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ABSTRACT

Sister-chromatid cohesion is maintained by Cohesin complex. Separase releases
the cohesion through the cleavage of the kleisin subunit of Cohesin complex. Separase is
regulated by its inhibitor, Securin/Pim. These processes are well studied in mitosis but
little is known for meiosis. | found that Separase is required for the proper separation of
homologous chromosomes and sister chromatids in Drosophila meiosis. Its function is
inhibited by Securin/Pim during the process. | showed that the common kleisin subunit,
Rad21, is not likely to be the meiotic target of Separase and that Rad21 and another
common Cohesin component, SMC3/CAP, does not contribute to sister-chromatid
cohesion in meiosis. Therefore Drosophila meiosis may use novel protein(s) to mediate
cohesion. I also found that Rad21 contributes to the sister-chromatid cohesion in the polar
body and Separase is responsible for the release of this cohesion at the arm region under

the control of Securin/Pim.
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Chapter 1. Introduction
1.1 Regulation of DNA segregation

Unlike mitosis in which segregation of replicated DNA happens only once and
generates two identical diploid daughter cells, eukaryotes generating progeny by sexual
reproduction undergo a specific cell division, meiosis, during which the genomic DNA
replicates once and then undergoes two successive rounds of DNA segregation to
generate four haploid nuclei (Petronczki, et al. 2003). Each of the haploid nuclei contains
a single set of chromosomes that are slightly different from each other because of
homologous recombination (Petronczki, et al. 2003). The separation of genomic
information during both mitosis and meiosis needs to be regulated precisely or otherwise
it will generate various problems such as aneuploidy, cancer, birth defects or even death
(Jallepalli and Lengauer, 2001). It is hoped that with a better understanding of the
molecular mechanism underlying DNA separation and its regulation, we will be able to

reduce the likeliness that such errors will occur.

It is known that following DNA replication sister chromatids are held together
throughout G2 until anaphase by a protein complex, Cohesin (Nasmyth and Haering,
2009). This complex is composed by four subunits: Structural Maintenance of

Chromosomes 1 (SMC1), SMC3, Sister-chromatid cohesion 3 (Scc3) and a kleisin

subunit which is Scc1/Rad21 in mitosis but Rec8 in meiosis (Michaelis, et al. 1997;
Guacci, et al. 1997; Molnar, et al. 1995). Among the four subunits, SMC1 and SMC3 are
coiled coil proteins and they form a ring-like backbone structure that is locked by a

kleisin subunit along with the binding of ATP (Anderson, et al. 2002; Haering, et al. 2002;

Nasmyth and Haering, 2009). The fourth subunit, Scc3, does not contribute to the ring



structure of Cohesin complex but it physically attaches to the kleisin subunit (Fig 1;
Haering, et al. 2002). Although the structure of Cohesin complex has been solved as
described, how it associates with sister chromatids in order to bind them together is still
under debate (Nasmyth and Haering, 2009). The Cohesin complex stably loads onto
chromosomes during DNA replication in S phase (Gerlich, et al. 2006). This interaction
between Cohesin and DNA contributes to the cohesion between sister chromatids
(Haering, et al. 2004). The cohesive force, especially at the centromeric regions, is
necessary to ensure the biorientation in metaphase and the proper segregation of one
replicated chromatid into each daughter cell (Tessie, et al. 2009).

In yeast mitosis, the cohesion between sister chromatids is maintained until the
metaphase to anaphase transition, when Cohesin complex is cleaved by a cysteine
protease named Separase on both arm and the centromeric regions of chromosomes
(Uhlmann, et al. 2000; Gutierrez-Caballero, et al. 2012). In the mitosis of higher
eukaryotes, this process is completed through two independent pathways: the prophase
pathway and the anaphase pathway (Waizenegger, et al. 2000). In the prophase pathway
which occurs in prophase and prometaphase, a large amount but not all of the Cohesin
complexes on chromosome arms are removed (Waizenegger, et al. 2000; Nishiyama, et al.
2013). This non-cleavage release of Cohesin is triggered by phosphorylation of either
Stromal Antigen (SA) or Sororin by Polo-like Kinase 1 (Plk1) and Aurora B respectively
(Fig 1A and 1B; Hauf, et al. 2005; Nishiyama, et al. 2013). SA is an ortholog of Scc3 in
higher eukaryotes (Losada, A. et al. 2000). Sororin is an inhibitor for the Cohesin release
factor Wings Apart-like Protein (Wapl) and gets inhibited by phosphorylation (Fig 1B;
Nishivama, et al. 2010; Gandhi, et al. 2006 ). The remaining Cohesin complexes, mainly

at the centromeric regions, are then cleaved by Separase at Sccl subunit within 1 minute
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Fig 1. Mechanisms underlying Cohesin complex disassembly during mitosis and meiosis.
(A and B) The two mechanisms in prophase pathway to release Cohesin complex from
chromosome arms in mitosis, during which Shugoshin and PP2A prevent the
phosphorylation of SA subunit (A) and Sororin (B) at centromeric region. (C and D)
Separase cleaves Cohesin at the kleisin subunit which is Sccl in mitosis (C) but Rec8 in
meiosis (D): (C) Cleavage of Sccl is facilitated by its phosphorylation in mitosis. (D)
Phosphorylation of Rec8 is a requirement for Separase cleavage during meiosis and
Shugoshin together with PP2A protect centromeric Cohesin from Separase cleavage by
antagonizing the phosphorylation process during the first round of meiosis. (Thicker
arrow means this molecular pathway is preferred).



of anaphase onset, via the anaphase pathway (Waizenegger, et al. 2000; Yaakov, et al.
2012). In both yeast and human cells, cleavage of the Sccl subunit of Cohesin by
Separase is facilitated by PIk1 dependent phosphorylation on Sccl (Fig 1C; Hornig and
Uhlmann, 2004; Hauf, et al. 2005). Only after the removal of Cohesin on both arms and
the centromeric regions of chromosomes are sister chromatids able to separate from each
other and segregate into two daughter cells.

Compared to mitosis, meiosis is more intricate not only because it has two
successive rounds of DNA segregation but homologous chromosome recombination after
DNA replication further increases the complexity of the process (Nasmyth, 2001). During
early stages of prophase I, homologous chromosomes are loosely paired with each other
by a mechanism that is still not fully understood (McKee, 2004; Zhang, et al. 2014). This
weak connection is then strengthened by the formation of synaptonemal complexes (SC)
between homologous chromosomes in zygotene and patchtene (Schmekel and Daneholt,
1995). The SC is composed of three categories of subunits: lateral elements (LES),
transverse filaments (TFs) and central elements (CEs) (Heyting, 1996). During synapsis,
LEs arranged along the side of each homologous chromosome are joined together to a
single line of CEs in the middle of the two homologues through TFs as bridges between
LEs and CEs (Fraune, et al. 2012). Synapsis is important for DNA double strand break
(DSB) initiated crossover between sister chromatids from each homologue pair and it is
the crossover that leads to DNA recombination and finally the formation of chiasmata
(Jang, et al. 2003; Mehrotra and McKim, 2006). After this point until metaphase I,
homologous chromosomes are held together by a combination effect of both chiasmata
formation and sister-chromatid cohesion (Buonomo, et al. 2000). Since SCs are

dissembled at the end of prophase, they do not contribute to the connections between
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homologous chromosomes in metaphase (Schmekel and Daneholt, 1995). Later during
the metaphase | to anaphase I transition, the Rec8 subunit of Cohesin complexes on the
chromosome arms is cleaved by Separase after being phosphorylated by Casein Kinase 1
(CK1) and Dbf4-dependent Cdc7 Kinase (DDK) during prophase (Fig 1D; Katis, et al.
2010). This cleavage leads to the disassembly of Cohesin complexes and the separation of
homologous chromosomes but not sister chromatids in the first round of meiosis (Kudo,
et al. 2006). Then in the next round, from metaphase Il to anaphase Il, centromeric
Cohesin complexes are phosphorylated and cleaved to release sister chromatids that are
separated into haploid nuclei at the end of meiosis (Sakuno and Watanabe, 2009).

During the time that Cohesin complexes are removed from chromosome arms
through either prophase pathway in mitosis or cleavage dependent pathway in meiosis,
the centromeric Cohesin complexes are protected by a protein called Shugoshin (Kitajima,
et al. 2004). Shugoshin works together with Protein Phosphatase 2A (PP2A) to protect
SA, Sororin or Rec8 at the centromeric region from phosphorylation, thereby preventing
Cohesin release during either mitosis or meiosis (Fig 1A, 1B and 1D; Kitajima, et al.
2006; Nishiyama, et al. 2013; Gutierrez-Caballero, et al. 2012). This protection is relieved
by a mechanism that is not fully understood in order to expose the remaining Cohesin
complexes to Separase, so that sister chromatids are able to completely separate from
each other.

As a critical element in regulating DNA separation in both mitosis and meiosis,
Separase needs to be precisely regulated. It is now known that Separase is inhibited
before activation by the binding of either Securin or Cyclin B (CycB) -Cyclin Dependent
Kinase 1 (Cdk1) complex in higher eukaryotes (Fig 2; Ciosk, et al. 1998; Gorr, et al.

2005). Beside these two inhibitors, Separase function is also able to be effected by self-
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Fig 2. Separase upstream regulatory mechanisms.

Separase can be inhibited through direct binding of either Securin or CycB-Cdk1 complex,
both of which are substrates of APC/C. Cytoplasmic Securin is phosphorylated by yet
unknown kinase and the phosphorylated Securin is preferred by APC/C than the non-
phosphorylated Separase-binding Securin because of the presence of associated PP2A.
CycB-Cdklcomplex inhibits Separase through a two-step phosphorylation-and-binding
mechanism, during which the complex itself also gets inhibited by Separase. In addition
to CycB-Cdk1, the auto cleavage of Separase also results in it being inactive on the
kleisin subunit of Cohesin complex. CycB-Cdk1 is preferentially inhibited by the auto-
cleaved form of Separase than the intact one. (The thicker inhibition marker indicates a
preferred inhibitory pathways comparing between same inhibitors and substrates).



cleavage after being activated (Waizenegger, et al. 2002). While the molecular function
of Separase auto-cleavage ability is still under investigation, evidence showed it is a
mechanism not only to limit Separase activity after its activation (Herzig, et al. 2002) but
also to inhibit CycB-Cdklcomplex during the metaphase to anaphase transition
(discussed in detail later) (Shindo, et al. 2012).

Securin regulates Separase activity through direct binding to Separase starting in
G2 phase or possibly earlier (Hornig, et al. 2002). This physical interaction is commonly
known to have an inhibitory effect on Separase (Zou, et al. 1999). During the metaphase
to anaphase transition, an E3 ubiquitin ligase named Anaphase Promoting complex or
Cyclosome (APC/C) together with its co-factor Fizzy (Fzy)/Cell-division Cycle Protein
20 (Cdc20) send Securin for degradation through ubiquitination (CohenFix, et al. 1996)
and Separase will be activated after the degradation of Securin. Recently, it had been
demonstrated that phosphorylation of Securin accelerates APC/C-Cdc20 mediated
ubiquitinlation (Hellmuth, et al. 2014). This finding opens a door to understand the reason
why PP2A binds to Separase together with Securin to form a trimeric protein complex
since the G1/S phase (Holland, et al. 2007). Later research answered this question by
discovering that Separase-associated PP2A dephosphorylates the Securin bound together
with them to prevent early ubiquitination and hence to prevent the premature activation of
Separase (Fig 2; Hellmuth, et al. 2014). In addition, under this mechanism, all the free
Securin that is not associated with Separase and PP2A gets phosphorylated and
ubiquitinated quicker than the PP2A protected Securins (Hellmuth, et al. 2014). This
mechanism guarantees that Separase will not be re-inhibited by free Securin in the

cytoplasm after activation (Hellmuth, et al. 2014).



In addition to Securin, CycB-Cdk1 complex also has the ability to inhibit Separase
in a two-step mechanism, in which the complex phosphorylates Separase first and then
binds to it through the CycB subunit for inhibition (Stemmann, et al. 2001; Gorr, et al.
2005). It has been demonstrated that Separase mutually exclusively interacts with either
Securin or CycB-Cdklcomplex for inhibition (Gorr, et al. 2005). Consistent with this
finding, PP2A and CycB-Cdk1 are also found to mutually exclusively bind to Separase
(Holland, et al. 2007). These discoveries demonstrated that the two inhibitors of Separase
work independently. As in Securin inhibitory pathway, CycB is also ubiquitinated by
APC/C for degradation at the same time with Securin during the metaphase to anaphase
transition (Hagting, et al. 2002). This mechanism guarantees Separase activation on time.

Surprisingly, CycB-Cdk1 not only inhibits Separase but its own activity also gets
inhibited by binding to Separase (Gorr, et al. 2005). This function of Separase serves as a
mechanism to inhibit the activity of CycB-Cdk1 in addition to APC/C’s ubiquitination. It
was found that preventing CycB-Cdk1from binding to Separase that is still able to be
inhibited by Securin causes prolonged mitosis (Holland and Taylor, 2006). This
phenotype may be caused by the loss of inhibitory effect on the activity of either Separase
or CycB-Cdk1 or both. Later experiments clarified the problem by showing a similar
prolonged mitosis phenotype with failure in chromosome segregation after anaphase
onset in the cells with hyperactive Cdk1 (Oliveira, et al. 2010). More specifically, in this
research, the inhibition of APC/C's activity led to mitotic arrest at metaphase since both
inhibitors of Separase were no longer degraded. In this situation, in order to trigger the
onset of anaphase, the kleisin subunit of Cohesin complexes was replaced by a mutated
version that can be cleaved by tobacco etch virus protease (TEV). Under such conditions,

the expression of TEV induced the separation of sister chromatids but the segregation of
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separated sister chromatids toward the opposite poles of spindle did not happen properly.
The abnormal sister chromatid segregation phenotype was rescued by the inhibition of
Cdk1 that was hyperactive as a consequence of APC/C's inhibition. These results indicate
that both destruction of Cohesin complex and inactivation of Cdk1 are required for the
proper completion of anaphase during mitosis (Oliveira, et al. 2010). An important
question is, what Cyclin serves as the co-factor of Cdk1 during the metaphase to anaphase
transition and how does the inactivation of Cdk1 lead to proper sister chromatid
segregation? Earlier research demonstrated that CycB is degraded at the metaphase to
anaphase transition (Peters, 2002) and consistently, hyperactive CycB-Cdk1 down
regulates microtubule dynamics (Stiffler, et al. 1999). Later it was found that, during
anaphase onset, the activity of a subset of CycB-Cdk1 needs to be inhibited by Separase
to prevent continuous phosphorylation on chromosomes in order for sister chromatids to
segregate to opposite poles (Shindo, et al. 2012). In summary, CycB-Cdk1 first inhibits
Separase during metaphase and then gets inhibited by both APC/C and Separase for the
proper progression of anaphase. Furthermore, instead of the intact Separase, CycB
preferentially binds to the auto-cleaved form of Separase (Shindo, et al. 2012). This
mechanism not only ensures the inhibition of CycB-Cdk1 even after the inactivation of
Separase but also minimizes the re-inhibition of active Separase by CycB-Cdk1 (Fig 2).

Experiments showed that there may be other mechanism(s) regulating Separase
activity, since after the inhibitory effects of both Securin and CycB-Cdk1 on Separase are
eliminated, sister chromatids are still be able to remain together until the early stages of
mitosis before premature loss of cohesion happens (Holland and Taylor, 2006). Besides
their inhibitory function, both Securin and CycB-Cdk1 have positive effects on the

function of Separase, though the underlying molecular mechanism is still a mystery.
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Originally, defects in sister chromatids separation in mitosis were observed when Securin
was mutated in Drosophila (Stratmann and Lehner, 1996). This could be a consequence
of alteration of Separase function or location in the absence of Securin's binding. Later it
was found that in yeast mitosis, Securin helps Separase to accumulate in the nucleus
(Hornig, et al. 2002). Similarly, in Hela cancer cells, both Securin and CycB-Cdk1 were
found to be important for directing Separase to chromosomes in mitosis (Shindo, et al.

2012).
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1.2 Drosophila as a model organism

Drosophila melanogaster is used as a model organism in a wide range of research
because it is easy to raise and manipulate both genetically and physically. Drosophila
cells have only four pairs of chromosomes with a lot of functional important genes
identified to be similar with those in human beings (Adams, et al. 2000). Thus,
Drosophila is used as an important model in research to test the function of genes as well
as effects generated by drugs and therapeutic procedures such as RNA interference
(RNAI) treatment at the molecular level. These studies are extremely helpful in the
process of investigating and understanding of human diseases together with their
corresponding potential treatments.

The molecular mechanisms and related regulatory pathways underlying DNA
separation have been well studied in Drosophila mitosis, where the kleisin subunit of
Cohesin complex was found to be a homologue of Sccl named as Drosophila Rad21
(Warren, et al. 2000; Vass, et al. 2003). A SMC3 homologue known as CAP was also
found while the homologues of the other two components are still named as SMC1 and
SA (Nasmyth and Haering, 2009). Similar to other organisms, this version of Cohesin is
able to be cleaved at the Rad21 kleisin subunit by Drosophila Separase. Drosophila
Separase is much smaller than its homologues in mammals including human beings
(Jager, et al. 2001). Instead of auto cleavage, Drosophila Separase cleaves Three Rows
protein (Thr) in addition to Cohesin and this inactivates Separase itself as auto cleavage
does (Herzig, et al. 2002). Based on these findings and the fact that Thr always associates
with Separase, it is reasonable to come up with the idea that Thr was originally a part of
Separase in Drosophila and somehow got separated during evolution (Herzig, et al. 2002).

Furthermore, Separase in Drosophila mitosis is regulated by a protein that is functionally
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similar to Securin called Pimples (Pim) (Leismann, et al. 2000). Mutation of either Pim or
Thr leads to defects in sister chromatid separation at the centromeric regions during
mitosis (Stratmann and Lehner, 1996). Although the phenotypes caused by these
mutations are similar, the underlying molecular mechanisms could be different, where
Thr is required for the enzymatic activity of Separase (Herzig, et al. 2002) and Pim could
also have positive effects on the location of Separase. Despite the uncertainty of Pim's
positive roles on Separase, it was found that Pim is able to be recognized by APC/C at
two specific series of amino acid sequence known as D-box and KEN-box, both of which
are essential for the normal ubiquitination of Pim by APC/C (Leismann and Lehner,
2003). Mutations in either one of these sites led to the generation of stabilized Pim that
blocked sister chromatids separation since Separase was no longer activated (Leismann
and Lehner, 2003). In addition to Pim, CycB-Cdk1 complex may also have an inhibitory
effect on Separase, since hyperactive CycB-Cdk1 activity pushes the onset of anaphase
backwards in Drosophila embryos (Ji, et al. 2005). The delay of anaphase phenotype may
not only be caused by partially inhibition of Separase but also by other potential cellular
function(s) of CycB-Cdk1 complex such as down regulating microtubule dynamics
(Stiffler, et al. 1999; Oliveira, et al. 2010; Shindo, et al. 2012). Another possible inhibitor
of Separase instead of CycB-Cdk1 is Cyclin A (CycA)-Cdk1 complex. Since non-
degradable CycA dramatically delayed the separation of sister chromatids during the
metaphase to anaphase transition in Drosophila mitosis (Sigrist, et al. 1995; Jacobs, et al.
2001). So far, most of the investigations focusing on the regulation of DNA separation
and segregation in Drosophila are done in embryogenesis where the expression of genes

are zygotically controlled while little is known in meiosis.
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To investigate DNA distribution and its regulation in meiosis, female Drosophila
oogenesis and subsequent embryo development processes have been studied under
various genetically modified backgrounds. Oogenesis begins with the asymmetric
division of a germline stem cell that generates a daughter germline stem cell and a more
differentiated cystoblast (Lake and Hawley, 2012). The cystoblast then undergoes four
successive rounds of cell divisions giving rise to the 16-cell germline cyst, within which
fifteen cells turn into nurse cells while only one becomes an oocyte. These sixteen cells
including the oocyte then form an egg chamber that is considered as the first stage (S1) of
oogenesis (Lake and Hawley, 2012). The oocyte becomes more mature as it gradually
goes through the following stages of oogenesis, during most of which meiosis is arrested
at prophase | (Hong, et al. 2003). This long prophase | arrest terminates in S13 oocytes
indicated by nuclear envelope breakdown (NEBD) (Pesin and Orr-Weaver, 2007).
Meiosis then progresses to metaphase | and is arrested again in stage 14. This metaphase |
arrest is maintained until ovulation, during which egg activation happens (Page and Orr-
Weaver, 1997a).

After egg activation, one iconic phenotype that can be observed is the hardening
of the inner embryonic membrane known as vitelline membrane (VM) (Horner and
Wolfner, 2008). External stimulations such as hydrostatic pressure and hypo-osmotic
pressure accelerates the VM hardening but the level of VM hardening reduced
significantly after stretch-activated ion channels being blocked. These phenomena
indicate that egg activation can be triggered in vitro by external pressure through inducing
the opening of stretch-activated ion channels. Further analysis revealed that embryos
activated by either hydrostatic or hypo-osmotic pressure in the low Ca* containing

external environment showed dramatic low level of VM hardening. This implies the
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influx of Ca®* through stretch-activated ion channels that open in response to external
pressure is essential for egg activation (Horner and Wolfner, 2008). In the process of egg
activation, meiosis resumes and then finishes quickly within twenty minutes (Heifetz, et
al. 2001). Following completion of meiosis, male and female pronuclei come together to
start the synchronized mitotic divisions (Mazumdar and Mazumdar, 2002). The embryo
stays as a single multinucleate cell until cycle 14 of mitosis when cellulariztion occurs to
form the cellular blastoderm (Fig 3). Zygotic gene products that are expressed at the
beginning of cycle 11 of mitosis are involved during cellularization (Mazumdar and
Mazumdar, 2002). Before that, the progression of all cellular activities in both meiosis

and early mitosis depends only on the maternal proteins.
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Fig 3. Drosophila female oogenesis and subsequent early embryo development.

There are 14 oocyte developmental stages in Drosophila oogenesis. During the first 13
stages, meiosis is arrested at prophase I. This arrest terminates in S13 oocyte where
nuclear envelope breakdown (NEBD) occurs. In stage 14 oocyte, meiosis is arrested again
at metaphase | until ovulation. After that, the rest of meiosis from anaphase | to telophase
Il finishes quickly, within twenty minutes. After meiosis, male and female pronuclei join
together to start mitosis. At the same time, the formation of polar body also takes place.
Later, cellularization happens to form cellular blastoderm during the 14th cycle of mitosis.
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1.3 Meiosis in female Drosophila

Female Drosophila meiosis starts with pre-meiotic S phase after the generation of
the 16-cell germline cyst (Fig 4 G1 and S phase). During early stages of prophase, the SC
assembles between non-sister-chromatid homologous chromosomes to facilitate the
formation of chiasmata (Fig 4 prophase I; Lake and Hawley, 2012). During metaphase |
arrest, the centromeric regions of homologous chromosomes are pulled apart by the
meiotic spindle while the arm regions remain attached because of the combined effects of
both sister-chromatid cohesion and chiasmata (Fig 4 metaphase 1). After ovulation,
meiosis progresses swiftly through anaphase | to telophase 11 where four haploid nuclei
are formed (Fig 4). During the post-meiotic interphase, three of the four haploid cells
come together and undergo DNA replication once before forming a polar body (Fig 4
interphase). At the same time the fourth haploid nucleus gets pulled away by the spindle
generated by male pronucleus and joins together with it to start mitosis (Foe, et al. 1993).
At the same time that male and female pronuclei go into S phase, it is expected that sister
chromatids in polar bodies are held together along their length (Fig 4 polar body). As time
goes, the cohesion between the arms of sister chromatids is gradually lost while the
centromeric regions remains together all the time (Fig 4 polar body) (Foe, et al. 1993).

Even though a lot of studies indicate that the DNA separation mechanism in
Drosophila mitosis is similar to that in other eukaryotes in large degree, little is known
for meiosis. The first question that urgently needs to be addressed is whether the Cohesin
complex is required in Drosophila meiosis and if so, what exactly is the kleisin subunit
associated with the complex? It was shown that the gene coding for the common meiosis
kleisin subunit Rec8 is not found in the Drosophila genome. Furthermore, the expression

of another kleisin protein, C(2)M, was detected during meiosis but it does not contribute
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Fig 4. Brief introduction of various stages in female meiosis and the formation of polar
body.

Meiosis begins from pre-meiotic S phase where DNA gets replicated and sister
chromatids are bound with Cohesin complexes. After that the SC forms between
homologous chromosomes assisting the formation of cross over(s), and then gets
dissembled in prophase I. During metaphase | homologous chromosomes are held
together by both Cohesin complexes and chiasmata. After that, in anaphase I,
homologous chromosomes separate from each other because of the loss of arm Cohesin
while centromeric Cohesin complexes are protected by Shugoshin. In the next round of
meiosis, during the metaphase 1l to anaphase Il transition, sister chromatids separate from
each other after losing Shugoshin’s protection. In interphase, three of the four haploid
meiotic products come together and form a polar body. After one round of DNA
replication during interphase, the polar body chromosome arms now have two sister
chromatids bound together and then the sister chromatids separate from each other
gradually as time increase. (For convenience, this figure only exhibits X chromosomes as
an example. DNA should be diffused during interphase, for convenience the four meiotic
products were drawn in condensed form in interphase).
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to sister-chromatid cohesion during the process (Manheim and McKim, 2003; Heidmann,
et al. 2004). In addition, the expression of mitotic Cohesin component Rad21 was
detected in meiosis (Heidmann, et al. 2004). This implies the function of Rad21 could be
required in both mitosis and meiosis in Drosophila. Recently, new evidence showed that
Rad21 is only important for SC assembly during Drosophila meiosis but not required for
the cohesion between sister chromatids during the process (Urban, et al. 2014).
Furthermore, it is also not clear whether Separase and its regulatory mechanism(s) are
required in Drosophila meiosis or not.

However, APC/C is known to be important for degradation of CycA, B and B3 as
well as Pim during meiosis with the help of at least two co-factors, Fzy/Cdc20 and Cortex
(Cort), in Drosophila (Swan and Schupbach, 2005 and 2007; Pesin and Orr-Weaver,
2007). Fzy is originally known as the common co-factor of APC/C in mitosis (Visintin, et
al. 1997) and Cort is a female meiosis specific co-factor of APC/C in Drosophila (Swan
and Schupbach, 2005 and 2007; Pesin and Orr-Weaver, 2007). Cort and Fzy have been
demonstrated to share partially redundant roles in the first round of meiosis but their
functions at the second round of meiosis appear to be independent (Swan and Schupbach,
2007). After knockdown of cort, meiosis was arrested at metaphase 11 with sister
chromatids still remaining together. This observation implies that Cort is essential for the
release of cohesion between sister chromatids during the metaphase 11 to anaphase 11
transition. Similar but not identical phenotypes were obtained after knockdown of fzy,
where meiosis was arrested or delayed at anaphase 11 with separated sister chromatids.
This discovery indicates that Fzy functions a little later than Cort after the metaphase to

anaphase transition and Fzy is required for the proper segregation of sister chromatids
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towards the opposite poles. The molecular mechanism behind these phenotypes is likely
related to APC/C's inhibitory role on Pim and CycB (Swan and Schupbach, 2007).
While little is known about Pim and Separase in Drosophila meiosis, the
distribution and degradation of the other potential Separase inhibitor, CycB, had been
investigated. It was found that CycB associates with the meiotic spindle through
metaphase | to anaphase 11 and the localization of CycB on the spindle varies among
different meiosis stages, where it accumulates at the mid-zone of both metaphase I and |1
spindles but transiently appears throughout the entire spindle during anaphase 11. Both
Cort and Fzy are responsible for the degradation of spindle associated CycB, but they
function at different stages of meiosis where Cort degrades the CycB located in the mid-
zone of spindle (mid-zone CycB) during metaphase Il and Fzy targets the CycB located
throughout the entire spindle (spindle CycB) during anaphase I1. These findings are
consistant with previous ones where Cort functions at the metaphase 11 to anaphase 11
transition and Fzy functions later in anaphase I1, implying meiotic arrest caused by
knockdown of either cort or fzy is mediated by the persistence of CycB's function, likely
through regulating the activity of Cdk1. Consistently with this idea, expression of non-
degradable CycB in the germline led to a delay of meiosis in both rounds at either
metaphase or anaphase. Considering this together with the function of Cort in the
metaphase 1l to anaphase 1l transition and the degradation of the mid-zone CycB at
metaphase 11, it implies that cohesion between sister chromatids at metaphase 11 is
partially disrupted by the degradation of the mid-zone CycB through Cort mediated
molecular pathway. Likely the mid-zone CycB stabilizes the cohesion between sister
chromatids by inhibiting the activity of Separase. Comparing to metaphase arrest, the

generation of multiple small spindles during meiosis was more frequently observed after
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the expression of non-degradable CycB. This could be a consequence of
chromosome/chromatid mis-segregation. Taken this together with the facts that Fzy is
important for the proper segregation of sister chromatids and the degradation of the
spindle CycB at anaphase I, it implies that degradation of spindle CycB through Fzy is
required for the proper segregation of sister chromatids in meiosis Il (Swan and
Schupbach, 2007). More studies are required to further understand the function of CycB
in meiosis. Specifically, we need to know the loss of CycB phenotype to better
understand if it has a role in the release of cohesion between sister chromatids during

meiosis.
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1.4 Questions to be solved

To test whether the components of Cohesin complex in Drosophila meiosis are
the same as those in mitosis, we employed RNAI to knock down two of the important
Cohesin subunits, Rad21 and CAP. If these Cohesin components are important in
Drosophila meiosis, premature separation of sister chromatids should be observed during
metaphase | arrest after knockdown of either vtd or CAP (genes encoding for Rad21 and
CAP in Drosophila, respectively). According to the latest finding that Rad21 is only
important for the formation of SC but not Cohesin complex (Urban, et al. 2014), one
would expect that during metaphase | arrest homologous chromosomes but not sister
chromatids are going to separate from each other after the knockdown of vtd.

To study whether Separase and Pim are important in Drosophila meiosis, RNAI
fly lines expressing hairpin RNA against sse and pim (genes encoding for Separase and
Pim in Drosophila respectively) were constructed. If Separase plays an essential role in
Dsosophila meiosis, we expect that after knockdown of sse, the separation of homologous
chromosomes will be blocked and meiosis will be arrested at metaphase I. It is hard to
predict what is going to happen after knockdown of pim since Pim has both inhibitory and
positive effect on Separase as described before. This is why the effects of non-degradable
Pim on the process of meiosis were also investigated during the research.

To investigate whether CycB-Cdk1 complex is the inhibitor of Separase in
Drosophila meiosis, cycB RNAIi was employed. If the function of Separase is required in
meiosis and is inhibited by CycB-Cdk1, we expect to see at least partial pre-mature
separation of homologous chromosomes during metaphase | arrest after the knockdown
of cycB. Since without CycB-Cdk1's inhibition, Separase may be pre-maturely activated

and cleave the arm Cohesin that leads to the disassembly of chiasmata.
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Chapter 2. Methods and Materials
2.1 Generation of RNAI fly lines

The following protocol was modified from the protocol prepared by Transgenic
RNA. Project (TRiP) at Harvard Medical School named " Cloning hairpins into
Valium20 and Valium22". Oligo DNA sequences containing the gene coding for the
expression of RNA for RNA. fly lines were designed by Dr. Andrew Swan and
manufactured by Sigma-Aldrich Canada Ltd. (Table 1). As shown in Table 1, the RNAI
sequences buried in the designed oligo DNA are highlighted with grey background.

pim ™A and pim™NA% has the RNAI sequences targeting the 5' and 3' un-translated region

RNAi147 RNAi213

(UTR) of pim mRNA respectively. sse and sse target different coding regions
of sse MRNA. To anneal top and bottom strands together into double stranded DNA, 10
ul of both top and bottom oligo DNA strands (20uM) were mixed together with 80 ul of
annealing buffer (10mM Tris-HCI, 0.1M NaCl and 1mM EDTA, pH7.5). Then the 100 pl
mixture was heated at 90<€ for 5 mins and slowly cooled down to room temperature (R.T.)
for annealing. The product should be a double stranded DNA with Nhel recognition
sequence on the 5" and EcoRI recognition sequence on the 3'. These sequences are
designed to facilitate the incorporation of the oligo DNA into the target plasmid named
Valium22. At the same time, Valium22 backbone was prepared by incubating the plasmid
with fast digest restriction enzymes Nhel and EcoRI at 37<€ for at least 1hr followed by
gel purification using QIAquick Gel Extraction. Then the annealing product (6 ul) was
ligated into Valium22 backbone (50-100ng) by incubation with 2 ul 10X ligation buffer,
1 pl of T4 DNA ligase (1U/ul, Bio Basic Inc.) and suitable amount of double-distilled
H,0 (ddH,0) to reach a total volume of 20 pl at 16<€ for at least 2hrs. The ligated

product was then transformed into E.coli cells (DH5a) using standard methods. The
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product was tested by restriction digest followed by sequencing using the Valium22
reverse primer (10uM, TAATCGTGTGTGATGCCTACC).

After confirmation of plasmid sequence, large amount of plasmid (at least 30ug)
was prepared using QIAGEN Plasmid Midi Kit. The plasmid was then sent to Genetic

Services, Inc. for site-directed injection into fly genome.
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Genotype and
Strand

Oligo DNA sequence

SseRNA|147-t0p

CTAGCAGTCCCCGAGGCGAAGGAATATAATAGTTATATTCA
AGCATATTATATTCCTTCGCCTCGGGGGCG

SseRNA|147-bottom

AATTCGCCCCCGAGGCGAAGGAATATAATATGCTTGAATAT
AACTATTATATTCCTTCGCCTCGGGGACTG

SseRNA|213-t0p

CTAGCAGTCTCAATTTACTACCAGGTTAATAGTTATATTCAA
GCATATTAACCTGGTAGTAAATTGAGGCG

SseRNA|213-bottom

AATTCGCCTCAATTTACTACCAGGTTAATATGCTTGAATATA
ACTATTAACCTGGTAGTAAATTGAGACTG

- RNAI5'-top

CTAGCAGTCAGCTCACTGCTAGAATTCAATAGTTATATTCAA

pim GCATATTGAATTCTAGCAGTGAGCTGGCG

simfsbotom | AATTCGCCAGCTCACTGCTAGAATTCAATATGCTTGAATATA
ACTATTGAATTCTAGCAGTGAGCTGACTG

N CTAGCAGTTACAATATATTTAGTAGTTTATAGTTATATTCAA
GCATATAAACTACTAAATATATTGTAGCG

simPwisoton | AATTCGCTACAATATATTTAGTAGTTTATATGCTTGAATATA

ACTATAAACTACTAAATATATTGTAACTG

Table 1. Oligo DNA strands containing RNAI sequences.

The RNAI sequences are highlighted with grey background for corresponding genotypes.
Colored DNA sequences indicate restriction enzyme recognition sequences: Red
represents Nhel recognition sequence at 5' and Purple represents EcoRI recognition

sequence at 3".
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2.2 Fly lines used in research

In our research, transgene coding sequence or ShRNA sequence is conjugated
downstream of UAS and then injected into flies to make an UAS-transgene/RNAIi fly line
(McGuire, et al. 2004). Two germline driver fly lines were used, mata4-tubulin-GAL4-
VP16 (mat-GAL4) and nanos-GAL4-VP16 (hanos-GAL4) (Table 2).

As shown in Table 2, all of the five ordered RNAI fly lines express hairpin RNAS

against the coding region of corresponding mRNAs. Among these, the RNAI sequences

BRNAilOlS BRNAi1896

of cyc and cyc targets different coding regions of cycB mRNA.
CAPRNABIS has the RNAI sequence against a specific coding region of CAP mRNA.
pim”* and GFP-pim?® fly lines with UASp-transgenes encode non-degradable Pim
protein without D-box and KEN-box (Pim*%), which are the recognition amino acid
motifs for APC/C (Batiha, 2013; Leismann, et al. 2000; Leismann and Lehner, 2003). The
only difference between the Pim*% expressed by these two fly lines is that GFP-pim“® is
green fluorescent protein (GFP) tagged. A transgenec fly line (GFP-pim™) that expresses
GFP tagged wild type Pim was also included in our experiment. According to the purpose
of different experiments, combined transgenic fly lines that are able to express two
different transgenes at the same time with a single driver such as mat-GAL4 were

generated by crossing two single transgene bearing fly lines. The fly lines were kept at

18<€ and experimental crosses were always kept in 25<€.
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Types of fly line Full Name Abbreviation Landing site Resource
Wild type control [yellow-white yw No transgene
- Bloomington Drosophila
Driver fly line mato4-tubulin-gal4-VP16 mat67-gal4 [2nd chromosome Stock Center (BDSC)
nanos-gal4-VP16 nanos-gal4 (3rd chromosome
UAS-cycBRNA-HMS01015-Valium20 |[cycBRM1S  3rd chromosome
UAS-cycBRYA-HMS01896-Valium20 [cycBRVA18%  13rd chromosome Transgenic RNAI Project
UAS-cap™A-GL00518-Valium22  [cap™ A8 |2nd chromosome (TRiP)
UAS-vtd®A-GL00522-Valium22 ~ |vtd™ A 3rd chromosome
RNA. fly line - -
UAS-sse™A-147-Valium22 sse®™AI4T - ond chromosome
_ccaRNAI_ 519 \/a15 RNAIi213
UAS-sse™'-213-Valium22 sse 3rd chromosome RNAI lines that we made
UAS-pim™™A_5'-valium22 DimRVAS 2nd or 3rd _ (Chapter 2.1)
chromosome (2 lines)

UAS-pim™MA-3"-valium22 pimRNAI 2nd chromosome
UAS-pim? pim?* 3rd chromosome Lelsmangggg Lehner,

Transgenic fly line|UAS-GFP-pim?#* GFP-pim”* {3rd chromosome

Batiha, 2013

UAS-GFP-pim™ GFP-pim"™  [3rd chromosome

Table 2. Drosophila lines used.
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2.3 Oocyte collection and fixation

Flies were first fed on yeast for at least three days to allow the generation of
mature ovaries. The ovaries were then dissected and fixed with different methods
according to the purpose of different experiments.

To collect stage 14 oocytes for quantitative reverse-transcriptase polymerase chain
reaction (QRT-PCR) or Western analysis, ovaries were first dissected in 1ml PBS buffer
mixed with 1 ul collagenase that helps separating oocytes from each other. After that,
oocytes were incubated at R.T. in the collagenase containing PBS buffer for 10 mins on a
nutator. After incubation, oocytes were rinsed with PBST at least three times. Before
oocytes completely settled down to tube bottom during the rinsing, PBST was taken out
together with the early stage oocytes that were still drifting so that the remaining are
mostly stage 14 oocytes. Oocytes were then frozen in liquid nitrogen and stored in -80€
for future use.

For DNA and/or fluorescent in situ hybridization (FISH) staining, ovaries were
dissected into single ovarioles in isolation buffer (1B) (Page and Orr-Weaver, 1997b)
which is a special buffer designed to prevent premature egg activation. Then the ovarioles
were fixed with 100% methanol and stored in -20<€ for future use.

2.3.1 Sonication

To collect stage 14 oocytes for spindle staining together with DNA and/or FISH,
specialized steps were required to remove the chorion and vitelline membranes. This was
necessary for large molecules such as antibody to penetrate into oocyte. Instead of
dissecting individual oocytes manually, sonication has been demonstrated as a promised
method to eliminate both membranes (Tavosanis, et al. 1997). The paper did not describe

the protocol for oocyte sonication in detail, so I modified and optimised sonication
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protocol as follows. Ovaries were first dissected and then incubated at R.T. in 1ml 1B
with 1 ul collagenase before rinsing with 1B for at least three times as previously
described to collect non-activated stage 14 oocytes. Then the oocytes were fixed in a
mixture of 540 ul PBST, 600 ul heptane, 60 ul formaldehyde and 1.2 ul EGTA at R.T. for
30 mins on a nutator. After fixation, oocytes were rinsed three times and then wash for
another three times (5 mins each time) with PBST. Next, oocytes were rinsed one time
with 100% methanol at R.T. and transferred into 6.5ml 100% methanol in a 15ml tube. At
this time, oocytes can be stored at -20<€ for future use or used for sonication. The 15ml
tube was then put on ice for at least 5 mins before sonication. Next, oocytes were
sonicated at the third power level for fifteen times and then at the fourth power level for
twenty times using 60-Fisher Scientific Sonic Dismembrator. During the process, no
matter which power level was chosen, oocytes were sonicated briefly for 1s and then
rested for another 1s before the next 1s sonication starts (1s sonication and 1s rest
together were considered as 1 time of sonication). During sonication, the tip of the
sonicator should be put into methanol but not too close to the oocytes and kept away from
the side of the 15ml tube. After the sonication of each power level, oocytes were put back
on ice to prevent over heating that may caused by sonication. After sonication, the
oocytes were examined under optical microscope to see whether the chorion membrane
was removed from most of the oocytes. In addition to removal of membranes, sonication
also will destroy a small number of oocytes. It was found that antibody staining worked
best if the sonication caused at least 10% of oocytes being destroyed. If most of the
oocytes were found to be without chorion membrane but are intact after sonication, they
would be sonicated again at the third power level 5 more times and re-examine under

microscope until around 10% of them are destroyed. Afterwards, the sonicated oocytes
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were suitable for either FISH and/or spindle staining depending on the purpose of
experiment.
2.4 Embryo collection and fixation

Flies were put in embryo collection chambers together with daily renewed apple
juice plate and yeast for at least three days before embryo collection. Depending on the
purpose of experiment, embryos were collected after various periods of time after
ovulation (0-20 mins, 20-40 mins or 0-1hrs). The collected embryos were first treated
with 50% bleach for no more than 2 mins to get rid of the out layer chorion membrane
before rinsing with tap water for around 30s. Then embryos were rinsed with embryo
wash buffer for three times. Embryos were then fixed in 600 ul heptane plus 600 pul 100%
methanol and the tube was inverted gently for 30 times to strip the vitelline membrane
from embryos. Next, methanol and heptane together with, if any, floating embryos were
discarded. The remaining embryos were rinsed with 100% methanol for three times
before storing in -20<€ for future use.
2.5 Staining of oocytes and embryos

Depending on the purpose of experiment, oocytes/embryos are stained with
different methods including FISH, DNA and spindle staining. These staining methods can
be applied either individually or in combination. If used in combination, FISH is always
the first staining to perform since its procedure includes high temperature treatment,
which is harmful for the antibodies used in the spindle staining. For all staining, embryos
stored in 100% methanol were rehydrated by rinsing them with 90%, 70% and 50%

methanol in sequence before performing the following protocol(s).
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2.5.1 Fluorescent in situ hybridization (FISH)

After re-hydration, oocytes/embryos were first rinsed four times and then washed
three times (10 mins each time) with 1ml 2X SSCT. After that, they was washed with 1ml
20%, 40% and 50% formamide bearing 2X SSCT in sequence (10 mins each wash). Then
the oocytes/embryos were incubated in 100 ul 50% formamide-2X SSCT at 37€ in PCR
machine for at least 5hrs. After the long incubation, 0.5 ul centromeric FISH probe and/or
1 ul arm FISH probe together with suitable amount of hybridization buffer to make the
total volume of 20 ul were added and mixed well. The mixture was then heated at 91€
for 3 mins before being flicked and putting back at 37<€ in PCR machine for overnight
incubation. On the next day, oocytes/embryos were washed with 50% formamide-2X
SSCT first for two times (30 mins each time) in 37<€ incubator and then washed one
more time with 20% formamid-2X SSCT for 10 mins at R.T. on a nutator. After that, they
were washed four more times with 2X SSCT (10 mins each time) at R.T. on a nutator. At
this point oocytes/embryos should be successfully stained with FISH probe(s) and are
ready for DNA and/or spindle staining(s) or mounting onto slide.

2.5.2 Spindle and DNA staining

Depending on the situation, oocytes/embryos were prepared differently before
spindle and DNA staining: the ones stored in -20€ were re-hydrated while the ones
already stained with FISH were rinsed three times and washed one more time for 10 mins
with PBST on a nutator. What's more, oocytes require one additional extraction step
before staining comparing to embryos. In this step, 500 ul octane, 500 ul PBST and 25 pl
20% triton X100 were mixed with oocytes and incubated at R.T. for 30 mins on a nutator
and then rinsed three times with PBST. Next, oocytes/embryos were blocked by 1ml

PBST mixed with 67 ul 15% BSA and 5 ul 10% NaAz on a nutator (8hrs at R.T. or
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overnight at 4 for oocytes; 4hrs at R.T. for embryos). After blocking, at least 0.25 ul
primary antibody (1<Ab, rat against alpha tubulin, Img/ml, Millipore), 1 ul RNase
(10mg/ml, Invitrogen, for DNA staining, optional), 33.5 ul 15% BSA, 2 ul 10% NaAz
and 500 ul PBST were added and incubated on a nutator (4 days at 4<€ for oocytes;
overnight at 4 for embryos). Then, oocytes were washed with PBST at least three times
for a total of 8hrs at R.T. while embryos were rinsed three times and then washed three
times (30 mins each wash) with PBST at R.T. on a nutator. After washing, 0.5 ul 22Ab
(647nm or 488nm anti rat, 2mg/ml, Life Technologies), 1 ul 1:20 diluted Quant-i-T
OliGreen (Invitrogen, for DNA staining, optional), 33.5 ul 15% BSA, 2 ul 10% NaAz and
500 ul PBST were added and incubated on a nutator with thinfoil covers (4 days at 4€
for oocytes; overnight at 4 or 3hrs at R.T. for embryos). Embryos were rinsed and
washed as above for 12Ab staining before transferring to slides.
2.5.3 Mounting slides

The stained oocytes/embryos were first rinsed once and washed 5 mins with 100%
methanol at R.T. on a nutator. Next, they were rinsed once and washed 10 mins with 100%
isopropanol before mounting onto slide with 60 ul 1,2,3,4-tetrahydro-naphthalene.
2.6 Genomic DNA extraction

Genomic DNA was extracted from adult Drosophila flies for the preparation of
centromeric FISH probe and for testing of qRT-PCR primers. Sixty yw female flies were
flash frozen by liquid nitrogen and stored in -80<€ before use. During the extraction, the
frozen flies were homogenized in 500 pl of solution A (0.1M Tris (pH 9), 0.1M EDTA, 1%
SDS and 1% DEPC (added immediately before use)) and then incubated at 65<€ for 30
mins. After that, 140 pul 8M KOAc was added before incubating on ice for another 30

mins. The mixture was then centrifuged at 4 for 15 mins and the supernatant was
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transferred to a new tube. The spin and transfer step was repeated 1 more time. Next, the
supernatant was incubated together with 3 ul RNase (10mg/ml) at 37<€ for 20 mins to
eliminate RNA contamination. Then genomic DNA was precipitated by adding 0.7
volume of isopropanol and centrifuged at top speed for 5 mins. After that, the pellet was
washed with 80% ethanol and dried in air at R.T. for 6 mins before re-suspending in TE
buffer. DNA concentration was measured by NanoDrop and the solution was stored at
-20<€ for future use.
2.7 Construction of FISH probes
2.7.1 Centromeric FISH probe
Genomic DNA was used as template for PCR (95<€ for 1 min followed by
35cycles of: 95<€ for30s, 55€ for 90s and 68<€ for 30s, at last 68<€ for 5 mins) to
amplify a specific 359 bp heavily repeated DNA sequence located at the centromeric
regions of Drosophila X chromosome using the designed primers as follows (Hsieh and
Brutlag, 1979):
Forward: 5'-CGGTCATCAAATAATCATTTATTTTGC-3'
Reverse: 5'-CGAAATTTGGAAAAACAGACTCTGC-3'
The PCR product was purified using isopropanol precipitation protocol and digested by
Hinf1 restriction enzyme at 37<€ to generate a DNA band at 359 bp on 2% agarose gel
(this step can be skipped if the PCR product shows a clear 359 bp band). The digested
product should be purified with isopropanol again before incubating at 37<€ with another
restriction enzyme, Alul, which is expected to digest the 359 bp DNA fragment into 117,
96, 90 and 56 bp oligos. Then isopropanol precipitation protocol was employed for a third
time to purify the oligo DNA fragments before transferring to terminal transferase

labeling protocol. The centromeric FISH probe used in our research was made by me for
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one time. Additional centromeric FISH probe was made by Mohammed Bourouh in our
lab.
2.7.2 Arm FISH probe

To make FISH probes that target the terminal region of Drosophila X
chromososmes, four cosmids containing insert sequences from a region near the end of
Drosophila X chromosome (RP30-G24, RP98-29P19, RP98-805 and RP98-19J1) were
transformed into E.coli cells (DH5a) independently. The transformed E.coli cells were
cultured on chloramphenicol LB plate at 37<€ overnight. Single colonies were then
incubated in 2ml 2TY at 37<€ overnight and cosmids were purified using QIAprep Spin
Miniprep Kit. The extracted cosmid was used as template for the first round of degenerate
oligonucleoride primed-PCR (DOP-PCR) (Telenius, et al. 1992) according to the
procedures (Table 3, DOP-PCR-1) and PCR program (Table 4, DOP-PCR-1) listed below
(Dernburg, A.F. Chapter 2 of Drosophila Protocols). Since the DOP-PCR primers target a
wide range of DNA sequences under the annealing condition specified by the DOP-PCR-
1 program, extra caution needed to be taken when preparing the PCR master mix to
prevent any possible DNA contamination. ddH,O was employed as a negative control to
ensure non-specific amplification was not happening. Then the PCR product was used as
template for a second round DOP-PCR that used different amount of reagents, procedures
and program (Table 3 and 4, DOP-PCR-2). When testing the PCR products on an agarose
gel, both PCR are expected to generate a smear of DNA bands while the molecular size
range of the second PCR product should be lower and narrower. Next, the PCR product
was digested by restriction enzyme Alul, Mspl, Sau3Al and Rsal at 37<€ overnight (this

step may need to be done separately if the enzymes require different buffers). The

33



digested DNA fragments were purified using isopropanol precipitation protocol before

transferring to terminal transferase labeling protocol.
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DOP-PCR-1
5ul 10X PCR Buffer Incubated at
1ul 10mM dNTPs 37< for 1hr
priase Lyl 50mM MgCl then transferred
Master Mix 1w Tag DNA Polymerase to 90€ fpr 10
1ul DNase mins to kill the
(31-x) ul Ultra pure ddH,O DNase
DOP-PCR-1 | (40-x) ul DNase treated Master Mix Putin
Reaction 10 ul DOP-PCR Primer DOP-PCR-1
Mixture 5ng (X pl) DNA template program
DOP-PCR-2
5ul 10X PCR Buffer
1wl 10mM dNTPs
DOP-PCR-2 | 05l 50mM MgCl; Put in
Reaction 0.5 ul Tagq DNA Polymerase DOP-PCR-2
Mixture 0.5 ul DOP-PCR-1 Product program
11.5ul DOP-PCR primer
31 ul Ultra pure ddH,0

Table 3. Reagents and procedures used in the first and second round of DOP-PCR.
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DOP-PCR-1 program
93¢ 4 mins
94 30s
30 1 min 3 cycles
72 | ramp over in 3.5 mins (0.2<€/s)
94 30s
30€ 1 min 3 cycles
72€ 2 mins
94 20s
56€ 1 min 36 cycles
72€ 2 mins
72€ 10 mins
10¢ forever
DOP-PCR-2 program
93€ 4 mins
94 30s
56€ 1 min 16 cycles
72€ 2 mins
72€ 10 mins
10¢ forever

Table 4. PCR programs for the first and second round of DOP-PCR.
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2.7.3 Terminal transferase labeling

For 10 ul reaction, 1ug of oligo DNA was incubated at 95<€ for 3.5 mins and then
put on ice for 5 mins before adding into the mixture of 1.35 ul ImM dTTP, 0.675 ul ImM
flourescent-dUTP, 2 ul 5X TDT buffer, 0.4 ul Terminal Deoxynucleotidyl Transferase
(TdT, 15U/ ul, Fermentas), and suitable amount of ddH,O. The mixture was incubated at
37<€ for 5 to 6 hrs before transferring to ethanol DNA precipitation protocol.
2.8 Confocal microscopy

Olympus FluoView FV1000 laser scanning confocal microscope was employed
for taking pictures of stained oocytes/embryos. All the pictures displayed in this thesis
were taken using the 60X water lens with 3X zoom except the ones showing entire
embryo, which are taken with 60X water lens but with 1X zoom. For the images taken as
z-stacks, brightness and contrast were adjusted in Photoshop. For the images displaying
green centromeric and red arm FISH siganls, the color of green and red were switched in
Photoshop. Images were compiled together in Photoshop.
2.9 mRNA extraction and reverse transcription

Stage 14 oocytes were collected and stored at -80<€ as described in Chapter 2.4.
The following procedure was modified from the corresponding protocol shown in
Dhaliwal, 2011. The buffers (RLT, RW1 and RPE) and RNeasy mini spin column used in
this experiment were provided in RNeasy Plus Mini Kit. Before starting to extract mRNA,
the working bench, gloves, equipments and tools involved in this experiment were wiped
by RNase WIPER to prevent any contamination of RNase. After retrieving frozen oocytes
from liquid nitrogen, a tight pestle and pre-made homogenization buffer (600 ul RLT + 6
ul 2-Mercaptoethanol) were placed immediately into the tube and oocytes were

homogenized by physical force. The pestle was rinsed with 300 ul RLT which was then
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added into the lysate. The lysate was incubated at R.T. for 5 mins before centrifuging at
maximum speed for 3 mins at R.T.. The supernatant was carefully transferred into another
1.5ml micro-centrifuge tube together with 600 ul 70% ethanol and mixed immediately by
pipetting. Up to 700 ul mixture together with any precipitate that may have formed was
transferred into a RNeasy column placed in a 2ml collection tube. The column was then
centrifuged at 10,000 rpm (8000g) for 15s at R.T. and the flow through was discarded.
The last two steps were repeated to use up the remaining mixture. After that, 700 ul RW1
was added to wash the column and the column was centrifuged at 10,000 rpm for 15s.
Then 500 pl RPE was added onto the column and centrifuged again at 10,000 rpm for 15s
and this step was repeated one more time. However instead of 15s of centrifugation, the
column was centrifuged for 2 mins. After each of these centrifugation steps, the flow
through was discarded. The column was then centrifuged at full speed for 1 min to dry the
RNeasy silica-gel membrane at the bottom of the column. Finally, 32 ul RNase-free water
was add in the center of the RNeasy membrane and the column was incubated at 37<€ for
5 mins before centrifuging at 10,000 rpm for 1 min to elute mMRNA. The elution step was
repeated one more time with 30 pl RNase-free water. The concentration of mMRNA was
detected by NanoDrop. The two eluted mRNA solution were kept separate and stored in -
80<€ for future use.

Complementary DNA (cDNA) was constructed using the RevertAid First Strand
cDNA Synthesis Kit. A total of 2.5ug of mMRNA was usually used to start the reverse

transcription. The cDNA product was store at -20<€ for short term storage (one week).
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2.10 Quantitative reverse-transcriptase polymerase chain reaction (QRT-PCR)

Before starting gRT-PCR the cDNA solution generated using mRNA extraction
and the mixture containing Fast SYBR Green Master Mix together with forward and
reverse primers were prepared and loaded separately onto the MicroAmp Optical 384-
well Reaction plate. As shown in Table 5, 4 ul cDNA with a concentration around 170ng/
ul was loaded into corresponding wells of the plate in triplicates. ddH20 served as a
negative control, yw cDNA was used as positive control and cDNA prepared from mRNA
of an RNAI fly line was the experimental group. Two sets of master mix containing
mixture was prepared with different primers. One was mixed with the primers targeting
the control RNA, rp49 (Dhaliwal, 2011). The other set of master mix was combined with
the primers targeting the gene knocked down by RNAI. The primers used in all of the
gRT-PCR performed in our research are shown in Table 7. To prepare the master mix for
all nine wells with the same primers (Table 5), 35 ul fast SYBR green was mixed with
17.5 ul of each forward and reverse primers (8uM). Out of the 70 ul master mix made in
the last step, 6 ul was loaded into each of the wells with same primers as shown in Table
5. After the loading, the plate was covered by an optically clear sealing tape and sealed
carefully using a plastic scraper to scratch the edge of wells especially the wells loaded
with gRT-PCR samples. All 384 wells on the plate were covered by the sealing tape. The
plate was vortexed and centrifuged at 1000 rpm for 5 mins at 4<€ before putting into ViiA
7 (Life Technologies).

ViiA 7 software v1.1 was employed to run the gRT-PCR. To set up the qRT-PCR
program, under "Experiment Properties” category, 384-well block, comparative Cr,
SYBR Green Reagents and Fast in sequence were chosen. Then the primer targets and

cDNA samples used in the experiment were defined. After that, each of the wells with
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corresponding primers and cDNA used as shown in Table 5 were assigned into the
programe. At last, the gRT-PCR was run according to the program shown in Table 6.

For data analysis, the target wells were selected and analyzed automatically to
generate the results displayed in the forms of both excel file and bar graph. In the excel
file, RQ values were used to calculate the amount of mMRNA levels.

For all tested RNA. lines, each qRT-PCR experiment (each consisting of 3
replicates as described above) was performed three times using mMRNA extracted
independently from three groups of stage 14 oocytes with the same genotype. The only

exception is pim RNA. line, for which gRT-PCR was performed twice.
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Primers rp49 target gene

i X X X X X X
riple- X X X X X X

replicates
X X X X X X

cDNA ddH,0 yw RNAi ddH,0 yw RNAi

Table 5. Example plate loading pattern for qRT-PCR.

gRT-PCR program
95 (1.9€/s) | 20s
95%€ (1.9€/s) | 1s
60€ (1.6€/s) | 20s
95 (1.9€/s) | 15s
60€C (1.6€/s) 60s Melting Curve stage
95 (0.05€/s) | 15s

PCR stage (40 cycles)

Table 6. qRT-PCR program.

Genotypes | Primer Name Oligo DNA sequence Resource
CApANAISIS Forward ACTCCGATGCTTTCACAGGGAT
Reverse TTGCATCCAGCGCCTGATCTAT
sselNAiL47 Forward CGACTGGAAATCGCAGA Primers that we designed
Reverse GGTCTAGACGCTCATCGACTA
i RNATS' Forward AATGTGGTCAGCAGGGAT
p Reverse TCTCTGTGACCGGCTT
Forward a CGTGAAGAAGCGCACCAAGCAC .
rp49 Dhaliwal, 2011
Reverse a GCGCCATTTGTGCGACAGCTTAG

Table 7. gqRT-PCR primers used in this research.
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2.11 Western blotting

Frozen stage 14 oocytes were homogenized in 2X Sample Buffer (SB) and stored
in -20<€ for future use. Before loading onto a polyacrylamide electrophoresis gel, the
protein sample was heated at 95 for 5 mins and centrifuged at full speed for another 5
mins at R.T. All Western blot results shown in this thesis were done with 8%
polyacrylamide gel. The gel was running in TGS buffer under 150V voltage. Then the
protein was transferred from gel to Nitrocellulose Membranes (0.45um) in transfer buffer
with 350mA electric current for at least 1hr in a low temperature environment.

The membrane was blocked with 5% milk made by TBST for 2hrsat R.T. on a
shaker. After that, 1°Ab (one or multiple from the follows: 1/40 mouse anti-CycB from
Developmental Studies Hybridoma Bank; 1/2500 diluted rabbit anti Rad21 from
Margarette Heck lab; 1/5000 for mouse anti actin from Millipore; 1/500 for mouse anti-
tubulin from Millipore) were used to stain the membrane for at least 4hrs at R.T. or
overnight at 4€. Then TBST was used to rinse the membrane three times and wash it for
another three times (20 mins each time). 22Ab (1/7000 horseradish peroxidase (HRP)
labeled goat anti mouse; 1/7000 HRP labeled goat anti rabbit; both from Invitrogen) were
incubated with the membrane for at least 2hrs at R.T. or overnight at 4<€. The membrane
was treated with SuperSignal West Pico or Femto Chemiluminescent Substrate (Thermo
Scientific). Immediately after the chemiluminescence treatment, the pictures were taken
by Alpha Innotech and analyzed by FluorChem HD2-AlphaEase FC software.

The intensity of unsaturated protein bands from control and experimental group
were compared to determine the amount of protein decreasing after RNAI treatment. The
intensity value of the protein bands were normalized with the intensity value of random

protein bands picked from Ponceau staining to estimate loading. Since the Ponceau
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staining, but not actin or tubulin, always positively related to the total amount of protein

loaded at the beginning of Western.
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Chapter 3. Results
3.1 Meiotic stages of yw control fly line

Before investigating the defects of Drosophila meiosis generated by various
mutants, it was necessary to study meiosis in wild type flies. For this purpose, stage 14
oocytes and embryos were collected from yw flies and stained for microtubule by tubulin
targeting antibody, centromeric regions of X chromosome by FISH and either DNA by
Oligreen (Fig 5A-51) or arm regions at the end of X chromosomes by FISH (Fig 5J-5V).
Although different stages of Dosophila meiosis and polar body formation had been well
studied before (Buonomo, et al. 2000; Riparbelli and Callaini, 2005; Foe, et al. 1993), our
research has compared the arm and centromere cohesion in each of the stages during
these processes.

During metaphase | arrest, homologous chromosomes stay together indicated by a
single mass of DNA. At this time, the centromeric regions of homologous X
chromosomes either stay together as a single mass or more frequently are separated into
two masses by the stretching force of spindle towards the two opposite poles (Fig 5A).
We also stained metaphase | arrested meiosis with arm FISH probe. Instead of staining a
specific region, the probe stained the whole area between the two centromeric FISH
signals as a smear that looked like DNA staining but just a little smaller (data not shown).
However, the arm FISH probe is able to identify discrete but closely located arm regions
of X chromosomes after in vivo or in vitro egg activation. Following egg activation,
meiosis quickly goes through the remaining stages starting from anaphase I. As shown in
Fig 5J, a single arm FISH signal was observed between the two centromeric signals,

indicating homologous chromosome arms were more visible but not separated yet during
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Fig 5. Confocal images of various wild type developmental stages from meiosis to mitosis.
In (A-V), blue represents spindle, red represents centromeric FISH signal; In (A-1), green
represents DNA; In (J-V), green represents arm FISH signal. In (J-N), meiosis process at
metaphase | arrest was activated in vitro, the rest were obtained from stage 14 oocyte or
embryo collections. In (W), blue represents spindle, red represents arm FISH signal and
green represents DNA. (A) Metaphase | arrest. (B, K and L) Anaphase I. (C and M)
Metaphase Il. (D and N) Anaphase II. (E and O) Telophase Il. (F) Polar body formation
during interphase. (G) Polar body. (H) Fusion of male and female gametes during
interphase. (1) Mitosis. (J) Early anaphase | after egg activation. (P) Four haploid meiotic
products. (Q) Polar body at early stage where chromosome arms are together. (R) Mature
polar body where chromosome arms are separated. (S) Early stage metaphase mitosis in a
male embryo with the arm regions of chromosome arms unseparated. (T) Later stage
metaphase mitosis in a male embryo with the arm regions of chromosome arms separated.
(V) Early stage metaphase mitosis in a female embryo with the arm regions of
chromosome arms unseparated. (V) Anaphase of mitosis in a female embryo with both
centromeric and arm regions of chromosomes separated. (W) Mature polar body with
separated chromosome arms from un-fertilized embryo. The scale bar indicates 5um.
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early anaphase I. These observations imply that DNA may go through a structural
transformation during the metaphase to anaphase transition after egg activation, with the
newly formed DNA being more accessible for the arm FISH probe. During anaphase I,
homologous chromosomes separated from each other as indicated by the equally split
DNA masses, each with a centromeric FISH signal (Fig 5B). At this time, either one or
two of the arm FISH signals were observed together with each of the two centromeric
signals, indicating the attached and separated arm regions of sister chromatids,
respectively (Fig 5K and 5L). As meiosis progress into the second round, the shape of the
meiotic spindle changes severely, where two twin spindles are formed on the opposite
sides of a central aster (Fig 5C-D and 5M-0). From anaphase | to metaphase Il, no
obvious change was observed in the separated homologous chromosomes indicated by
two DNA masses each with a single centromeric FISH (Fig 5B and 5C). Even at the stage
of metaphase 11, the un-separated arm regions of sister chromatids can still be observed
(Fig 5M). Together with anaphase | observations, it indicates that the arm regions of sister
chromatids do not always appear to be separated after the separation of homologous
chromosomes. Sister chromatids are finally separated from each other at anaphase 11,
where the two DNA masses split again into four masses (Fig 5D). Each of these four
DNA masses contains one centromeric and one arm FISH signal (Fig 5N). DNA and both
FISH signals remain the same when meiosis progresses from anaphase 11 to telophase 11
(Fig 5E and 50). However, meiotic spindle in telophase 11 is different than that in
anaphase 11, where the twin spindles on each side of the aster no longer connect to DNA
masses but stay in the middle of the two newly split DNA masses (Fig 5E and 50).

After meiosis, four haploid meiotic products are formed. Each of the four haploid

nuclei showed one centromeric and one arm FISH signal (Fig 5P). During interphase,
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before the formation of polar body, the four haploid nuclei undergo one round of DNA
replication. Afterwards, three out of the four nuclei come together (Fig 5F) to form a
polar body (Fig 5G). The formed polar body initially contains three centromeric FISH
signals on the inside and three arm signals on the outside (Fig 5Q). As time pregresses (as
indicated by the increase of embryonic mitotic cycles), the number of arm signals
gradually increases to a maximum of six while the number of centromeric FISH signals
remains the same (Fig 5R and Fig 6). This implies the separation of arm regions but not
the centromeric regions of polar body sister chromatids.

To test whether this arm region separation in the polar body depends on mitosis
progression or not, polar bodies of un-fertilized yw embryos that do not progress through
mitotic divisions and embryo development were examined. Since there is no male
pronucleus that pulls one of the haploid nuclei away, all four meiotic products will
combine together to form a polar body that contains four copies of each chromosome,
each with two sister chromatids. In this case, if the arm region separation of sister
chromatids in the polar body happens independently from the progression of mitosis, we
expect to see a maximum of eight arm FISH signals in the polar bodies of un-fertilized
embryos. Indeed, our preliminary experimental results support this expectation (Fig 5W).
Hence, the progression of mitosis and the sister chromatid separation at the arm regions in
the polar body are two independent processes.

At the same time as the formation of polar body, the fourth haploid nucleus is
pulled away and combined with the male pronucleus (Fig 5H) to start mitosis (Fig 51).
Then the embryo undergoes 14 rounds of synchronized nuclear divisions before

cellulariztion happens (Mazumdar and Mazumdar, 2002). Looking specifically at
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embryos in which all nuclei were in metaphase, we saw either sister chromatids attached
together at both centromeric and arm regions (Fig 5S) or the sister-chromatid cohesion at
arm regions was lost while centromeres remained unseparated (Fig 5T). These
phenomena indicate that the arm regions of sister chromatids lose cohesion before
centromeric regions but do not separate until early anaphase. In both Fig 5S and 5T,
images of mitosis in male embryos have been displayed, where only one X chromosome
centromeric FISH signal can be observed in the middle of the mitotic spindle. In female
embryos, two centromeric FISH signals together with two arm signals were observed
during metaphase (Fig 5U). In anaphase, two centromeric signals with two arm signals on
each side of a anaphase spindle was also observed (Fig 5V), indicating sister chromatids
were completely separated from each other during anaphase. Overall, our observations on
wild type meiosis, polar body and mitosis match with the current knowledge and also

provide new information about these processes.
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3.2 Knockdown of CAP and vtd in ovary

To investigate whether the components of mitotic Cohesin complex are essential
for the cohesion between sister chromatids in Drosophila meiosis, vtd™ A and CAPRNAS18
fly lines were ordered from the Transgenic RNAI Project. CAP and vtd are the genes
encoding the Drosophila Cohesin components, SMC3 and Rad21, respectively. The
GAL4/UAS-RNAI method was employed to knock down these genes specifically in the
ovary. GAL4 is a yeast transcriptional activator that activates an enhancer known as
upstream activation sequence (UAS) to drive gene expression (Brand and Perrimon,
1993). For the purpose of our research, two driver fly lines that express GAL4 in the early
stages of ovary development were used (mat-GAL4 and nanos-GAL4, Table 2). After
crossing the RNA. fly lines to these germline specific driver fly lines, the expression of
vtd and CAP will be knocked down in the ovaries of progeny flies. Such knockdown of
vtd or CAP resulted in females laying eggs that did not hatch, indicating that either
meiosis or the early stages of mitosis, both of which depend on maternal proteins, is
blocked by the knockdown.
3.2.1 vtd and CAP were knocked down efficiently

To test the knockdown efficiency of vtd in mat-GAL4; vtd™ A flies, stage 14
oocytes were collected and Rad21 expression levels were analyzed by Western blots.
After three repeated Westerns using stage 14 oocytes collected from three independently
established crosses, the results from these Westerns showed that the expression level of
Rad21 in vtd™A' is 18% of that in yw (Fig 7A), indicating vtd was knocked down
efficiently.

Since we do not have an antibody that is able to target CAP, gRT-PCR was

employed to evaluate the CAP mRNA level in the stage 14 oocytes of mat- GAL4;
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Fig 7. Quantitatively analysis of knockdown efficiency of vtd™A' and CAPRN®!8 ysing
Western and gRT-PCR respectively.

(A) A representative figure that is chosen from one of the three Westerns showing that
Rad21 expression level is dramatically reduced in vtd™*' comparing to that in yw. A
specific area from Ponceau staining was used to estimate loading. According to the results
collected from three repeated experiments, the expression level of Rad21 in vtd™™' is
1843.5% of that in yw. (B) A representative figure that is chosen from one of the three
gRT-PCRs showing that CAP mRNA level reduced dramatically in CAPR 48 comparing
to that in yw. According to the results of the three repeated gRT-PCRs, the CAP mRNA
level in CAPRNA®I s 1 340 494 of that in yw.
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CAPRNABIS flies  After three qRT-PCR repeats using mMRNA extracts prepared from three
groups of stage 14 oocytes that were collected independently, it was found that the CAP
mMRNA level in CAPRNAB8 s only 1.3% of that in yw (Fig 7B). This demonstrated that
CAP was efficiently knocked down by RNAI.
3.2.2 CAP and Rad21 are required for proper metaphase | arrest

To see whether metaphase | arrest is affected by knockdown of CAP and/or vtd,
stage 14 oocytes were examined with staining for DNA, tubulin and centromere of X
chromosomes (Fig 9A-9G). For yw flies, meiosis is normally arrested at metaphase I in
stage 14 oocytes (Fig 5A and 9A) and rarely shows premature DNA separation. The data
collected from our experiments indicates approximately 6% of these wild type oocytes
exhibiting premature DNA separation (Fig 8). After knockdown of either CAP or vtd
using the germline specific driver mat-GAL4, it was found that the majority of stage 14
oocytes maintained normal metaphase | arrest (Fig 9B and 9E). However there are some
oocytes showing premature DNA separation. Approximately 17% of stage 14 oocytes of
both CAPRNAI8 and vtd™A' exhibited premature DNA separation (Fig 8). The most
common abnormal phenotype in both CAPRVA518 and vtd™ ' stage 14 oocytes is
represented by two equally sized DNA masses each with a single centromeric signal
inside (Fig 9C and 9F). Rarely, the separation of DNA into more than two un-equally
sized masses can be observed (Fig 9D). These phenotypes presumably imply the
complete (2 DNA masses) or partial (more than 2 DNA masses) premature separation of
homologous chromosomes. Furthermore, in some cases, only one of the DNA masses
exhibited two centromeric FISH signals (Fig 9D), implying the mis-segregation of
homologous chromosomes. All of these abnormal phenotypes described above could be

caused by the loss of homologous chromosome pairing. This may be caused by either a
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Fig 8. Quantitative analysis of premature DNA separation in stage 14 oocytes collected
from yw, mat-GAL4; CAPRNS8 ‘mat-GAL4; vtd™A and mat-GAL4; CAPRNABIE.RNAI
flies.
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Fig 9. Confocal images of normal and abnormal metaphase I in stage 14 oocytes collected
from yw, mat-GAL4; CAP™N®18 and mat-GAL4; vtd™ " flies.

Blue represents spindle, red represents centromeric FISH signal, green represents DNA.
(A) Normal metaphase | arrest in yw stage 14 oocyte. (B-D) Phenotypes from mat-GAL4;
CAPRNARI8 stage 14 oocytes: (B) Normal metaphase | arrest. (C) Equally separated DNA
masses with centromeric FISH signals in each of them. (D) More than two DNA masses
with FISH signals in one of them and (D) also shows abnormal spindle phenotype. (E-G)
Phenotypes from mat-GAL4; vtd™ " stage 14 oocytes: (E) Normal metaphase | arrest. (F
and G) Equally separated DNA masses with centromeric FISH signals in each of them;
(G) Abnormal spindle phenotype. The scale bar indicates 5um.
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loss of cohesion between sister chromatids or the absence of chiasmata formation
(Buonomo, et al. 2000). If CAP and Rad21 are really required for sister-chromatid
cohesion during meiosis, we expect to see premature sister chromatid separation at
centromeric regions of chromosomes. However, for all of the stage 14 oocytes collected
from both RNA. fly lines, no more than two centromeric FISH signals was detected,
indicating sister chromatids did not separate. Sometimes, instead of a single spindle
normally observed in the first round of meiosis (Fig 5A-B, 5J-L, 9A-B and 9E), abnormal
spindle phenotypes were observed in the stage 14 oocytes collected from both RNA. fly
lines (Fig 9D and 9G). These spindle abnormalities could be a consequence of premature
DNA separation.

To see whether it is possible to improve the knockdown effects of CAP and vtd on
meiosis, several approaches were tried. Instead of single knockdown, double knockdown
of both CAP and vtd driven by a single mat-GAL4 driver was introduced in fly ovaries.
Most of the stage 14 oocytes with the double knockdown exhibited normal metaphase |
phenotypes (Fig 10B). In addition, they exhibited similar premature DNA separation
phenotypes (Fig 10C-10F) and frequency (Fig 8) compared to those of the stage 14
oocytes with CAP or vtd single knockdown. However, none of the stage 14 oocytes with
double knockdown displayed more than two centromeric FISH signals. This indicates that
sister chromatids did not separate even after the double knockdown of both CAP and vtd.

As described before, only the Cohesin complexes loaded onto chromosomes
during S phase are expected to contribute to the cohesion between sister chromatids
(Gerlich, et al. 2006; Haering, et al. 2004). However the earliest expression of mat-GAL4
was detected in stage 1 oocytes in which meiosis is already arrested at prophase | (Urban,

et al. 2014). Considering these facts, it is reasonable to think that the mat-GAL4 driven
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Fig 10. Confocal images of normal and abnormal metaphase | in stage 14 oocytes
collected from yw, mat-GAL4; CAPTARE\td*A nanos-GAL4; vtd™* and nanos-GAL4;
CAPRNARIE fljeg,

Red represents centromeric FISH signal, green represents DNA. (A) Normal metaphase |
arrest in yw stage 14 oocyte. (B-F) Phenotypes displayed in stage 14 oocytes collected
from mat-GAL4; CAPRMSI\td™A flies: (B) Normal metaphase 1 arrest. (C) Equally
separated DNA masses each with a centromeric FISH signal. (D and E) Un-equally
separated DNA masses with separated (D) and unseparated (E) FISH signals. (F) More
than two DNA masses with separated FISH signals. (G-H) Abnormal phenotypes of DNA
premature separation displayed in nanos-GAL4; vtd™"*' stage 14 oocytes: (G) Equally
separated DNA masses each with a FISH signal. (H) Un-equally separated DNA masses
with FISH signals in one of them. (I-L) Various abnormal phenotypes of premature DNA
separation displayed in nanos-GAL4; CAP™ A stage 14 oocytes: (I and J) Equally
separated DNA masses with FISH signals in each of them (I) and in one of them (J). (K
and L) More than two DNA masses with FISH signals in two of them (K) and in one of
them (L). The scale bar indicates 5um.
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CAP and vtd RNAI did not knock down the expression of CAP and Rad21 early enough
to affect the formation of Cohesin complexes during S phase. Hence, another GAL4
driver that is expressed much earlier, nanos-GAL4 (Wang, et al. 1994), was employed to
knock down the expression of CAP and Rad21. Though only a small number of oocytes
were examined, the percentages of stage 14 oocytes exhibiting premature DNA separation
in all of the examined oocytes of nanos-GAL4; CAPRVA18 (6506, N=20) and nanos-GAL4;
vtd™ AT (359, N=20) were much higher than those of the stage 14 oocytes collected from
the mat-GAL4 driven RNAI fly lines. As before, premature separation (Fig 10G-10L) and
mis-segregation (Fig 10H, 10J and 10L) of homologous chromosomes were observed in
stage 14 oocytes of the two nanos-GAL4 driven RNAI fly lines. Nonetheless, sister
chromatids separation indicated by more than two centromeric FISH signals was still not
observed in the stage 14 oocytes collected from both of the nanos-GAL4 driven RNA. fly
lines.

Attempts had also been made to knockdown CAP and Rad21 with both mat-GAL4

PRNAISI8_\1dRNAT flies. However with such

and nanos-GAL4 drivers in the ovaries of CA
strong double knockdowns, the ovaries of these flies were completely lacking later stage
oocytes. This phenotype may be generated because of the early and strong knockdown of
both CAP and vtd inhibits the mitosis that is important for the development of the 16-cell
germline cyst.

The experimental results from this section imply that CAP and Rad21 play a role
in maintaining proper orientation of homologous chromosomes during metaphase | arrest.

However, no evidence could be found to support their role in sister-chromatid cohesion

during meiosis.
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3.2.3 CAP and Rad21 are not required for the proper completion of meiosis

Although a small amount of premature DNA separation had been detected in
metaphase | arrest of mat-GAL4 driven CAPRVA5I8 and vtd™ A flies, it remains unknown
whether the following stages of meiosis are affected by the knockdown of CAP and vtd.
Thus, embryos that were laid within 1hr (0-1hr embryos) were collected from the mat-
GAL4; CAPRVABIE (Fig 11A-11F) and mat-GAL4; vtd™A' (Fig 11G-11L) flies and stained
for tubulin, centromere of X chromosome and either DNA or arm regions of X
chromosome. It was found that both RNAI lines successfully progress into anaphase 11
where four DNA masses each with a centromeric FISH signal were observed (Fig 11A
and 11G). This indicates that both homologous chromsomes and sister chromatids are
separated from each other and they look very similar to the anaphase Il seen in yw flies
(Fig 5D). After meiosis, normal looking interphase that exhibits three combined haploid
nuclei each with one centromeric and one arm FISH signal were observed in both RNAI
fly lines (Fig 11D and 11J). These images look similar to Fig 5P showing yw interphase
except that in Fig 5P all four haploid meiotic products are still close together while in Fig
11D and 11J one of the haploid nuclei has already been pulled away by the male
pronucleus. Given that we observed chromosome mis-segregation in some oocytes, we
expected to see some abnormalities in later meiosis. The fact that we did not is likely due
to the relative infrequency of these aberrant meiosis. Overall, the results suggest that most
of the meiosis is finished normally in both mat-GAL4; CAP™ 458 and mat-GAL4; vtd™™A

flies, implying that both CAP and Rad21 are not required for meiosis.
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Fig 11. Confocal images of anaphase I, polar body and mitosis in embryos collected
from mat-GAL4; CAPRNASIE and mat-GAL4; vtd™ " flies.

In (A-L), blue represents spindle, red represents centromeric FISH signal; In (A-C and
G-1), green represents DNA; In (D-F and J-L), green represents arm FISH signal. (A-F)
Phenotypes displayed in mat-GAL4; CAPTVA%8 fijes: (A) Anaphase I1. (B) Abnormal
polar body with six centromeric FISH signals. (C) Abnormal mitosis with four
centromeric FISH signals. (D) Interphase; (E) Abnormal polar body with six centromeric
and six arm FISH signals. (F) Abnormal mitosis with four centromeric and four arm FISH
signals. (G-L) Phenotypes displayed in mat-GAL4; vtd™* flies: (G) Anaphase II. (H)
Abnormal polar body with six centromeric FISH signals. (I) Abnormal mitosis with three
centromeric FISH signals. (J) Interphase. (K) Abnormal polar body with six centromeric
and six arm FISH signals. (L) Abnormal mitosis with three centromeric and four arm
FISH signals. The scale bar indicates 5um.
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3.2.4 CAP and Rad21 are essential for centromeric sister-chromatid cohesion in the
polar body

Although meiosis is able to finish properly after knockdown of CAP and vtd, it is
still interesting to examine whether polar body formation and the embryonic mitotic
divisions are affected by the knockdowns. It was found that DNA and microtubules
appear normal in polar bodies after the knockdown of either CAP or vtd (Fig 11B and
11H). However further investigation with centromeric FISH staining revealed that the
centromeric regions of X chromosomes no longer remain together (Fig 11B, 11E, 11H
and 11K) as they do in the yw flies (Fig 5G and 5Q). It was found that instead of seeing
three centromeric FISH signals in polar bodies, around 40% of polar bodies in CAPRNAS18
and 60% of polar bodies in vtd™ "' exhibited more than three centromeric signals (Fig 12).
These percentages of abnormal polar bodies are higher than that seen in yw flies (8%).
For the two RNA. fly lines, the maximum number of centromeric FISH signals observed
in the polar body is six (Fig 11B, 11E, 11H and 11K) (except 1 showed seven FISH
signals out of the 77 polar bodies examined). There are two possible models that can
explain this abnormal phenotype seen in the polar bodies. One is that the centromeric
cohesion between sister chromatids in polar bodies is lost after knockdown of either CAP
or vtd, which leads to the complete separation of the sister chromatids. The other
possibility is that CAP or vtd knockdown results in re-replication in the meiotic products
to result in a complete or partial doubing of chromosome number in the polar bodies. If
this is the case we may expect to see a further doubling of the arm FISH signals from 6 to
up to 12 in the polar body. Further investigation with both centromeric and arm FISH
staining revealed that commonly a maximum of six arm signals can be observed in the

abnormal polar bodies (except 1 out of 40 polar bodies showed seven arm signals),
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Fig 12. Percentage distribution of the polar bodies showing various numbers of
centromeric FISH signals in 0-1 hr embryos collected from yw, mat-GAL4; CAPRNARI8
and mat-GAL4; vtd™ " flies.
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usually together with six centromeric signals (Fig 11E and 11K). This observation
eliminated the second possibility mentioned earlier. Therefore, all these experiments
demonstrated that both CAP and Rad21 are essential for the centromeric cohesion
between sister chromatids in polar bodies.
3.2.5 Knockdown of CAP or vtd results in abnormal embryonic mitotic cycles

In addition to the abnormalities observed in polar bodies, abnormal phenotypes
were also detected in mitosis after knockdown of either CAP or vtd. In embryos, instead
of two centromeric FISH signals per mitotic spindle (Fig 5U), three or four centromeric
signals were observed in CAP and vtd knockdowns (Fig 11C, 11F, 111 and 11L). This
implies knockdown of either CAP or vtd leads to the loss of cohesion between sister
chromatids in mitosis, as has been seen in other cell types in Drosophila (Eichinger, et al.
2013; Vass, et al. 2003). In addition to the loss of sister-chromatid cohesion, the evenly
distributed and synchronized mitotic divisions that are normally seen in yw embryos (Fig
13A) is no longer observed after knockdown of CAP and vtd. Instead, randomly
distributed mitotic cycles with different spindle sizes and at various division stages were
observed in CAPRVAI8 and vtd™ ' embryos (Fig 13B and 13C). It was revealed that
97.642.4% (N=37) of CAPRN®18 embryos and 91.748.3% (N=30) of vtd™*' embryos
exhibited abnormal mitotic divisions, which are significantly higher than that of yw
embryos (4.244.2%, N=37). These phenotypes are presumably the consequences of the
abnormal progression of mitosis resulting from premature sister chromatid segregation as

described before.
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Fig 13. Confocal images of embryos collected from yw, mat-GAL4; CAPRNASI8 and mat-
GAL4; vtd™ flies,

Blue represents spindle, red represents centromeric FISH signal, green represents DNA.
(A) yw embryo with synchronized mitotic divisions evenly distributed in the embryo. (B)
CAPRNABIE ambryo. (C) vtd™A embryo. (B and C) Abnormal distribution of non-
synchronized mitosis with different spindle sizes. The scale bar indicates 20um..
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3.3 Knockdown of sse in the ovary

According to previous findings, the kleisin protein Rad21 and the Rec8-like
protein C(2)M are not required to maintain sister-chromatid cohesion in Drosophila
meiosis (Urban, et al. 2014; Heidmann, et al. 2004). This leads us to ask whether

Separase, the enzyme that cleaves the kleisin is also not required for this process. To

RNAi147 RNAi213

answer this question, we generated two RNAI lines, sse and sse , targeting
different parts of the coding region of sse MRNA. After knockdown of sse in the ovaries
by mat-GAL4 driven RNAI, both of the fly lines produced un-hatchable eggs. To study
the reason, stage 14 oocytes and embryos collected from mat-GAL4; sse™A14 flies were
examined.
3.3.1 sse was knocked down efficiently

gRT-PCR was employed to test the knockdown efficiency of sse in sse™ ' fljes.
After three repeated gRT-PCR experiments (each employing 3 replicates) using mRNA

extracted independently from three groups of sse®A147

stage 14 oocytes, it was found that
the mMRNA level of sse in sse™A4 s only 1.2% of that in yw (Fig 14A). These qRT-PCR

experiments demonstrated that sse was knocked down efficiently by the RNA..
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Fig 14. gqRT-PCR analysis of sse and pim mRNA level in stage 14 oocytes collected from
mat-GAL4; sse™ " and mat-GAL4; pim™ ™ fly lines respectively.
(A) A representative figure that is chosen from one of the three qRT-PCRs showing that

sse MRNA level reduced dramatically in sse®™** comparing to that in yw. According to

the results of the three repeated qRT-PCRs, the sse MRNA level in sse™"A147 js 1.240.3%
of that in yw. (B) A representative figure that is chosen from one of the two qRT-PCRs
showing that pim mRNA level reduced dramatically in pim™*** comparing to that in yw.
According to the results of the two repeated gRT-PCRs, the pim mRNA level in pim™A®
is 1.740.2% of that in yw.
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3.3.2 Knockdown of sse does not cause obvious abnormality in metaphase | arrest

To study whether knockdown of sse generates any defect in metaphase | arrest,
phenotypes of stage 14 oocytes collected from mat-GAL4; sse™A47 fly line were
analyzed and compared to those collected from yw flies (Fig 15A-15D). It was found that
the majority of oocytes collected from sse™ 7 flies exhibited normal metaphase | arrest

RNAi147

as seen in yw flies (Fig 15B and 15C). It was demonstrated that 15% sse oocytes

showed premature DNA separation (Fig 15A). This percentage of abnormality is not

RNAi147

significantly different from that in yw flies (Fig 15A). Noticeably, sse oocytes
showed higher percentage abnormality with larger range of standard error (Fig 15A). This
was caused by the inconsistent results generated by four repeated experiments. Among

RNAi147

the four repeats, two of them indicated that 100% of the sse stage 14 oocytes

showed normal metaphase | arrest but in the other two experiments, a small group (25%

RNAi147

and 35% specifically) of sse stage 14 oocytes exhibited prematurely separated DNA
masses (Fig 15D). In all of these four repeats, at least 20 stage 14 oocytes were examined.
It appears from these results that Separase is not required for metaphase | arrest. However,

due to the inconsistancy among the repeats, more experiments are required to confirm this

point.

67



Premature separation of DNA in $14 Oocytes
30%
15.00%
- 25%
E 20% T
=]
5
< 15%
a
R0
‘E’ 10% 6.67%
2 4.03%
a
5% T
0% -
yw SSERNA[IAI? pi‘mRNAl'E’
(N=67) (N=81)  (N=60)
Genotypes A

Fig 15. Quantitative analysis and confocal images of phenotypes in stage 14 oocytes
collected from yw, mat-GAL4; sse™A147 and mat-GAL4; pim™A* fljes.

(A) Quantitative analysis of premature DNA separation in stage 14 oocytes. (B-E) Blue
represents spindle, green represents DNA. (B) Normal metaphase | arrest in yw. (C-D)
Phenotypes displayed in sse®™A"’: (C) Normal metaphase I arrest. (D) Un-equally

separated DNA. (E) Normal metaphase I arrest in pim™™*°". The scale bar indicates 5um.
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3.3.3 Separase is required for proper separation of homologous chromosomes and sister
chromatids during meiosis

To study whether the activity of Separase is required for meiosis after egg
activation, 0-20 mins and 0-1hr embryos collected from mat-GAL4; sse"VA#7 flies were
stained for tubulin, centromere of X chromosome and either DNA (Fig 16A-16F) or arm
regions of X chromosome (Fig 16G-16M). Most of the metaphase Il phenotypes appeared
to be normal where two equally separated DNA each with a single centromeric FISH
signal were observed within a typical metaphase Il spindle (Fig 16A). Separated
centromeric signals each with one or two arm signals were also observed (Fig 16G).
These phenotypes look similar to normal metaphase Il seen in yw flies (Fig 5C and 5M),
which indicates homologous chromosomes separated normally in most of the meiosis in
sse™NA47 embryos. However defect was found in few embryos displaying the metaphase
Il spindle, where the arm signal was located in central aster and separated centromeric
signals were placed in the twin spindles (Fig 16H). Furthermore, the centromeric FISH
signals on the right side of the spindle had already split into two, implying the onset of
anaphase 1. However, the centromeric signal on the left side was not separate yet but
stretched, implying the release of centromeric sister-chromatid cohesion was negatively
affected by the knockdown of sse. More interestingly, as both the spindle phenotype and
centromeric FISH signals suggested that meiosis had gone into the second round, the
sister chromatid arms still remained together indicated by a single arm FISH signal (Fig
16H). This further implies that not only the centromeric but the arm sister-chromatid
cohesion was also negatively affected by the knockdown of sse. In addition to this
abnormality, some of them displayed abnormal spindle together with separated but

stretched DNA each with a centromeric FISH signal (Fig 16B). This phenotype indicates
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Fig 16. Confocal images of meiosis progression and/or polar body formation in embryos
collected from mat-GAL4; sse™A47 and mat-GAL4; sse™ 12 fljes.

In (A-Q), blue represents spindle, red represents centromeric FISH signal; In (A-F), green
represents DNA; In (G-Q), green represents arm FISH signal. (A-M) Phenotypes seen in
embryos collected from mat-GAL4; sse™*' flies: (A) Normal metaphase Il with equally
separated DNA and centromeric FISH signals. (B) Abnormal metaphase Il with twisted
spindle and stretched centromeric DNA. (C) Interphase showing only two DNA masses
each with a centromeric signals. (D) Polar body with two centromeric signals. (E) Polar
body with four centromeric signals. (F) Mitosis generated by male pronuclei with no
centromeric signal. (G) Normal metaphase 1l displaying two separated centromeric
signals each with either one (on the left) or two (on the right) arm signals. (H) Abnormal
metaphase 1l spindle with three separated centromeric signals and one arm signal in the
center. (1) Telophase Il spindle containing two separated centromeric signals each with
one arm signal. (J) Two meiotic products come together to form a polar body, each with a
single centromeric signal associated with two arm signals. (K) Polar body with two
centromeric and two arm signals. (L) Polar body with two centromeric and arm signals.
(M) Polar body with four centromeric and four arm signals. (N-Q) Phenotypes seen in
embryos collected from mat-GAL4; sse™*%'2 flies: (N) Interphase with two centromeric
FISH signals each associated with two arm signals. (O) Polar body with two centromeric
signals and two arm signals. (P) Polar body with two centromeric signals and four arm
signals. (Q) Polar body with four centromeric signals and four arm signals. The scale bar
indicates 5um.
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that although homologous chromosomes somehow were separated in these cases, the
attempt to separate sister chromatids had failed. Furthermore, among all of the sse™VA1147
embryos in meiosis, 81% (N=16) were in metaphase 1l. However, among all of the yw
embryos in meiosis, only 5% of them were in metaphase Il while 86% (N=21) were in
latter meiotic stages of either anaphase 1l or telophase Il. These data further demonstrated

RNAi147

that meiosis is delayed at metaphase Il in sse embryos. Importantly none of the

sse™NA47 embryos were found to exhibit four centromeric FISH signals even if it
displayed a spindle that was similar to the one seen in yw telophase Il (Fig 5E and 50). In

all of the telophase 11 spindles seen in sse™ A

embryos, only two separated centromeric
signals each with one or two arm signals could be detected (Fig 161). These findings
demonstrate that the separation of sister chromatids in meiosis is largely inhibited by the
knockdown of sse.

If there is no separation of sister chromatids, how is meiosis going to finish?
Further analysis demonstrated that instead of forming four haploid nuclei (Fig 5F and 5P),
only two meiotic products were generated. This was proved by the observation that

among all of the sse®VA!47

embryos in post-meiotic interphase, 83% (N=12) of them
displayed only two separated DNA masses (Fig 16C). Although most of these DNA
masses were associated with only one centromeric FISH signal (Fig 16C), some of them
were associated with two, indicating originally unseparated meiotic sister chromatids start
to separate at this stage. More rarely, all of the centromeric signals were observed in only
one of the two separated DNA masses, which implies the segregation of homologous

chromosomes had completely failed. None of the interphase yw embryos (N=15) showed

similar phenotypes. All the experimental results shown in this section demonstrated that
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Separase is essential for the proper separation of homologous chromosomes and sister
chromatids during meiosis.
3.3.4 Knockdown of sse generates abnormal polar bodies with four chromosomes

If there are only two meiotic products formed in sseA147

embryos, will the
formation of polar body still occur? If yes, what is the orientation of chromosomes in the
polar body? Further studies revealed that after interphase, the two meiosis products came
together. This was represented by two separated centromeric FISH signals with either
separated (Fig 16J) or unseparated (Fig 16K) arm signals apparently coming together to
form a polar body. The newly formed polar bodies commonly had only two centromeric
signals (Fig 16D and 16L).

The phenotypes from meiosis to early polar body formation mentioned above
were mainly collected from 0-20min sse knockdown embryos. Polar body phenotypes
displayed in 0-1hr embryos indicated that the number of centromeric signals in the polar
body gradually increased to the maximum of four (Fig 16E, 16M and Fig 6) (only 1 out of
113 polar bodies showed five centromeric signals). These observations imply that the
centromeric regions of sister chromatids that did not separate during the second round of
meiosis were finally separated from each other in the polar body. The arm FISH signals
that represent the arm regions of sister chromatids were detected to be able to separate
from each other as early as in metaphase Il (Fig 16G) and as late as within the polar body
(Fig 16L). Regardless of when they separate, the maximum number of arm signals
commonly observed in a polar body of sse knockdown embryo is four (Fig 16M) (except
3 out of 85 polar bodies exhibited five arm signals). This matches with the maximum

number of centromeric signals seen in the polar body. The phenotypes showed by both

FISH signals (Fig 16M) indicating the four chromosomes are completely separated from
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each other in the polar body. In yw flies, the polar body chromosomes are composed of
two sister chromatids generated through DNA replication during interphase (Chapter 3.1).
For sse™A ™7 flies, most likely, the sister chromatids in the polar body failed to separate
from each other because of the sse knockdown. Nonetheless, it is also possible that DNA
replication during interphase is inhibited by sse knockdown. This will result in the lack of
sister chromatids in the polar body chromosomes. However, the latter possibility is
eliminated by the polar body phenotypes exhibited in the double knockdown of both sse

and vtd as described below (Chapter 3.4).

3.3.5 Knockdown of sse results in early mitotic arrest in embryos

Compared to yw embryos (Fig 17A), only one or, less frequently, two mitotic
spindles was observed together with polar body in all of the 85 examined sse™“A4/
embryos that finished meiosis (Fig 6 and Fig 17B). This indicates that the progression of
mitotic divisions had been blocked because of the knockdown of sse, presumably by
preventing the cleavage of Rad21 that is crucial for the separation of sister chromatids
(Oliveira, et al. 2010). Moreover, these mitotic spindles were found to contain either one
(48%, N=58) or no (52%) centromeric FISH signal (Fig 16F), indicating a single or no X
chromosome was present respectively. The absence of spindles with more than one
centromeric signal suggets specifically a mitotic arrest prior to sister chromatid
segregation. This is consistent with the expectation that the separation of sister
chromatids is not going to occur without Separase. Furthermore, the observation of one or
no centromeric FISH signal implies that these mitotic spindles were generated by male

pronuclei only. This result is consistent with our finding that polar bodies contain all four

female meiotic products after knockdown of sse.

73



Fig 17. Confocal images of embryos collected from yw, mat-GAL4; sse™*'**” and mat-
GAL4; pim™™A® fljes.

Blue represents spindle, green represents DNA. (A) yw embryo with synchronized mitotic
divisions evenly distributed in the embryo. (B) sse™*"*" embryo with one polar body and
one male pronucleus. (C) pim™* embryo displaying abnormal distribution of non-
synchronized mitosis with different spindle sizes. The scale bar indicates 20um..
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3.3.6 Knockdown of sse is specific

RNAi213
H

To test for the specificity of sse knockdown, another fly line, sse was

generated with RNAI sequence that targets a different region of sse mMRNA compared to

RNAi213

sse™A47 phenotypes observed in 0-1hr sse embryos show no difference from what

RNAi147 RNAi213

was found in sse embryos. As shown in Fig 16N-16Q, in sse embryos, during

interphase only two meiotic products were observed (Fig 16N). These two meiotic

products formed a polar body that contains two centromeric FISH signals (Fig 160 and

RNAi147

16P). Similar with the polar body phenotypes displayed in sse embryos, a

maximum of four centromeric signals were also observed in sse®A%3

polar bodies (Fig
16Q). The separation time of arm signals is uncertain but the maximum number of arm
signals detected is four (Fig 16N-16Q). Most commonly, only one mitotic spindle was
found in these embryos. Given that two different RNAI lines give the same phenotypes, it

RNAi147

is fair to say that the knockdown of sse by sse is specific.

75



3.4 Double knockdown of sse and vtd
3.4.1 Rad21 is not the target of Separase in Drosophila meiosis

As mentioned before, Rad21 is not likely required for Drosophila meiosis
(Chapter 3.2.3). However, the experimental results in vtd single knockdown do not
completely eliminate the possibility that Rad21 serves as the kleisin subunit of Cohesin
complex in meiosis since another mechanism may be involved in sister-chromatid
cohesion in addition to the Separase-dependent anaphase pathway (see below in
discussion, Chapter 4.2). Since Rad21 is a substrate of Separase (Warren, et al. 2000;
Nasmyth, 2002), knockdown of vtd mimics the situation in which all of the Rad21 had
been cleaved by Separase even in the situation where sse is knocked down. If Rad21
participates in the cohesion between sister chromatids during Drosophila meiosis, then
knockdown of vtd together with sse should override the phenotypes generated by sse
single knockdown during meiosis. To test if this is true, a combined RNAI fly line

RNAi147 and vtd RNAI

including both sse was generated. Preliminary experimental results

showed that, after driving the expression of both RNAI using mat67-GAL4 driver, the
abnormal meiosis progression seen in sse*™ " flies was not changed. For each of the

RNAi147 RNAI
4 vtg™M

meiotic phenotypes detected in sse embryos, a corresponding similar

phenotype can be found in sse™**’

embryos (Fig 18A, 18B and 18C comparing to Fig
16G, 161 and 16K respectively). These results strongly demonstrated that Rad21 is not
involved in the cohesion between sister chromatids as the target of Separase during

meiosis.
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A
Fig 18. Confocal images of meiosis progression and polar body formation in embryos
collected from mat-GAL4; sse™ ™ 7ytd™™ flies.
Blue represents spindle, red represents centromeric FISH signal, green represents arm
FISH signal. (A) Normal metaphase Il with two separated centromeric FISH signals, each
with either one (on the left) or two (on the right) arm signals. (B) Abnormal meiosis Il
spindle containing two separated centromeric signals each with one arm signal. (C)
Interphase spindle with two centromeric and two arm signals. (D) Polar body with two
centromeric and two arm signals. (E) Polar body with two centromeric and four arm
signals. (F) Polar body with four centromeric and four arm signals. (G) Polar body with
eight centromeric and eight arm signals. (H) Mitosis generated by male pronuclei with
one centromeric and one arm signal. (I) Mitosis generated by male pronuclei with two
centromeric and one arm signal. (J) Embryo containing one mitotic spindle (J') and one

polar body (J"); (J) A mitosis with two centromeric and two arm signals; (J*) A polar
body with seven centromeric and eight arm signals. The scale bar indicates 5um.
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3.4.2 Separase regulates sister-chromatid cohesion through cleavage of Rad21 in the
polar body

As mentioned before, after knockdown of sse, an abnormal polar body with four
separated chromosomes was generated (Fig 16M). This polar body phenotype is most
likely a result of the failure to release the sister-chromatid cohesion at the arm region,
though we can not be certain since it is not known whether these chromosomes are
composed of two sister chromatids or not. To answer this question, polar bodies

RNAi147_thRNAi

generated in sse embryos were examined. The polar body phenotypes

RNAi147 RNAi RNAi147
-vtd

exhibited by sse embryos (Fig 18D-18F) is similar to that seen in sse

embryos (Fig 16J-16M) and sse™ 22 embryos (Fig 16N-16Q). However, comparing to

embryos with single knockdown of sse, in sse™A147-ydRNA!

embryos the maximum
number of centromeric signals that can be observed has increased to eight (Fig 18G). This
observation indicates that there are two sister chromatids in each of the chromosomes in

the polar bodies of sse®NA47_ytgRNA

embryos. This confirms the previous finding that
knockdown of sse leads to defects in the separation of sister chromatid arms (Chapter
3.3.4) and Rad21 is required for the centromeric sister-chromatid cohesion in the polar
body (Chapter 3.2.4). Furthermore, the maximum number of arm signals in polar bodies

of SseRNA|147_thRNAI

embryos has also increased to eight (Fig 18G). This phenotype
indicates that the originally bound arm regions of sister chromatids are now separated
because of the loss of Rad21. This demonstrates that Rad21 is also essential for the
cohesion at the arm regions of sister chromatids in the polar body, presumably by serving

as the kleisin subunit of Cohesin complex. This further implies that the defect generated

in the polar body sister chromatid separation after knockdown of sse is caused by the
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persistance of Rad21. Therefore, the separation of sister chromatid arms in the polar body
is regulated by Separase through Rad21 cleavage.
3.4.3 Knockdown of Rad21cannot rescue the early mitotic arrest generated by sse
knockdown

As mentioned before, knockdown of vtd leads to the loss of cohesion between
sister chromatids in embryonic mitotic cycles and, in turn, results in non-synchronized
mitotic divisions (Chapter 3.2.5). Meanwhile, knockdown of sse results in mitotic arrest
in embryos that is presumably caused by persistence of Rad21 between sister chromatids
(Chapter 3.3.5). Since Separase cleaves Rad21 during the metaphase to anaphase
transition to release sister chromatids in mitosis (Nasmyth and Haering, 2009), the
depletion of Separase should not generate any effect on the embryonic mitotic cycles
where Rad21 is absent. Hence mitosis in the double knockdown embryos is expected to
be similar to mitosis seen in vtd single knockdown (Chapter 3.2.5). However, contrary to

our expectation, the mitosis phenotypes displayed in sseRNA47-ytd VA

embryos were not
the same as those seen in vtd single knockdown but more similar to those observed in the
single knockdown of sse (Chapter 3.3.5 and Fig 17B). According to the preliminary

experimental results, in sse™ 47 _ytd™NA

embryos, 92% (N=25) of the mitotic divisions

were arrested at very early stages (no more than two mitotic spindles), indicating

knockdown of both vtd and sse did not push the embryonic mitotic cycles progress any

further than solely knockdown of sse. This demonstrated that the persistence of

Rad21caused by knockdown of sse is not the only reason for the early mitotic arrest in
RNAi147

sse embryos, which further implies a function of Separase other than Rad21

cleavage is important for the progression of mitosis in embryos.
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While the mitotic divisions in sse™VA47-ytgRNA!

embryos were arrested with
metaphase-like spindles, these mitosis exhibited three different FISH signal patterns. In
some of the metaphase mitosis, one centromeric together with one arm FISH signal were
observed (Fig 18H), indicating only one X chromosome was present. This is consistent
with the failed meiosis and pronuclear migration discribed in sse knockdown embryos
(Chapter 3.3.5). In another group of mitosis at metaphase, two centromeric signals with
only one arm signal were detected (Fig 18l), indicating the centromeric region of sister
chromatids were separated while the arm region still remains together. This abnormal
metaphase phenotype was never seen in yw embryos and it implies that the abnormal
separation of sister chromatids at centromeric regions was a consequence of vtd
knockdown. This interpretation was further confirmed by the observation in which one
abnormal mitotic metaphase spindle containing two centromeric and two arm signals was
presented together with a polar body displaying eight arm signals in the same embryo
(Fig 18J, 18J' and 18J"). Since there were eight arm signals seen in the polar body (Fig
18J"), no female pronucleus was produced to join with the male pronucleus. The presence
of two FISH signals in this metaphase spindle (Fig 18J") indicates the complete separation
of sister chromatids of the X chromosome coming from the male pronucleus, resulting
from vtd knockdown. Overall, the pattern of FISH signals seen in mitosis of sse"A14’-
vtd™A embryos demonstrate that knockdown of vtd does lead to the separation of mitotic
sister chromatids. However, mitotic divisions are still arrested with metaphase-like
spindles, which further confirms our previous hypothesis that during the progression of

embryonic mitotic cycles, Separase may have additional cellular function(s) other than

the release of sister-chromatid cohesion.
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3.5 Knockdown of pim in the ovary
Knowing Separase is required for the proper separation of homologous
chromosomes and sister chromatids during meiosis, it is interesting to investigate whether

Pim still serves as a regulator for Separase during this process. For this purpose, pim™A®

RNAi3'

and pim transgenic flies were generated. After driving the expression of the RNAI in

the ovary by mat-GAL4, it was found pim™™** flies laid un-hatchable eggs but pim~NA®
flies layed eggs that hatch at a frequency similar to wild type (data not shown). Since Pim
is known to be required for mitosis during later stages of development (Stratmann and

Lehner, 1996), we focused our study on pim™“A*

assuming that its sterility was a
consequence of efficient knockdown.
3.5.1 pim was knocked down efficiently

gRT-PCR was employed to test the knockdown efficiency of pim in stage 14
oocytes collected from pim™™A* flies. The experiment was repeated two times using

RNAI5'

MRNA extracts prepared independently from two groups of pim stage 14 oocytes.

The results revealed that the pim mRNA level in pim™A®

is only 1.7% of that in yw (Fig
14B). This result demonstrated that pim was knocked down efficiently.
3.5.2 Pim is not required for metaphase | arrest

Evidence showed that Pim inhibits Separase in mitosis (Leismann, et al. 2000).
Pim was also demonstrated to have positive role on the function of Separase (Stratmann
and Lehner, 1996). Furthermore, it was demonstrated earlier that Separase is required for
the proper separation of homologous chromosomes (Chapter 3.3.3). If Pim is only
required for the inhibition of Separase in meiosis, then after knockdown of pim, we

expect to observe the premature separation of homologous chromosomes caused by

prematurely activated Separase. Alternatively, if Pim also has positive function on the
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activity of Separase during meiosis, then we expect to observe normal metaphase | arrest
since Separase would not be functional. To test which one of these two hypothesis is true,
stage 14 oocytes, collected from mat-GAL4; pim™A® fly lines, were examined. It was
found that the majority of the stage 14 oocytes collected from pim™A*® flies exhibited a
normal metaphase | arrested (Fig 15B and 15E). It was demonstrated that only 6.67% of
pim™AS" gocytes showed premature DNA separation (Fig 15A). This percent of
abnormality is very similar to that seen in yw oocytes. These observations match with our
latter expectation, where Pim is required for the proper function of Separase. However, it
could also be interpreted by another two possibilities: one is that Separase is not inhibited
by Pim in meiosis and the other one is that Separase is inhibited by redundant
mechanisms including Pim during the process.
3.5.3 Pim is not required for the proper completion of meiosis

If during meiosis, Pim has a positive effect on the function of Separase as in
mitosis (Stratmann and Lehner, 1996), we expect that knockdown of pim will have the
same effect on meiosis pregression that was seen with sse knockdown. To test if this is
true, 0-20 mins and 0-1hr embryos collected from mat-GAL4; pim™A*® flies were stained
for tubulin, centromere of X chromosomes and either DNA (Fig 19A-19F) or the arm of
X chromosomes (Fig 19G-19I). It was found that all of the meiosis stages observed in
pim™A" embryos looked similar to that seen in yw embryos (Fig 19G and 19B comparing
to Fig 5M and 5E respectively). A regular metaphase 11 spindle containing two separated
centromeric FISH signals each with one or two arm signals were observed (Fig 19G),
indicating homologous chromosomes separated properly. After that, during the metaphase

Il to anaphase Il transition, two dividing DNA masses each with two centromeric signals

were observed (Fig 19A). Normal anaphase Il spindles with four DNA masses each
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Fig 19. Confocal images of meiosis progression and polar body formation in embryos
collected from mat-GAL4; pim™"** flies.

In (A-1), blue represents spindle, red represents centromeric FISH signal; In (A-F), green
represents DNA; In (G-I), green represents arm FISH signal. (A) The metaphase 11 to
anaphase 11 transition, where two dividing DNA masses each with two centromeric FISH
signals were observed in a metaphase 11 spindle. (B) Normal anaphase 11 with four
separated DNA masses each with one centromeric signal. (C) Normal interphase with
three diffused DNA each with one centromeric signal combining to form a polar body. (D)
Polar body with three centromeric signals. (E) Normal mitosis at metaphase with one
centromeric signal. (F) Abnormal mitosis with one centromeric signal. (G) Normal
metaphase 1l with two centromeric signals each with either one (on the left) or two (on
the right) arm signals. (H) Polar body with three centromeric and three arm signals. (I)
Polar body with three centromeric and four arm signals. The scale bar indicates 5um.
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accompanied by a single centromeric signal were also detected (Fig 19B). These
phenotypes indicate that sister chromatids also separated normally. After meiosis, three
meiotic products each with one centromeric FISH signal come together during interphase
(Fig 19C) as in wild type (Fig 5F). These results presented so far indicate that depletion
of Pim has no effect on meiosis progression.
3.5.4 Pim is required for sister-chromatid cohesion in the polar body

To determine if Pim is required for sister-chromatid cohesion in the polar body,

RNAI5'

the phenotypes displayed by polar bodies in pim embryos were examined. Normal
polar bodies with three centromeric FISH signals (Fig 19D) were observed in almost all
of the embryos (93%, N=57) that finished meiosis. The phenotypes displayed by these
polar bodies exhibited no difference from that seen in yw embryos (Fig 5G). Further

analysis with arm FISH probes revealed that among all of the pim™"A**

embryos with
polar bodies, around 75% of them had 3 arm signals in their polar body (Fig 19H and Fig
6). Most other polar bodies (21%) exhibited four arm signals (Fig 191 and Fig 6) while
the ones with more than four arm signals were extremely rare (Fig 6). These polar body
phenotypes are very different than what was seen in yw flies (Fig 5R). Given that most of

the polar bodies in pim*NA'®

embryos displayed three centromeric and three arm FISH
signals (Fig 19H), it is reasonable to conclude that the arm cohesion between sister
chromatids persists in these polar bodies. This implies that Pim is required for proper
separation of polar body sister chromatid arms. Since this arm separation is regulated by

Separase (Chapter 3.4.2) and the polar body phenotype seen in pim™A*

embryos is
similar to that seen in sse knockdown, where in both cases sister chromatid arms in most
of the polar bodies did not separate. This further implies that Pim is required for proper

function of Separase for the release of sister-chromatid cohesion in the polar body. This
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matches with the hypothesis that Pim has positive effects on Separase (Stratmann and

RNAi5'

Lehner, 1996). However, a small group of pim polar bodies exhibited four arm FISH

signals (Fig 191). This is likely not a result of failed pronuclear migration since almost all

of the polar bodies in pimfNA®

embryos exhibited three centromeric signals. These polar
bodies with four arm signals are more likely generated by the loss of arm cohesion on
only one of the polar body chromosomes, implying either Separase does not completely
lose its function in the absence of Pim or that pim knockdown is incomplete.

3.5.5 Pim is required for the proper progression of synchronized mitosis in early embryo
development

The early mitotic divisions in pim™A*®

embryos appear to be normal. Fig 19E
displays an example of normal metaphase mitosis found in a male embryo (containing
only one centromeric FISH signal). As the number of mitotic divisions increased, more
and more abnormal mitotic cycles appear. Fig 19F displays an example of abnormal
mitosis. Unlike yw embryos, in which synchronized mitotic divisions were evenly
distributed throughout the whole embryo (Fig 17A), randomly distributed non-
synchronized mitotic cycles were observed in pim~“A® embryos (Fig 17C). All these
phenotypes could be a consequence of elevated Separase activity without the inhibition of
Pim or a loss of the positive function of Pim on Separase (Stratmann and Lehner, 1996).
3.5.6 Unhatchable pim™' embryos can not be rescued by the expression of GFP-pim™

RNAI5'

To test whether wild type Pim is able to rescue the unhatchable pim embryos,

both pim®"™A®" and GFP-pim"* driven by a single copy of mat-GAL4 was expressed in fly

ovaries. Since GFP-pim" does not have the 5' UTR region that pim™"*

targets, its
expression should not be affected by the RNAi. However, the embryos generated by these

flies did not hatch either. This is not surprising, because not only knockdown of pim but
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also over expression of even moderate amounts of pim causes defects in mitosis

(Leismann, et al. 2000).
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3.6 Non-degradable Pim

To study whether Pim has an inhibitory function on Separase during meiosis, non-
degradable Pim with mutations on both D-box and Ken-box (pim“?*) (Batiha, 2013;
Leismann, et al. 2000; Leismann and Lehner, 2003) were employed in our research. If
Pim inhibits Separase during meiosis, then we expect that without the degradation of Pim,
Separase activity will be blocked constantly. This will lead to embryonic phenotypes that
are similar to those of sse embryos. According to the previous experimental results from
our lab, it was found that embryos collected from GFP-pim?* flies (Table 2) appear to be
able to get through meiosis though some aberrant meiosis were observed (Batiha, 2013).
Furthermore, based on cytological appearance, it was also demonstrated that the non-
degradable Pim caused failure of arm cohesion release in the polar body (Batiha, 2013).
However, from this work, it is not known whether the GFP tag affects the function of Pim
or not. In addition, these previous experiments were performed in the presence of
endogenous Pim. It is possible that endogenous Pim compete with non-degradable Pim
for binding to Separase. This could reduce the effect generated by non-degradable Pim
since part of Separase will be active after the degradation of endogenous Pim. For this
reason, in our research, pim™A"® flies were crossed to GFP-pim?® flies to generate
recombinant transgenic flies that express both pim RNAI and non-degradable Pim. Since

pim™A%" was designed to target the 5' UTR region of pim mRNA while GFP-pim?*%

mRNA does not have this region, pim™"A®

is only going to knockdown the expression of
endogenous pim but not GFP-pim”?. In addition, to test whether the GFP tag affects the
function of Pim or not, embryos that express pim?* (Table 2) without a GFP tag

(generated by O. Batiha) were also examined. mat-gal4 expression of pim**, GFP-pim?%
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and pim™AS_GFP-pim?* produced eggs that do not hatch, indicating defects in either
meiosis or mitosis.
3.6.1 Degradation of Pim is required for proper meiosis

To study whether meiosis is affected by the failure to degrade Pim, 0-1hr embryos
were collected from three fly lines that express non-degradable Pim driven by mat-GAL4:
pim”* (Fig 20A-20C), GFP-pim?* (Fig 20D-20F) and pim™*®-GFP-pim?* (Fig 20G-
20L). In both pim?®* and GFP-pim”“* embryos, meiosis appeared to progress normally.
Metaphase 1l shaped spindles were observed with two separated DNA masses each with
either one or two arm FISH signals (Fig 20A and 20D). Meiosis is also able to progress
into anaphase 1, where four separated DNA masses each with one arm signal were
detected (Fig 20B and 20E). In Fig 20E, one of the DNA masses is not detected, but both
spindle phenotype and the other three DNA and FISH signals suggested that anaphase 11
occurred and sister chromatids separated correctly. Furthermore, in pim?®* and GFP-
pim?“ embryos, most of the interphases (73%, N=15) looked normal, where three
diffused DNA masses each with one arm signal were detected (Fig 20C). However the
rest of interphases (27%) showed abnormal phenotype where either two or, less
frequently, three meiotic products were associated with arm signals in each of the two or
two out of the three DNA masses (Fig 20F). These phenotypes are similar to the
interphase seen in sse knockdown embryos (Chapter 3.3.3). This implies that failed or, at
least, abnormal separation of sister chromatids that is caused by inactivation of Separase
happened in a low frequency in the presence of both endogenous and non-degradable Pim.
These results are consistent with the meiotic phenotypes observed in GFP-pim?*

embryos as described in Batiha, 2013.
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Fig 20. Confocal images of meiosis progression in embryos collected from mat-GAL4;
pim?*, mat-GAL4; GFP-pim** and mat-GAL4; pim™**-GFP-pim** flies.

Blue represents spindle, red represents arm FISH signal, green represents DNA. (A-C)
Phenotypes from pim”“ flies: (A) Normal metaphase Il. (B) Normal anaphase I1. (C)
Normal interphase. (D-F) Phenotypes from GFP-pim“® flies: (D) Normal metaphase I1.
(E) Anaphase 11 with only three DNA masses each containing one arm FISH signal. (F)
Abnormal interphase with three DNA masses but only two of them contain arm signal.
(G-L) Phenotypes from pim™“4°-GFP-pim”# flies: (G) Normal metaphase II. (H)
Abnormal anaphase Il where on the left side three instead of two DNA masses were
observed. (1) Interphase with four combining meiotic products each containing one arm
signal. (J) Abnormal metaphase Il with stretched DNA masses. (K) Abnormal anaphase 11
where only one of the DNA masses in each twin spindle contains arm signals. (L)
Abnormal interphase with only two meiotic products one on the left containing two arm
signals and one on the right containing one arm signal. The scale bar indicates Sum.
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While non-degradable Pim has little effect in the presence of endogenous Pim,

when expressed together with pim RNAi (pimfVA®

), defects started to be detected during
meiosis progression. Although normal metaphase 1l oocytes (Fig 20G) were observed,
indicating the separation of homologous chromosomes, anaphase 11 did not occur
properly in pim~A®-GFP-pim?¥ embryos. Abnormally stretched DNA masses each with
two arm signals were observed (Fig 20J), indicating resistance against the separation of
sister chromatids was generated. In other cases, more than two DNA masses with
separated centromeric FISH signals were observed in one of the twin spindles (Fig 20H).
This indicates that although X chromosome sister chromatids are separated, defects were
generated during the separation of other sister chromatids. Furthermore, anaphase |1
spindle with two separated DNA masses on each side had also been detected while only
one of the DNA masses contained two arm FISH signals (Fig 20K). This phenotype
indicates that separation of X chromosome sister chromatids is inhibited during anaphase
1. These phenomena seen in pim™4-GFP-pim?#* embryos are similar but not as severe
as those seen in the sse knockdown embryos, implying that sister chromatids did not
separate properly with the persistence of non-degradable Pim. Among the interphase
displaying pim™A®-GFP-pim?* embryos, 41% (N=17) of them exhibited abnormal
interphase showing only two DNA masses each with one or two arm FISH signals (Fig
20L). This interphase phenotype is similar to those seen in sse knockdown embryos,
indicating defects in sister chromatid separation occurred with the presence of non-
degradable Pim. The increase in the interphase abnormality percentage in pim™A*-GFP-
pim”“ embryos (41%) comparing to pim”* and GFP-pim?* embryos (27%) matches with
the predication that the inhibitory effect on Separase generated by non-degradable Pim

will be increased by the knockdown of endogenous pim. In addition to these 41%
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embryos, 29.5% embryos exhibited normal interphase with four DNA masses each
containing one arm FISH signal (Fig 201). While in these normal interphase phenotypes,
four meiotic products were generated, none appeared to migrate to the male pronucleus.
This may indicate a delay in the completion of meiosis, presumably resulting from the
delayed sister chromatid segregation. Another 29.5% of interphases in pim™"A°-GFp-
pim?¥ embryos were without any defect and delay.

Overall, the results shown in this section demonstrated that non-degradable Pim
generates defects in the release of sister-chromatid cohesion during meiosis, presumably
through inhibiting the activity of Separase. However, the defects generated by non-
degradable Pim are not as strong as those seen in sse knockdown, implying either Pim
may not be the only regulatory mechanism for Separase during meiosis or the incomplete
knockdown of endogenous pim.

3.6.2 Degradation of Pim is required for the release of sister-chromatid cohesion in the
polar body

After meiosis, polar body formation was also examined in pim?# (Fig 21A-21D),
GFP-pim?®* (Fig 21E-21H) and pim™A®"-GFP-pim?* (Fig 211-21L) fly lines. In the
embryos collected from the three non-degradable Pim expressing fly lines, most of the
polar bodies were observed with either three (Fig 21A, 21E and 211) or four (Fig 21B,
21F and 21J) arm FISH signals (Fig 6). The polar bodies with three arm signals are likely
generated by normally progressed meiosis after which three female pronuclei come
together during interphase. In addition, the separation of sister chromatid arms are
blocked in these polar bodies. Since Separase is responsable for releasing arm sister-
chromatid cohesion in the polar body (Chapter 3.4.2), non-degradable Pim blocks this

release of coheison process presumably by inhibiting Separase activity. However, there
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Fig 21. Confocal images of polar body and mitosis in embryos collected from mat-GAL4;
pim?*, mat-GAL4; GFP-pim?* and mat-GAL4; pim™A°-GFP-pim** flies.

Blue represents spindle, red represents arm FISH signal, green represents DNA. (A-D)
Phenotypes from pim”® flies: (A) Polar body with three arm FISH signals. (B) Polar body
with four arm signals. (C) Normal mitosis. (D) Abnormal mitosis. (E-H) Phenotypes from
GFP-pim”* flies: (E) Polar body with three arm signals. (F) Polar body with four arm
signals. (G) Normal mitosis. (H) Abnormal mitosis. (I-L) Phenotypes from pim A"~
GFP-pim™ flies: (1) Polar body with three arm signals. (J) Polar body with four arm
signals. (K) Mitosis generated by male pronuclei without arm signal. (L) Mitosis
generated by male pronuclei with one arm signal. The scale bar indicates 5um.
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are also cases where four polar body arm signals were detected. This may be caused by
either the separation of one of the polar body chromosomes due to the incomplete
inhibition of Separase or the combination of all of the four meiotic products due to the
delayed meiosis process. However, it was revealed that in the three non-degradable Pim
expressing fly lines, almost all of the polar bodies exhibited either three or four arm FISH
signals. This distribution pattern of polar body arm signals is very different than that seen
in yw flies and implies that the sister chromatid separation in the polar body is blocked by
non-degradable Pim.

3.6.3 Degradation of Pim is required for syncytial mitosis

After meiosis, a small group of embryos collected from both pim?* and GFP-
pim?* flies exhibited more than two cycles of mitotic divisions (Fig 6). Both normal (Fig
21C and 21G) and abnormal (Fig 21D and 21H) phenotypes were observed among these
mitosis. However, in pim™A5-GFP-pim?®* embryos, mitotic divisions were arrested at
very early stages (Fig 6). These phenotypes are consistent with the previous finding that
the degradation of Pim is required for mitosis progression (Batiha, 2013).

Further analysis revealed that the mitosis in pim™A®%-GFP-pim?¥ embryos are
likely to be generated from male nucleus only, since 45% (N=20) of them showed no arm
FISH signal (Fig 21K) while the rest of them showed only one arm signal (Fig 21L).
These mitosis phenotypes seen in pim™“A-GFP-pim”** embryos are very similar to that
observed in sse knockdown embryos. Furthermore, the distribution of polar body arm
FISH signals were also very similar comparing between pim™*-GFP-pim?* and
sse™A47 fly lines (Fig 6). This further confirms our previous findings that throughout the

progression from meiosis to polar body formation: the expression of non-degradable Pim
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always results in similar phenotypes seen after knockdown of sse, presumably by

inhibiting Separase.

94



3.7 Knockdown of cycB in ovary
In addition to Pim, CycB-Cdk1 could be another inhibitor of Separase during
meiosis, since it was found to be required for the proper progression of meiosis (Dhaliwal,

2011). To study whether this is true and to identify other potential functions that CycB

BRNAI1015 BRNA|1896.

may have during meiosis, two RNAI lines were obtained: cyc and cyc
After expressing cycB RNAIi with mat-GAL4 in fly ovaries, it was found that both fly
lines laid un-hatchable eggs, indicating defects in embryo development. To study whether
the defect(s) are generated in meiosis, stage 14 oocytes collected from these fly lines were
first examined.
3.7.1 cycB was knocked down efficiently

To test the knockdown efficiency of cycB in mat-GAL4;cycB™N118 flies CycB
expression level in stage 14 oocytes was analyzed by Western blot. After three repeated
Westerns using independently collected stage 14 oocytes, it was shown that the
expression level of CycB in cycBRVA18% s 19.6% of that in yw (Fig 22A), indicating the
knockdown for cycB was efficient in cycBRNA18 fies. In addition, similar knockdown

efficiency was also observed in stage 14 oocytes collected form cycBRNA1S fly line (M.

Bourouh, unpublished).
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Fig 22. Western analysis and confocal images of stage 14 oocytes collected from yw, mat-
GAL4; cycB™A18% and/or mat-GAL4; cycBRVA1%% fly [ines.

(A) A representative figure selected from one of the three Westerns showing that CycB
expression level is dramatically reduced in cycB*™ "8 comparing to that in yw. Loading
was determined by measuring the intensity of Ponceau staining of a region of the blot.
According to the results collected from the three repeated experiments, the expression
level of CycB in cycBRNA18% j5 19 6442.49% of that in yw. (B-N) Blue represents spindle,
red represents centromeric FISH signal, green represents DNA: (B) Normal metaphase |
arrest in yw stage 14 oocyte. (C-K) Metaphase | arrest phenotypes from cycBfNA8 stage
14 oocyte: (C) Normal metaphase | arrest. (D) Two equally separated DNA masses each
with a single centromeric FISH signal in a abnormal spindle. (E) Two unequally
separated DNA masses with only one of them containing two centromeric signals. (F)
More than two unequally separated DNA masses with only one of them containing two
centromeric signals in an abnormal spindle. (G) One DNA mass with two centromeric
signals in a tri-polar spindle. (H) A single DNA mass with broken centromeric signals. (1)
Two equally separated DNA masses with broken centromeric signals. (J) Two un-equally
separated DNA masses with broken centromeric signals. (K) Two equally separated DNA
masses each with one centromeric signal in a tri-polar spindle. (L-N) Metaphase | arrest
phenotypes from cycB V1% stage 14 oocyte: (L) A single DNA mass with broken
centromeric signals. (M) Two equally separated DNA masses each with a centromeric
signal. (N) Two unequally separated DNA masses with only one of them containing
centromeric signals in abnormal spindle. The scale bar indicates 5um.
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3.7.2 CycB is required to maitain proper metaphse | arrest

To study whether CycB is required for metaphase | arrest, stage 14 oocytes
collected from cycB™“A18% embryos were compared to those seen in yw embryos (Fig
22B-22N). As mentioned before, during metaphase I in yw flies, homologous
chromosomes are held together while the centromeric regions are stretched towards the
opposite spindle poles (Fig 22B). This normal DNA configuration during metaphase |

arrest is detected in the majority of the cycB A%

stage 14 oocytes (Fig 22C). However,
among all of the cycBRNA118% stage 14 oocytes examined, 26.447.3% (N=145) of them
exhibited defects in maintaining normal metaphase I. This percentage of abnormality is
much higher than that found in yw flies (4.241.5%, N=94). The abnormal DNA
phenotypes can be basically characterized into three groups. In the first group, premature
DNA separation indicated by equal or more than two DNA masses was observed (Fig
22D-22F and 221 -22K). This implies the complete (2 DNA masses) or partial (more than
2 DNA masses) premature separation of homologous chromosomes during metaphase |
arrest. The second group of DNA abnormalities are represented by the observation of two
centromeric FISH signals located in a single DNA mass after premature DNA separation
(Fig 22E and 22F). This, as mentioned before, indicates the mis-segregation of
homologous chromosomes. The third group of DNA abnormality is represented by the
observation of a single DNA mass in a properly formed spindle but the centromeric FISH
signal appears broken apart (Fig 22H-22J) instead of the intact single dot that is normally
seen (Fig 22C). This phenotype may result from increased stretching force from the
spindle. For some embryos, DNA and FISH was combined with tubulin staining. This

revealed that 30% (N=27) of them showed abnormal spindle phenotypes (Fig 22D, 22F,

22G and 22K) such as tri-polar spindle (Fig 22G and 22K). Interestingly, these spindle
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abnormalities do not always correlate with aberrant chromosome configurations (Fig 22D,
22F and 221-22K comparing to Fig 22G).
3.7.3 Knockdown of cycB is specific

Most of these abnormal metaphase | phenotypes generated after depletion of
CycB level in stage 14 oocytes had already been discovered by a former master student
(Dhaliwal, 2011). However, in that research, a different method of reducing the level of
CycB had been employed other than cycB RNAI. The only abnormal phenotype that was
not described is the broken centromeric FISH signal (Fig 22H-22J). This abnormal
phenotype was observed again in the stage 14 oocytes collected from another cycB RNAI
fly line, cycBRNAS (Fig 22L). This fly line expresses RNAI against a different part of

cycB mRNA than that of cycBVA18% fly line. All of the other abnormal metaphase |

BRNAi1896 BRNAilOlS

phenotypes found in cyc stage 14 oocytes were observed in cyc oocytes
(Fig 22M and 22N). These observations together with previous findings discovered by

Dhaliwal demonstrate that the knockdown of cycB in cycB™A18% fljes is specific.
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Chapter 4. Discussion

4.1 Regulation of homologue separation and segregation during anaphase |

4.1.1 Depletion of CAP/Rad21 or CycB generate similar defects during metaphase |
arrest but the underlying molecular mechanisms are likely to be different

After knockdown of CAP or vtd (CAP/vtd), premature DNA separation and mis-
segregation of homologous chromosomes was observed in metaphase | arrest in stage 14
oocytes (Chapter 3.2.2). These abnormalities were also detected after knockdown of cycB
(Chapter 3.7.2). However, the molecular mechanisms behind the knockdowns of CAP/vtd
or cycB could be very different.

It was known that homologous chromosomes are held together by both chiasmata
and sister-chromatid cohesion (Buonomo, et al. 2000). From our experiments, no
evidence was found to support the idea that CAP and Rad21 contribute to the cohesion
between sister chromatids during meiosis since no more than two centromeric FISH
signals had ever been observed during metaphase | (Chapter 3.2.2-3.2.3 and 3.4.1). The
experimental data from another study also demonstrated that premature cleavage of
Rad21 does not affect sister-chromatid cohesion (Urban, et al. 2014). However, there are
uncertainties in both of these studies. In our experiments, a small amount of Rad21 could
still persist after the knockdown of vtd (Fig 7) and this may be enough to sustain
centromeric sister-chromatid cohesion during meiosis. In the Urban 2014 paper, they
could not exclude the possibility that the premature cleavage of Rad21 could be blocked
by the binding of Shugoshin-PP2A complex at centromeric region (Gutierrez-Caballero,
et al. 2012). Furthermore, it is possible that CAP and Rad21 are only responsible for the
arm but not the centromeric cohesion during meiosis. However, other research does not

support this hypothesis, since stabilized Rad21 did not generate any defects in meiosis but
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successfully blocked mitosis (Urban, et al. 2014). Taking all these facts into consideration,
it may be concluded that CAP and Rad21 are not likely to contribute to sister-chromatid
cohesion during meiosis. Since CAP serves as one of the backbone proteins for the ring
structure of Cohesin complex, unless there is a substitution for it that has not been
discovered yet, the importance of Cohesin complex in Drosophila meiosis is also brought
into question.

Because sister-chromatid cohesion is unlikely to be affected by the knockdowns
of CAP and vtd, the premature separation of homologous chromosomes observed in these
knockdowns is presumably caused by the failed formation of chiasmata. Then, how are
the Cohesin complex components involved in this process? It was demonstrated that
Rad21 is required for the maintenance of synaptonemal complexes (SC) during prophase,
presumably through interacting with one of the important SC components, C(2)M (Urban,
et al. 2014; Manheim and McKim, 2003). Although there is no direct evidence yet, CAP
may also play a role in maintaining SC since it was found to be associated with C(2)M
too (Heidmann, et al. 2004). Inactivation of Rad21 led to the premature dissociation of
SC (Urban, et al. 2014). We expected that the same situation also stays true after loss the
function of CAP. Therefore, the premature homologous chromosome separation
generated by knockdown of either CAP or vtd is presumably caused by difficulties in
maintaining SC that is important for the formation of chiasmata (Jang, et al. 2003;
Mehrotra and McKim, 2006). In this model, since both CAP and Rad21 are involved in
maintaining SC, presumably through interacting with one of the SC components, C(2)M
(Urban, et al. 2014; Heidmann, et al. 2004), they are likely to function in the same
molecular pathway. Hence, single knockdown of either CAP or Rad21 should affect the

pathway in a similar degree and it is also expected that double knockdown of both of
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them does not produce more severe abnormalities. Indeed, there was no obvious
difference produced among the premature DNA separation percentages generated by
either the single knockdowns or the double knockdown (Fig 8). Furthermore, it was found
that the mat-GAL4 driver is expressed during prophase in S1 oocytes (Urban, et al. 2014)
but the SC assembly starts earlier during the generation of the 16-cell cyst (Lake and
Hawley, 2012). This could be the reason that only low percentages (around 17%, Fig 8)
of premature DNA separation were detected in the knockdowns driven by mat-GALA4.
However, similar abnormal metaphase | phenotypes with increased premature DNA
separation percentages were detected after substituting mat-GAL4 driver with nanos-
GALA4 that expresses much earlier (Chapter 3.2.2; Wang, et al. 1994). This matches with
the expectation that the earlier SC is affected the more severe consequences will be
generated.

CycB was not reported to be involved in the formation and maintenance of SC
during meiosis. However, in mitosis, at least in vertebrate cells, CycB-Cdk1 inhibits
Separase (Gorr, et al. 2005). Separase was demonstrated to be essential for the separation
of both homologous chromosomes and sister chromatids during meiosis (Chapter 3.3.3).
Hence, the premature homologous chromosome separation observed after knockdown of
cycB could be the result of premature activation of Separase. This early activation of
Separase only releases the cohesion between homologous chromosomes but not sister
chromatids, since Shugoshin should be still protecting the centromeric region during
metaphase | (Gutierrez-Caballero, et al. 2012). If this model is true, we expect that after
knockdown of both cycB and sse, the premature homologous chromosome separation
caused by cycB knockdown will be suppressed. By the same principle, if both CycB and

Shugoshin are eliminated, we expect to see early separation of sister chromatids, because
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the prematurely activated Separase will release the cohesion at centromeric regions that
are no longer protected by Shugoshin.

Although the molecular mechanisms that leads to homologous chromosome
separation are different after knockdown of either CAP/vtd or cycB, the consequences of
this premature separation could be similar. In the situation where all of the homologous
chromosomes within the oocyte are separated, anaphase | will happen prematurely (Fig
23A). During this process, the microtubules coming from the same spindle pole could
attach to the kinetochores of both homologous chromosomes and this will result in the
mis-segregation of the homologues to the same spindle pole instead of opposite poles (Fig
23B). Furthermore, if only some of the homologous chromosomes are detached within a
oocyte, these homologues will be pulled apart while the rest will still be attached together.
The pulled away homologous chromosomes could drift away from other ones and result
in the appearance of multi DNA masses. Afterwards, microtubules may assemble around
the randomly separated chromosomes and hence lead to abnormal spindle phenotypes.

Indeed, all of these phenomena were observed after knockdown of either CAP/vtd or cycB.
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Fig 23. Possible models for microtubule attachment after the premature separation of
homologous chromosomes.

(A) Normal attachment of microtubules to the kinetochores of homologous chromosomes.
(B) Kinetochores of both homologous chromosomes are attached to the microtubules
coming from the same pole of spindle, leading to the mis-segregation of homologues. (C-
D) Kinetochore of one of the homologous chromosomes is attached to the microtubules
coming from the two opposite poles of spindle. This may lead to the stretched or even
broken centromeric region of a chromosome if the stretching force of microtubules
increases to a certain level (D). (For convenience, only X chromosomes are exhibited in
this figure. Thicker arrow indicates greater stretching force generated by microtubules).
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4.1.2 CycB has additional cellular functions other than maintaining cohesion between
homologues during metaphase |

Besides the abnormal chromosome separation phenotypes mentioned above, other
phenotypes of broken centromere and spindle abnormality that were not seen in CAP/vtd
knockdown were also observed after the knockdown of cycB. This difference implies that
CycB may have extra functions during metaphase | arrest other than maintaining the
cohesion between homologous chromosomes. It was previously shown that CycB
associates with the meiotic spindle from metaphase | to anaphase Il (Swan and
Schupbach, 2007). Therefore, it is possible that CycB is also required for spindle
organization during meiosis. Knockdown of cycB may result in defects in meiotic spindle
organization such as tri-polar spindles (Fig 22). Moreover, the degradation of CycB was
proven to be essential for proper sister chromatid segregation during mitosis, presumably
through increasing the stretching force of microtubules by inactivating the Cdk1 located
near the chromosomes (Shindo, et al. 2012). Hence, knockdown of cycB during
metaphase | mimics the situation of premature CycB degradation and should also increase
microtubule stretching force. This increase of stretching force does not generate obvious
defects when the microtubule attachment on homologous chromosomes are like those
shown in Fig 23A and 23B. However, after the premature separation of homologues,
there should be circumstances in which microtubules from both spindle poles attach on
the kinetochores of sister chromatids within a single chromosome (Fig 23C and 23D).
Under such a condition, if the stretching force of microtubules increases because of the
knockdown of cycB, the centromeric region of the chromosome could be broken by the
force (Fig 23D). This phenotype was not observed after either single or double

knockdown of CAP and/or vtd.
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4.1.3 CycB is not the only candidate for the regulation of metaphase | to anaphase |
transition

Considering that the degradation of CycB is important for both homologous
chromosome separation and microtubule tension suppression during metaphase I, we
expect to observe a high frequency of abnormality in the stage 14 oocytes after
knockdown of cycB. However, according to the experiments, only around 30%
abnormality was detected (Chapter 3.7.2). One possible explanation could be that
although CycB levels in stage 14 oocytes had decreased to around 18% (Chapter 3.7.1),
the remaining CycB was able to sustain its normal function in most of the oocytes.
Another possibility is that CycB may not be the only regulator that is responsible for
those cellular events during metaphase I. CycA could be a candidate that shares redundant
functions with CycB during this process. Since preliminary experimental results from our
lab suggest that non-degradable CycA may block the segregation of sister chromatids
(Dhaliwal, 2011), indicating that CycA could be responsible for the suppression of
microtubule tension during the second round of meiosis while its role in earlier meiosis
stages remains unknown. Furthermore, in Drosophila mitosis, non-degradable CycA
delayed the separation of sister chromatids (Sigrist, et al. 1995; Jacobs, et al. 2001) and
enhanced the effect of stabilized Pim (Leismann and Lehner, 2003). These observations
suggest that CycA may have the ability to inhibit Separase during mitosis, presumably
through the molecular mechanism similar to that of CycB-Cdk1 (Gorr, et al. 2005).
Therefore, CycA could serve a redundant role with CycB during metaphase I. If this
hypothesis is correct, then double knockdown of both cycA and cycB is expected to
generate more severe defects and higher abnormality percentage than the single

knockdowns.
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4.2 Separase pathway may not be the only mechanism involved in releasing sister-
chromatid cohesion druing meiosis

Although the proper separation of both homologous chromosomes and sister
chromatids during meiosis requires Separase participation, neither of these two processes
were completely inhibited after knockdown of sse (Chapter 3.3.3-3.3.4). This is not likely
a consequence of inefficient sse knockdown because of the following reasons. First of all,
gRT-PCR demonstrated that the sse mMRNA level were decreased dramatically to only 1.2%
of that in the wild type flies (Chapter 3.3.1). Second, if the residual amount of mMRNA is
able to produce a small amount of Separase, this Separase should be able to cause arm
separation of sister chromatids in polar bodies though it did not (see below, Chapter 4.5).
Then, why are the homologous chromosome and sister chromatid separations finally
occuring during meiosis? One possible hypothesis is that another mechanism sharing
redundant molecular function with Separase is involved in the stepwise release of sister-
chromatid cohesion during meiosis. The prophase pathway that happens during mitosis is
a strong candidate (Hauf, et al. 2005; Nishiyama, et al. 2013; Fig 1). Notably, the
Shugoshin-PP2A complex is known to protect centromeric regions against cohesin
removal by both known prophase pathways (Nishiyama, et al. 2013; Gutierrez-Caballero,
et al. 2012; Fig 1). This protection is necessary for the two-round separation of
chromosomes during meiosis. To test this hypothesis, knockdown of sse together with
one of or both of the key components (plk1 and wapl) in the prophase pathways is

required.
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4.3 The separase target that is responsible for meiotic sister-chromatid cohesion in
Drosophila still remains unknown

As mentioned before, Separase is required for the proper separation of both
homologous chromosomes and sister chromatids (Chapter 3.3.3), presumably through
cleaving the kleisin subunit of Cohesin complex between sister chromatids (Nasmyth and
Haering, 2009). However, both our study (Chapter 3.2.2-3.2.3 and 3.4.1) and another
study (Urban, et al. 2014) strongly suggest that sister-chromatid cohesion is likely not
conducted by the mitosis kleisin Rad21. Then what is the target of Separase during
Drosophila meiosis? A potential candidate could be C(2)M/Mei-910, which also belongs
to the Kkleisin family and is expressed in meiosis (Schleiffer, et al. 2003; Heidmann, et al.
2004). However, C(2)M had also been identified as one of the components of SC and it
does not appear to have a role in sister-chromatid cohesion (Manheim and McKim, 2003;
Heidmann, et al. 2004). Interestingly two proteins that are not related to any known
Cohesin components, Ord and Solo, had been demonstrated to be essential for sister-
chromatid cohesion during Drosophila meiosis (Bickel, et al. 1996; Yan, et al. 2010). In
the absence of Ord, premature separation of sister chromatids at centromeric regions were
observed in female oocytes, indicating Ord is responsible for centromeric sister-
chromatid cohesion during meiosis (Bickel, et al. 2002). In addition, Solo was
demonstrated to be essential for sister-chromatid cohesion in Drosophila (Yan, et al. 2010;
Yan and McKee, 2013.). Furthermore, in male meiosis, Solo co-localizes with the
common Cohesin backbone protein, SMC1, at centromeres and this co-localization is
abolished after the knockdown of Shugoshin (Yan, et al. 2010). These discoveries imply
that Solo could be a novel component for Cohesin complex that functions in Drosophila

meiosis. This matches with our finding that the traditional Cohesin component, CAP and
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Rad21, are not required during the process. It is yet unknown whether Ord or Solo are
target(s) of Separase or not.
4.4 Pim may not be the only inhibitor of Separase in meiosis

Comparing to pim knockdown and/or Pim stabilization, it was found that sse
knockdown generated the most efficient inactivation of Separase, since mitotic divisions
were all arrested at very early stages during embryo development (Chapter 3.3.5 and Fig
6). Pim stabilization together with the knockdown of endogenous pim produced similar
mitotic phenotypes comparing to sse knockdown (Chapter 3.6.3 and Fig 6). However, this
double modification generated weaker meiotic phenotypes (Chapter 3.6.1) comparing to
those seen in sse knockdown (Chapter 3.3.3). This indicates that in pim*""®-GFP-pim?%*
embryos the Separase activity during meiosis is not suppressed as much as that in sse
knockdown. This could be caused by the incomplete elimination of endogenous Pim
and/or the presence of another Separase inhibitory mechanism such as CycB-Cdk1 during
meiosis. To test the latter possibility, the interaction between Separase and CycB need to
be confirmed and studied in Drosophila meiosis first. Then the transgenic flies that
expressed both stabilized Pim and modified version of Separase that resists the inhibition
of CycB-Cdk1 should be generated. If CycB-Cdk1 does inhibit Separase during meiosis,
then we expect that these transgenic flies would exhibit more similar meiotic defects
compared to those detected in sse knockdown flies instead of pim™“A-GFP-pim?% flies.

In summary, our research demonstrates that Pim acts as an inhibitor for Separase
in the meiotic sister chromatid separation pathway. The degree of abnormality generated
during this pathway is positively related to the level of inhibitory effect exerted on

Separase activity.
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4.5 Polar body sister chromatid separation depends on Rad21 cleavage by Separase

After the formation of the polar body, the sister chromatid arms of each
chromosome gradually separate as time increases. This process is independent from
embryo development since it also occurs in the non-fertilized embryos (Chapter 3.1).
Subsequent experiments demonstrated that both CAP and Rad21 are essential for
centromeric sister-chromatid cohesion in the polar body (Chapter 3.2.4). Further analysis
revealed that Rad21 is also responsible for the cohesion at the arm region (Chapter 3.4.2).
These observations imply that sister-chromatid cohesion in the polar body is maintained
by the Cohesin complex with Rad21 as its kleisin subunit. Since the knockdown of sse
inhibits the separation of sister chromatid arms in the polar body, the arm cohesion is
presumably released through Separase cleavage of Rad21 (Chapter 3.3.4 and 3.4.2).
Furthermore, either pim knockdown or Pim stabilization leads to the blockage of sister
chromatid separation in the polar body as seen in the knockdown of sse (Chapter 3.5.4
and 3.6.2). Therefore, Separase activity is regulated by both positive and inhibitory
functions of Pim in the polar body. However, unlike meiosis, sister chromatid separation
in the polar body is blocked by even the weakest alteration of Separase function through
the knockdown of pim (Chapter 3.5.4). This implies that Separase activity is very critical
for the separation of sister chromatid arms in the polar body. Hence, the Pim-Separase
pathway could be the only regulatory mechanism involved in this process.

The centromeric regions of polar body sister chromatids always remain together
after the separation of the arms (Chapter 3.1). Considering the fact that Shugoshin was
detected at the centromeric regions of sister chromatids in the polar body (Moore, et al.
1998), it is hypothesized that Shugoshin protects centromeric Rad21 from Separase

cleavage. If this hypothesis is correct, we would expect to observe completely separated
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sister chromatids including the centromeric regions in the polar body after knockdown of
mei-S332 (shugoshin in Drosopihla). Overall, the mechanisms involved in sister
chromatid separation in the polar body are similar to those found in mitosis.
4.6 Separase may have additional cellular functions other than the release of sister
chromatids in syncytial mitosis

In vtd and CAP knockdowns, premature sister chromatid separation at centromeric
regions was observed during metaphase of mitosis (Chapter 3.2.5). This observation is
consistent with previous findings that both Rad21 and CAP are Cohesin components that
are responsible for sister-chromatid cohesion in Drosophila mitosis (Vass, et al. 2003;
Nasmyth and Haering, 2009). As described before, the embryonic mitotic phenotypes
produced by modifications in the Pim-Separase pathway also match with the expectations
generated based on the discoveries found in mitosis (Chapter 4.4). The only confusion
was found in the mitotic phenotypes exhibited in sse and vtd double knockdown (Chapter
3.4.3). We expected that without the presence of Rad21, knockdown of sse will not
generate any effects in mitosis and the mitotic phenotype exhibited in the double
knockdown should be similar to that displayed in vtd single knockdown. The preliminary
experimental results partially match with this expectation since after the double
knockdown, the embryonic mitotic cycles exhibited the vtd knockdown phenotype that
centromeric regions of sister chromatids separated prematurely at metaphase. However,
unlike vtd single knockdown where the syncytial mitosis go through several cycles,
mitosis in the vtd and sse double knockdown always arrests in the first or second division.
Why is mitosis progression blocked even after the separation of sister chromatids? This
implies that Separase has additional cellular functions other than just Rad21 cleavage

during mitosis. It was known that Separase not only gets inhibited by CycB-Cdk1 but also
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blocks the CycB-Cdk1 function during the mitosis of vertebrate cells (Gorr, et al. 2005).
If this stays true in Drosophila mitosis, then without Separase, CycB-Cdk1 could be over
activated and this will lead a failure to increase the tension of microtubules during the
metaphase to anaphase transition (Shindo, et al. 2012). Therefore, although the cohesion
between sister chromatids no longer exists, without the increase of microtubule tension
triggered by CycB-Cdk1 inactivation, sister chromatids segregation is still not going to
progress properly in mitosis.
4.7 The loss of arm cohesion did not occur until metaphase in embryonic mitotic cycles
During mitosis, both prophase pathway and anaphase pathway contribute to the
release of sister-chromatid cohesion (Waizenegger, et al. 2000). The prophase pathway
disassembles the Cohesin complex on the sister chromatid arms during prophase and
prometaphase (Waizenegger, et al. 2000). Therefore, we expect that the arms of sister
chromatids are separated before metaphase. However, according to our preliminary
experimental results, sister chromatid arms can be either separated or unseparated during
metaphase (Chapter 3.1). Furthermore, this arm separation seems to occur at the same
time among all of the mitosis in a single embryo. This can be explained by either one of
the following possibilities. One possible explanation is that the prophase pathway does
not occur in the early embryonic mitotic cycles. The loss of cohesion at sister chromatid
arm regions observed in metaphase is only caused by the abrupt activation of Separase
just before the onset of anaphase (Yaakov, et al. 2012). Another possibility is that
although prophase happens, the loss of Cohesin complex during the prophase pathway is
not enough to trigger the separation of sister chromatid arms. Furthermore, it is also not
enough to tiger sister chromatid separation in the case of a prolongued mitotic arrest

caused by sse knockdown (Chapter 3.3.5). This matches with the previous finding that the
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prophase pathway leads to the disassociation of most, but not all, of the Cohesin
complexes on sister chromatid arms (Waizenegger, et al. 2000; Nishiyama, et al. 2013).
These remaining Cohesin complexes are able to hold the sister chromatid arms together
until presumably anaphase onset. To determine which hypothesis is correct, embryos
could be stained with antibodies that against one or more Cohesin component(s). If the
prophase pathway does occur during early embryonic mitotic cycles, we expect to
observe obvious decrease in the concentration of Cohesin complex along the sister
chromatid arms from prophase to metaphase.
4.8 Number of crossovers may affect the separation of sister chromatid arms after the
resolution of chiasmata during meiosis

During meiosis, the cohesion between sister chromatid arms is released after
metaphase | in order to allow the proper segregation of homologous chromosomes (Kudo,
et al. 2006). We expected that the sister chromatid arms of each homologous chromosome
would separate from each other after the release of arm cohesion (Fig 4). However, it was
observed that the arm regions of sister chromatids were either separated or unseparated
after metaphase | (Fig 5). Furthermore, the time of the arm region separation is not
predictable. They could separate as early as anaphase | where the sister chromatid arm
cohesion is just released or stay together until metaphase 1l just before the separation of
sister chromatids. These observations do not match with the expectation (Fig 5).

A potential explanation for these observations could lay in the number of
crossovers formed between homologous chromatids. If there is only one crossover point,
then the exchangeable region of homologous chromatid starts from the point of crossover

to the terminal of the arm. As shown in Fig 24A, after the exchange, the original sister
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7] X Chromosomes . Shugoshin &> Cohesin Complex

i Cohesin Complex that may still persist after the release of cohesion

Fig 24. Introduction of the segregation of homologous chromosome with either one (A
and C) or two (B and D) crossovers.

(X chromosomes that only have chromosome arms on one side are displayed in this figure
as an example. For convenience, microtubules and the changes in chromosome
orientation caused by the stretching force of microtubules shown in Fig 4 were not
exhibited in this figure).
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chromatids (having the same color in the figure), from the crossover point to the end of
the arm, now become non-sister chromatids that also known as homologous chromatids.
However, at this point, these homologous chromatids are still bound to each other by
Cohesin complex. In this case, after the segregation of homologous chromosomes
triggered by the disassembly of Cohesin complex, the arm region of sister chromatids will
be completely separated from each other and drift randomly in the cytoplasm (Fig 24A).
However, if there are two crossovers on the same side of chromosomes, then the
exchangeable homologous sister chromatid regions are restricted between the two
crossover sites (Fig 24B). Hence, the terminals of sister chromatids are not affected by
crossovers and still remain close together. This orientation of sister chromatids with
unseparated arms, in theory, could be maintained after the segregation of homologous
chromosomes. Nonetheless, since the cohesion force at the arm region has already been
lost at this stage, sister chromatid arms are more likely to drift apart from each other
instead of staying together (Fig 24B). Therefore, it is hypothesized that after the
separation of homologous chromosomes, there are still residual amounts of Cohesin
complex left between sister chromatid arms (Fig 24C and 24D). This hypothesis seems go
against the already established model that sister chromatid arm cohesion has to be
released for the resolution of chiasmata and proper segregation of homologous
chromosomes (Kudo, et al. 2006). However, the resolution of chiasmata just requires
removal of the cohesion between the exchanged chromatid region but not along the entire
sister chromatid arm region (Fig 24C and 24D). Hence it is possible that the cohesion
between the terminals of sister chromatids still exists after the resolution of chiasmata in

the situation where two crossovers were formed (Fig 24D). However, the terminals have
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to be separated for chiasmata resolution when there is only one crossover along the entire
chromatid arm (Fig 24C).

In sum, it is hypothesised that the separation of sister chromatid arms after the
resolution of chiasmata may depend on two things. One is the number of crossovers
formed on the same side of homologous chromosomes. The other is the Cohesin complex
remaining on the sister chromatid arms that do not interfere the separation of homologous
chromosomes. Nonetheless, this model is based on assumptions and can not explain why
the arm cohesion is only released at the cross over regions but not all along the sister
chromatid arms. To test whether this model is correct, it is best to immuno-stain the
Cohesin complex and observe its localization after metaphase I. However, it is not known
yet whether the regular Cohesin complex components are required for the sister-
chromatid cohesion during Drosophila meiosis (Chapter 4.1.1). Therefore, the priority
should be given to the investigation of the protein that is responsible for meiotic sister-

chromatid cohesion.
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4.9 Conclusion

In our research, we demonstrated that Separase is required for the proper
separation of homologous chromosomes and sister chromatids during Drosophila meiosis.
This activity of Separase is inhibited by Pim and, possibly, CycB. However the Separase
substrate that is responsible for sister-chromatid cohesion during meiosis still remains
unknown. No evidence was found to support the idea that meiotic sister-chromatid
cohesion is maintained by the mitotic kleisin Rad21 or the common Cohesin component
CAP (SMC3). This further brings the importance of the Cohesin complex during meiosis
into question. It is also revealed that in the polar body, sister-chromatid cohesion is
maintained by Rad21 that presumably acts as the kleisin subunit of the Cohesin complex.
This cohesion is able to be released by Separase that is regulated by both positive and

inhibitory functions of Pim.
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