 1999), UASp-Sxlf (T. Cline, unpublished), UASt-Myc-tra2 (Qi
et al., 2006), UASt-GFP (obtained from S. Campbell, University of Alberta), UAStCdc23RNAi (Vienna Drosophila RNAi Center (VDRC), stock # 52280), used in
(Neumuller et al., 2011) and an identical construct carried on a different chromosome
(VDRC # 52279) was also used in (Buttitta et al., 2010). The following mutant stocks
were used in this chapter: tra1, Df(3L)st-j7 (a deficiency including a deletion of where
tra), tra2B were obtained from the Bloomington Drosophila Stock Center (BDSC),
Sxlf1(obtained from V. Meller, Wayne State university), cortRH65, and cortQW55
(Schupbach and Wieschaus, 1989). To make the sensitized genetic background of extra
Sxl dose, the following stocks were used: Dp(1;Y)ct[+]y[+] and Dp(1:3)Dc490. The
following Gal4 drivers were used in this chapter: da-Gal4, act-Gal4, en-Gal4, nanosGal4, rn-Gal4 and elav-Gal4 (BDSC). tub-gal80ts, used to conditionally reduce Gal4
expression, was also obtained from BDSC. All crosses were carried out at 25οC except
otherwise indicated. Temperature shift experiment using Gal80ts was done at 22οC
(permissive temperature) for 3-5 days, then shifted to 29οC (restrictive temperature) until
3rd instar larvae were used.
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Generation of Transgenic lines
UASp-HA-cortIR was made by amplifying cort genomic sequence lacking the last 6
nucleotides (IR tail) by PCR, followed by cloning into a pUASp vector with 2X
hemaglutin (HA) tag at the N-terminus. UASp-cort (untagged) was made following
Gateway recombination method. In summery, cort genomic sequence was amplified by
PCR with primers having the attB recombination sites, followed by cloning into
pDONR221 (Invitrogen) using BP clonase (Invitogen). The resulting pENTRY vector
was recombined with a pUASp destination vector (pPW) (Drosophila Genomics
Resource Center (DGRC)) using LR Clonase (Invitrogen). UASp-GFP-traf construct was
also made following Gateway method. tra female specific transcript (∼600 bp) was
amplified by PCR from a cDNA made from whole female extracts, followed by cloning
into pDONR221, then pENTRY was recombined with a pUASp destination vector
having N-terminal GFP (pPGW) (DGRC). All PCR products were sent for sequencing
(Robarts Research institute, London, Canada) to make sure no PCR errors were made.
Plasmid Constructs were then sent for injection into the Drosophila genome (Genetic
Services Inc, MA, USA).

RNA extraction, cDNA synthesis and RT-PCR
RNA was extracted from whole flies (5-20) or from fly heads (60-80) using a
combination of TRIzol (Invitrogen) and RNeasy mini kit (Qiagen). cDNA was
synthesized using SuperScript III First-Strand Synthesis SuperMix (Invitrogen). RT-PCR
analysis for Sxl was done using either a “common” primer pair that can amplify both the
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male and the female spliceform (female form is shorter than the male form), or using Sxl
female-specific probes. For tra splicing, common primers that can amplify both the male
and the female isoforms was used. dsx and fru RT-PCR was made using primers that
recognize specifically the male or the female spliceform.

Western blotting
Whole fly or 3rd instar larvae extracts were prepared in 2x sample buffer, boiled for 5
minutes, then loaded into SDS polyacrylamide gel. The proteins were then transferred to
nitrocellulose membrane and probed with the following antibodies: rabbit anti-PSTAIRE
(Santa Cruz) at 1:1000, mouse anti-Actin (Developmental Studies Hybridoma Bank) at
1:500, rat anti-HA (Roche Applied Science) at 1/1000, rabbit anti-GFP (Torrey Pines) at
1/2000 and mouse anti-Myc (Developmental Studies Hybridoma Bank) at 1/500.

Immunofluorescence
Wing imaginal discs of 3rd instar larvae were fixed in 4% formaldehyde in PBST for 30
minutes, treated with RNase A (Invitrogen), then stained for DNA with Oligreen
(Invitrogen). Images were taken with an Olympus FluoView FV1000 laser scanning
confocal microscope.
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Light microscopy,SEM and sex comb quantification
Transmitted light mages of flies were taken using Dino-lite digital microscope (AnMo
Electronics Corporation). Scanning electron microscopy pictures were taken using
Quanta 200 FEG (FEI) environmental SEM, low vacuum mode. For Sex comb
quantification: legs were dissected from fly adults and mounted in 90% glycerol, then
examined under light transmitted microscope. For quantification we counted the number
of sex combs in each genotype. In addition to counting the number of hairs in the sex
comb, we also quantified the quality of the sex comb was developed. Each hair in the sex
comb was assigned either a score of 0.5 or 1 based on the quality of the hair. If the hair
was thick and rounded at the end, it received a score of 1. If the hair was straight and
pointed, it received a score of 0.5.
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Chapter Five
Conclusions and future directions
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In this thesis, I investigated the regulation of the Anaphase promoting
Complex/Cyclosome (APC/C) in Drosophila female meiosis. APC/C has a wellestablished role in mitosis as an E3 ubiquitin ligase that target cyclins, the Separase
inhibitor Securin/Pim, and other substrates for destruction by the 26S proteasome. The
degradation of these substrates is pivotal for progression of the cell cycle and for the
survival of the organism in general.
The tight regulation of the APC/C is important to ensure that the destruction of
substrates occurs at the right time and place. APC/C is activated by binding to its
activator Cdc20/Fzy at early mitosis, and to Cdh1/Fzr at late mitosis and throughout G1.
On the other hand, APC/C is inhibited by Emi1 in G2 and by the Spindle Assembly
Checkpoint (SAC) in early mitosis.
The regulation of the APC/C in meiosis is less understood. Meiosis involves two
divisions without DNA replication in between. The homologous chromosomes segregate
in meiosis I, while the sister chromatids segregate in meiosis II. This complexity of
meiosis required modifying APC/C role and the way it is regulated.
In chapter 2, I investigated the role of SAC in regulating APC/CFzy activity and
chromosome segregation in Drosophila meiosis. I found that the loss of SAC did not
affect the two main targets of APC/C activity, Cyclin B and Securin. These results
suggest that SAC in Drosophila does not play a key role in regulating APC/C activity,
and that the regulation of APC/C activity may depend on other mechanisms.
These findings are quite surprising because SAC has been shown to be important
in regulating APC/C activity in all studied higher eukaryotes. The role of SAC in
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Xenopus meiosis has been recently investigated, and it was found that SAC does not act
as a checkpoint regulating chromosome segregation in these non-mammalian vertebrates
(Shao et al., 2013). Therefore, while SAC plays an essential role in controlling the
fidelity of chromosome segregation during meiosis in many organisms, in Xenopus SAC
seems not necessary at all, while in Drosophila female meiosis SAC seems to be
important for regulating APC/C-independent processes. It will be interesting to study
other candidate inhibitors, for instance Rca1/Emi1 in regulating APC/C activity in
Drosophila female meiosis.
In chapter 3, I investigated the requirement of Pim degradation in the segregation
of chromosomes during meiosis divisions. I found that the stabilization of Pim did not
prevent the segregation of either the homologous chromosomes at meiosis I or the sister
chromatids at meiosis II. In contrast to the weak effect on meiosis, stabilization of Pim
caused an early mitotic arrest in the embryo. These results showed a striking contrast of
the significance of Pim destruction on chromosome segregation between meiosis and
mitosis in Drosophila.
Securin is considered the main regulator of Separase activity in all studied
eukaryotes. However, Separase is also regulated by inhibitory Cdk1 phosphorylation or
binding in many organisms. Therefore, it is possible that Cdk1 play an essential role in
inhibiting Separase activity in Drosophila meiosis. This suggested regulatory mechanism
can be tested by expressing non-degradable cyclins and studying their effects by
monitoring chromosome and sister chromatid segregations during both meiosis divisions.
There is some evidence to support the requirement of cyclin destruction on relieving
Separase inhibition as it has been shown that stabilization of Cyclin B in meiosis leads to
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meiosis arrest and inhibits the segregation of chromosomes in Drosophila female meiosis
(Swan and Schupbach, 2007).

In chapter 4, I investigated the significance of Cort restricted expression in the
germline. I found that the misexpression of Cort outside the germline leads, surprisingly,
to sex transformation of females toward the male fate. This led us to uncover an
important role of maternal Cort in promoting male sexual development, possibly by
inhibiting Tra/Tra2 activity. It remains to be determined how Cort affect Tra/Tra2 in this
process.
The long-term objective of research in the Swan lab is to identify substrates that
are targeted by the APC/C in meiosis. Right now the list of possible candidates, based on
their elevated levels when APC/C activity is compromised, are cyclins and Securin. We
hypothesize that the requirement of two APC/C activators in Drosophila meiosis suggests
that APC/CFzy targets different substrates than APC/CCort. It is also possible that some of
these substrates are only required in meiosis. Therefore, finding these substrates will
enhance our understanding about the regulation of meiosis in general, and may discover
novel roles of the APC/C in meiosis.
The effort of finding APC/C substrates has been hampered by the fact that
substrates interact very transiently with the APC/C during the ubiquitination process, and
then are degraded rapidly by the proteasome. Therefore, it is hard to identify them by
simple coimmunoprecipitation. However, recent findings showed that APC/C uses
preferentially Lysine 11 of ubiquitin to build K11-specific chains on its substrates (Jin et
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al., 2008; Williamson et al., 2009; Wu et al., 2010). APC/C substrates decorated with K11 chains were targeted more efficiently for degradation rather than substrates decorated
with different Lysine chains (Jin et al., 2008). Taking advantage of this important
discovery, we made different Flag epitope-tagged mutant ubiquitin transgenes. We made
transgenes to express ubiquitin substituting K11 for Arginine (K11R), or with all Lysines
mutated except K11 (K11only), or with all Lysines mutated (Kfree). In addition to these
mutants we made a similar wild type ubiquitin (Kwt) transgene. We expected that these
mutant ubiquitins would have different abilities to form polyubiquitin chains on
substrates. We expected for instance that K11 ubiquitin would be mainly used by APC/C
substrates. K11R on the other hand should be used by all substrates except APC/C
specific ones, while K-free should act as terminator ubiquitin. These transgenes are being
tested and our initial observation is that they have, as expected, different abilities to form
polyubiquitin chains (O.B, R. Mechael, E. Fifield and A.S, unpublished). These
transgenes can be used to identify new substrates of the APC/C and can be also used to
test some candidate substrates such as Tra or Tra2. With these approaches we hope to be
able to find new substrates for the APC/C that could help us to better understanding its
role in meiosis and might lead to discover novel roles for this protein-destruction
machine.
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