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Abstract

Cell cycle progression is controlled by a series of regulators with complex spatial-
temporal dynamics, ensuring faithful transitions of different phases. The urochordate
Oikopleura has systemically employed diverse cell cycle variants, including
proliferative mitotic cycles, numerous endocycle variants and reproductive meiotic
cycles, to support its rapid growth and reproduction in an extraordinarily short
chordate life span. It also possesses an expanded complement of some mitotic
regulators that are variably expressed during development. This study focuses on M-
phase events and investigates functional diversification and specialization of CDK1-
Cyclin B complements during female meiosis and of duplicated chromosomal
passenger complex (CPC) components in embryonic mitosis. The molecular
mechanisms involved in meiosis resumption during oogenesis echo those in G2/M
transition of mitosis, whereas coenocystic oogenesis in the semelparous Oikopleura is
characterized by the unique feature that vitellogenesis precedes the timing of oocyte
selection. We revealed dynamic deployment of two specialized CDKI1 paralogs
during oogenesis. Both CDK1a and CDK1d are localized at Organizing Centres (OCs)
before oocyte selection. CDK1a relocates to selected meiotic nuclei at the beginning
of phase 4 of oogenesis, and CDK1d then relocates to selected meiotic nuclei,
concomitant with its binding partner Cyclin Ba. Targeted RNAi knockdowns
revealed that CDKla is required for coenocystic vitellogenesis, whereas CDK1d-
Cyclin Ba is required for meiosis resumption and meiotic spindle assembly during
prometaphase I. Additionally, Cyclin B3a plays a minor, dispensable role in
promoting CDK1d activity, implying Cyclin B3 has undergone divergent evolution in
the wurochordate subphylum. Oikopleura embryonic divisions are fast and
synchronized. Within the CPC, two INCENP paralogs always co-exist, with
significant expression levels during mitosis, and display distinct localizations and
subfunctionalizations. INCENP paralog switching on centromeres modulates Aurora
B kinase activity and localization, thus regulating CPC functional transitions during
fast embryonic divisions. The INCENPa paralog regulates early mitotic events

whereas the INCENPD paralog is required for abscission during mitotic exit.
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1 Introduction

1.1 Definition of the cell cycle and its various forms in three domains of life

The cell cycle is a sequence of events that leads to the reproduction of the cell
(Morgan, 2007). All cells in a living organism are descendants of a single cell. It is
thought that every living cell today is derived from an ancestral cell dating back 3 or
4 billion years ago. Cell reproduction is a fundamental process that passes genetic
information from one generation to the next. Among the three domains of life,
unicellular prokaryotes including archaea and bacteria lack a nucleus, and must adapt
their growth rate to nutrient fluctuations and metabolic status. As a result, the cell
division cycle is coordinated with mass doubling, chromosome replication and
segregation (Wang and Levin, 2009). Eukaryotes have a nucleus, are more complex
and employ a series of independent control systems to regulate discrete steps of the
cell cycle. In unicellular organisms, cell division is the only way to generate new
organisms. In multicellular organisms, countless cell divisions provide cell resources
to make up the tissues and organs, and also replace dead or damaged cells from
natural apoptosis or environmental damage. Violations of cell cycle regulation can
lead to unscheduled cell proliferation, genomic instability and chromosomal

instability, which are common defects in cancer cells.

1.2 The eukaryotic cell cycle

A typical eukaryotic cell cycle consists of interphase (G1, S, and G2 phase) and
mitotic (M) phase (Fig. 1). During S (synthesis) phase, when DNA replication and
chromosome duplication occur, increased histone translation supports packaging of
newly synthesized DNA into chromosomes, which are linked by cohesion
establishment between sister chromatids. Centriole biogenesis also occurs at the
beginning of S phase. M phase includes nuclear division (mitosis) and cell division
(cytokinesis), with distribution of the duplicated chromosomes into daughter nuclei.
Mitosis is divided into five sub-phases: prophase, prometaphase, metaphase,
anaphase, and telophase, and each sub-phase is defined by a series of cell cycle

events. During prophase, chromosomes condense, nucleoli disappear and



centrosomes migrate towards opposite poles. Prometaphase is marked by nuclear
envelop breakdown (NEBD), spindle formation and attachment of sister chromatids
by microtubules from opposite poles. By metaphase, sister chromatids are aligned on
an equatorial plane under the tension of spindle microtubules. When anaphase starts,
cohesins joining sister chromatids are cleaved by the protease separase, and sister
chromatids are pulled to opposite poles by spindle microtubules. During telophase,
the nuclear envelope reforms around each set of separate chromosomes,
chromosomes decondense and nucleoli reappear. Mitosis is completed by cytokinesis
to pinch the cell into two, though the time scale of cytokinesis varies greatly in
different species, and is even not complete until after the next S phase during early

embryogenesis of sea urchins.

Gap phase (G1 before S phase and G2 before M phase) is generally much
longer than S and M phases, since during gap phase the cell grows and synthesizes
mRNA and protein for the following DNA replication and cell division. G1 is a key
regulatory phase where critical decisions are made as to whether to commit to
continuous mitosis, pause for an extended period under unfavorable conditions, or
enter a quiescent stage called GO. It is worth noting that gap phase barely exists
during rapid embryogenesis of Xenopus or syncytial embryonic divisions of

Drosophila.

The endocycle, also called endoreduplication, is a common cell cycle variant
in which the cell undergoes many rounds of S phase without cell division, giving rise
to polyploidy (Edgar et al., 2014). Polyploidy can arise from a truncated mitosis when
certain mitotic phases are bypassed. It is widely used for post-mitotic cell growth in
diverse invertebrates. Drosophila polytene salivary glands augment cell size by
increasing the ploidy up to 2048 C. Oikopleura epithelial cells help to support 10-fold
body growth from metamorphosis to maturity by employing extensive endocycles to
achieve polyploidy ranging from 34 to >1300 C in a bilaterally symmetric pattern of
defined cellular fields (Ganot and Thompson, 2002). By increasing DNA content,
endocycles increase the number of individual loci for maximizing mRNA and protein

production, which can be used as resources for particular developmental purposes.



For instance, the Drosophila germline derived ovarian nurse nuclei are highly
polyploid (up to 2048 C) (Hammond and Laird, 1985), and support oogenesis by
synthesizing and transporting mRNA and protein to growing oocytes residing in the
syncytial ovariole (Bastock and St Johnston, 2008). It is believed that polyploidy can
have advantages over diploidy under conditions that damage DNA, since multiple

copies of alleles can overcome mutations in individual alleles (Van de Peer et al.,

2009).

CyclinB/CDK1 Spindle assembly checkpoint

Cytokinesis
Restriction point

Pre-RC
assembly

CyclinA/cpky

Figure 1. Mitotic cell cycle and cell cycle variants. A prototypical eukaryotic cell cycle
contains interphase and the mitotic phase. Three major checkpoints are labelled in red. Each
cell cycle phase is driven by Cyclin-CDK complexes: Cyclin D-CDK4/6 initiates the new
round of cell cycle in early G1 phase, Cyclin E-CDK2 triggers S phase, Cyclin A-CDK2
completes S phase, and Cyclin A/B-CDK1 drives M phase. One common cell cycle variant
is the endocycle, in which M phase is truncated or skipped and the G-S cycle is repeated,

giving rise to polyploidy.



1.3 Regulations at checkpoints

The progression of the cell cycle is regulated by checkpoints, which usually lie at the
boundary of cell cycle phases and survey the fidelity of the previous phase. When
detrimental events occur, the cell cycle will be arrested at checkpoints and trigger
machinery to rectify errors. Three checkpoints are generally found among different
species, and the core molecular machineries controlling each checkpoint are highly
conserved, although the strength of checkpoint control may vary in different

developmental contexts.

1.3.1 Gl1 checkpoint

The G1 checkpoint also known as the restriction (R) point determines whether the
cell commits to proliferation based on internal and external inputs. When conditions
are suitable and in the presence of mitogens such as growth factors, Cyclin D bound
CDK4/6 can drive the cell past the R point. Some studies suggest that there is a cell
growth checkpoint at late G1 phase (also known as START in yeast) distinguishable
from the R point, which senses nutritional sufficiency and is governed by mTOR (the
mammalian target of rapamycin) pathway. This suppresses TGF-B signaling and
activates Cyclin E-CDK2, generating a positive feedback loop to aid progression

through late G1 and entry into S phase (Foster et al., 2010).

The G1 checkpoint exhibits various developmental requirements among
eukaryotes. The G1 checkpoint is absent in early Drosophila embryogenesis due to
absence of external nutritional input, and it starts to control cell proliferation only
after hatching into larva, whereas the G1 checkpoint is under strict control in budding
yeast (Vidwans and Su, 2001). In mammals, G1 checkpoint control is not essential
for the proliferation of most cell lineages demonstrated by the fact that D-type cyclins
and CDK4/6 knockout mice can survive until E16.5, but its deregulation often causes

cancer (Satyanarayana and Kaldis, 2009).

1.3.2 G2/M DNA damage checkpoint
The G2/M DNA damage checkpoint is used to prevent entry into M phase when
DNA damage occurs or chromatin is under-replicated during S phase (Shaltiel et al.,

2015). The main target is the activity of CDKI1, which is controlled by the balance
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between inhibitory kinases Weel/Mytl and counteracting Cdc25 phosphatases.
ATM/ATR-Chk1/Chk2 signaling cascades initiate CDKI inhibition during early
DNA damage response (DDR) by mediating the inhibition of Cdc25A and the
stabilization of Weel (Beck et al., 2010). Downstream p53-p21 signaling cascades
amplify CDK1 inhibition in late DDR by inhibiting CAK or activating APC/C“™ to
promote degradation of Cyclin A and Cyclin B for a persistent G2 arrest (Wiebusch
and Hagemeier, 2010).

1.3.3 The spindle assembly checkpoint

The Spindle Assembly Checkpoint (SAC) acts during the metaphase to anaphase
transition and delays sister chromatids separation in mitosis until amphitelic
attachment of all sister chromatids by microtubule at kinetochores is established
(Lara-Gonzalez et al., 2012). Essentially, the SAC monitors the status of kinetochore-
microtubule attachment. When kinetochores lack microtubule attachment, the SAC is
activated and prevents anaphase by inhibiting anaphase-promoting complex or
cyclosome (APC/C), an E3 ubiquitin ligase that ubiquitylates Securin and Cyclin B1
for proteasomal degradation and drives anaphase onset and mitotic exit (Sivakumar
and Gorbsky, 2015). Unattached kinetochores are sensed by Bubl, which links the
SAC module to the outer kinetochore and assembles the mitotic checkpoint complex
(MCC) including Mad2, BubR1, Bub3 and Cdc20 (Sudakin et al., 2001). MCC
inhibits the APC in two ways. First, Mad2 can sequester the APC co-activator Cdc20
and prevent APC activation (Fang et al., 1998). Second, BubR1 blocks substrate
binding by either inducing a conformational change of bipartite substrate receptor
between APC subunit Apcl0 and co-activator (Herzog et al., 2009), or occupying the
receptor as a pseudosubstrate (Burton and Solomon, 2007). Once correct kinetochore
microtubule attachment is established, the SAC is satisfied and is extinguished. The
Madl-Mad2 core complex is removed by the minus-end directed motor protein,
dynein, along kinetochore microtubules towards the spindle poles, known as stripping
(Howell et al., 2001). In addition, the Mad2 dimerization interface is blocked by its
antagonist p31°°™, which further prevents Mad2-Cdc20 production and liberates
Cdc20 (Fig. 2).
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Figure 2. The principle of the Spindle Assembly Checkpoint (SAC). Unattached
kinetochores during prometaphase trigger the formation of the mitotic checkpoint complex
(MCC), consisting of BubR1, Bub3, Mad2 and Cdc20, which inhibits the APC/C and blocks
mitotic progress. The SAC is not satisfied until amphitelic attachment of sister chromatids is
established during metaphase, leading to MCC disassembly and APC/C alleviation. Active
APC/C targets Securin and Cyclin B1 for ubiquitylation and degradation. Separase then is
activated and cleaves the kleisin subunit Sccl of the cohesin complex to allow sister-
chromatid separation at anaphase onset. Cyclin B1 degradation results in CDK1 inactivation

and mitotic exit. Adapted from Lara-Gonzalez et al (2012).

Even when the SAC is not satisfied, many animal cells can escape mitotic
arrest through a process termed mitotic checkpoint slippage. This slippage is caused
by continuous degradation of Cyclin B in vertebrates (Brito and Rieder, 2006), or
downregulation of CDK1 activity through CKI in yeast and Drosophila (Rieder and
Maiato, 2004). Different organisms show different strengths of SAC response in

terms of cell type and developmental stage. Many embryonic cells lack a persistent



SAC during rapid cleavage stages, such as Xenmopus, zebrafish, sea urchin and
Drosophila, and the SAC is only acquired during the mid-blastula transition (MBT).
This is proposed to be regulated by a maternally programmed developmental timer
(Zhang et al., 2015a). The first division of C. elegans embryos shows moderate delay
under nocodazole treatment (2.5-fold increased duration from NEBD to NER)
(Encalada et al., 2005), and gradually increases SAC strength after each round of cell
division due to the decrease of cell size and increase in the kinetochore-to-cytoplasm
ratio (Galli and Morgan, 2016). Mouse embryos show a strong SAC response after
fertilization. It is generally thought that the SAC functions as a rheostat by adjusting
the amount of Mad2 on unattached kinetochores (Collin et al., 2013), and cell size is

a factor that modulates SAC signaling and tunes APC inhibition.

1.4 Mitotic CDK and cyclins

The central cell cycle regulators are cyclin-dependent kinases (CDKs) and their
regulatory subunit cyclins. Sequential activation of these complexes drives transition
through different cell cycle phases (Fig. 1). CDKI1 and A- or B-type cyclins are
responsible for driving entry into M phase and continuation of mitosis. The
concentration of CDK1 is constant through mitosis, and its activity is mainly
regulated through its phosphorylation, the oscillation of partner cyclin levels, and
CDK inhibitor proteins (CKIs).

1.4.1 Structure of the CDK1-Cyclin B complex

CDKI is a 34-40 kDa Serine/Threonine protein kinase with a classical bi-lobed
structure consisting of a small amino-terminal (N-) lobe and a large carboxyl-terminal
(C-) lobe. The cleft between the two lobes accommodates the substrate and ATP. In
the inactive form of CDK1, the al-helix (PSTAIRE motif) in the N-lobe is displaced
out of the cleft, such that the y-phosphate of ATP is not ideally oriented for reaction,
and the unphosphorylated activation segment (T-loop) projects from the C-lobe and

blocks substrate entry into the cleft.

Cyclin B is a key determinant of CDK1 activity in all eukaryotes. It consists of
two cyclin boxes: a well conserved N-terminal 5 a-helix bundle (CBOX1) and a

divergent C-terminal 5 a-helix bundle (CBOX2). The destruction box (D-box) that
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targets Cyclin B for proteolysis during mitotic exit and the cytoplasmic retention
sequence (CRS) that regulates shuttling between the nucleus and cytoplasm are
located near the N-terminal. The “MRAIL” motif in the CBOX1 mainly contributes
to the hydrophobic groove for recognition of substrates containing the “RXL”
sequence, and the “RRASK” motif in CBOX2 is important for Mytl and Cdc25c
recognition (Petri et al., 2007).

The interface of CDK1-Cyclin B spans two lobes of CDK1 (mostly around the
al-helix and less so at the activation segment), and the two cyclin-box folds of Cyclin

B (CBOXI1 and the first helix of CBOX2) (Fig. 3). Cyclin B-binding remodels the

CDK1

Cyclin B

Figure 3. Structure of CDK1-Cyclin B (PDB code 4Y72). CDKI1 (rainbow color) is on the
left, Cyclin B (green) is on the right. Crucial motifs involved in their interaction and

substrate binding are indicated. Adapted from Brown et al (2015).

conformation of CDK1, causing the al-helix to move inward and the DFG motif (j3-
hairpin) at the start of activation segment to move further out and deeper into the
active site cleft. The phosphorylation of Thr161 in the activation segment and further

re-arrangement of CDK1 upon substrate binding position the y-phosphate of ATP



towards the hydroxyl oxygen of Ser/Thr on the substrate for catalysis. Compared to
CDK2-Cyclin A, the overall interface of CDK1-Cyclin B is 30% smaller, and Cyclin
B has less interaction with CDK1 at the activation segment, such that the activation
segment retains local flexibility after Thr161 phosphorylation and has relaxed
substrate specificity (Brown et al., 2015).

1.4.2 Regulation of CDK1 by phosphorylation

Metazoan CDKI1 requires phosphorylation by CDK Activating Kinase (CAK) at
Thr161 for full activation after cyclin binding (Lolli and Johnson, 2005). CAK
consists of CDK7, Cyclin H and Matl, and it is also part of the transcription factor
TFIIH that phosphorylates the RNA polymerase II large subunit C-terminal domain
(CTD) to regulate progress of transcription (Palancade and Bensaude, 2003). At
mitosis, CAK dissociates from TFIIH and phosphorylates CDKs. CDK1-Cyclin B
can phosphorylate Ser164 and Thr170 of CDK7, boost CAK kinase activity, and form
a positive feedback loop (Garrett et al., 2001). In the metazoan monomer CDK1, or
after CKI binding to CDK1-Cyclin B, the activation segment is not accessible for
CAK (Aprelikova et al., 1995). The level of CAK is invariant during the cell cycle, so
CAK regulation is not a rate-limiting step for CDK1 activation.

In addition to phosphorylation of the T-loop by CAK, CDKI1 is regulated by
the opposite effects of Weel/Mytl kinases and Cdc25 phosphatases near the N-
terminal. Weel is a soluble nuclear protein, and phosphorylates Tyrl5. Another
Weel-type kinase in vertebrates, membrane-associated cytoplasmic Mytl kinase,
phosphorylates both Thr14 and Tyr15. The inhibitory phosphorylation of Tyr15 at the
roof of the ATP binding site doesn’t change the overall conformation of CDK but
creates an environment which favors non-productive orientation of the y-phosphate of
ATP that is not compatible with an in-line phospho-transfer mechanism (Welburn et
al., 2007). This inhibitory phosphorylation is removed by Cdc25 phosphatase to
initiate CDK1 activation to drive the G2/M transition. Then active CDKI1 can
phosphorylate Weel/Mytl to inhibit its inhibitors and phosphorylate Cdc25 to further
activate its activator, forming double-negative and positive feedback loops, making

CDKI1 activation switch-like and mitotic entry robust and irreversible.



1.4.3 The trigger of mitotic entry

The trigger of mitotic entry is still an ill-defined event although the central players of
G2/M transition have been known for more than 30 years. The focus is first
concentrated on Cdc25, a highly conserved dual specificity phosphatase often
overexpressed in cancer cells. One Cdc25 is found in lower eukaryotes (fission yeast
Cdc25, budding yeast Mihl, C. elegans Cdc25, and Drosophila String), and three
Cdc25 (Cdc25A, B and C) are present in mammals (Boutros et al., 2007). In
mammals, Cdc25A is present in the nucleus in late G1, where it activates CDK2-
Cyclin E/A during the G1/S transition, and possibly also activates CDK1-Cyclin B
during the G2/M transition (Molinari et al., 2000). Cdc25B is present during S phase
and is found mainly in the nucleus. A pool of Cdc25B is present on centrosomes in
early prophase and first initiates activation of CDK1-Cyclin B on centrosomes
(Lindqvist et al., 2005). Cdc25C is activated abruptly during prophase, translocates
from the cytoplasm to nucleus concomitant with CDK1-Cyclin B, and is involved in
auto-amplification of CDK1 activity (Gabrielli et al., 1997). It is thought that the
three Cdc25 isoforms cooperate spatially and temporally to activate their CDK
substrates (Boutros et al., 2007).

Multiple kinases have been shown to phosphorylate Cdc25 and regulate its
activity, localization, stability and interaction with partners. In species with a single
Cdc25 such as fission yeast, CDKI1 ultra-sensitively activates Cdc25 through a
distributive and disordered multiple site phosphorylation mechanism to refine mitotic
entry (Lu et al., 2012). In vertebrates, besides Chk1/Chk2 phosphorylating Cdc25 in
response to DNA damage, Aurora A phosphorylates Cdc25B on Ser353 at the
centrosome during early prophase at the onset of mitosis (Dutertre et al., 2004).
CDKI1 phosphorylates Ser214 of Cdc25C, which inhibits 14-3-3 binding on its
neighbor residue Ser216 and is required for properly ordering events in mitotic entry
(Bulavin et al., 2003). MAPK cascade components are involved in Cdc25 activation
for mitotic induction. RSK phosphorylates Cdc25A at Ser293/Ser295 and Cdc25B at
Ser353/Thr355 (Wu et al.,, 2014), and ERKI1/2 interacts with Cdc25C during
interphase and phosphorylates Cdc25C at Thr48 during mitosis (Wang et al., 2007).
This has been proposed as a key initiation step of Cdc25 activation and is also
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involved in an amplification loop consisting of Cdc25-CDK1-Mos-MEK-MAPK.
The polo-box domain (PBD) of Xenopus Polo-like kinase (Plx1) recognizes pT130 of
Cdc25C, and PIx1 further phosphorylates and activates Cdc25C (Qian et al., 2001;
Elia et al., 2003). In addition, Plk1 and CDK1 phosphorylate human Weel A at Ser53
and Ser123, respectively, which can serve as an unconventional phospho-degron for

recognition by SCFF™?

and proteasomal degradation (Watanabe et al., 2004). In
Xenopus mitosis, PIx1 can dock with CDK1-phosphorylated Thr478 of Mytl, further
hyperphosphorylate Mytl and inhibit it (Inoue and Sagata, 2005). Thus, PIk1 is likely

involved in feedback loop of CDKI1 activation.

Transcriptional regulation of G2/M genes also contributes to proper mitotic
entry. The best known transcription factor involved in G2/M transition is FoxM1,
belonging to the evolutionarily conserved Forkhead Box family. FoxM1 binds the
promoter region of target genes and enhances transcription. The target G2/M genes
include Plk1, Cdc25A/B, cyclin A2, cyclin B1/B2, Nek2, Aurora B, and CENP-F,
which regulate essential events such as mitotic initiation and the spindle assembly
checkpoint (Laoukili et al., 2005). FoxM1 is the major, but not the only, factor
regulating the transcription of G2/M genes, and it collaborates with other
transcription factors such as NF-Y and B-Myb to achieve maximal expression of
genes essential for mitotic progression. FoxM1 is in the Plk1-Cdc25-CDK1 positive
feedback loop. First, FoxM1 transcriptional activity relies on CDK-Cyclins. S/M-
phase CDK-Cyclin binds the LXL motif of FoxM1 and phosphorylates Thr596
(human FoxMI1B sequence), which recruits the histone acetyltransferase CREB
binding protein (CBP) as a coactivator to the FoxMI1 transcriptional activation
domain, such that several essential G2/M genes are transcribed (Major et al., 2004).
Second, active Cdc25A and Plkl can interact with CDK1-phosphorylated FoxM1,
and both associations increase the transcriptional regulatory activity of FoxMI.
Cdc25A has been proposed to relieve the inhibitory effect of the N-terminal repressor
domain of FoxM1 (Sullivan et al., 2012), whereas Plkl has been shown to
hyperphosphorylate FoxM1 to maximize its activity for the G2/M transition (Fu et al.,
2008). Many signaling pathways are integrated at the entry into mitosis (Fig. 4), when
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stimulation from positive signaling cascades triggers entry decision with negative

regulatory inputs being down regulated.

Figure 4. Feedback loops in the mitotic entry network. (A) Activated CDK1-Cyclin B
inhibits its inhibitor Weel/Mytl kinases, and activates its activator Cdc25 phosphatases,
forming a stimulatory feedback loop. (B) Weel phosphorylation by CDK1-Cyclin B primes
PIk1 binding, such that Plk1 adds further inhibitory phosphorylation on Weel. (C) CDKI-
Cyclin B phosphorylated Bora can bind Plk1 and facilitate Aurora A phosphorylation and
activation of Plkl. Subsequently, Plk1 participates in a feedback loop of CDKI1 activation,
centrosome maturation and local Cyclin B accumulation at centrosomes during late G2 (D),
and transcriptional regulation of mitotic genes through activation of FoxM1 (E). Adapted
from Lindqvist et al (2009).

12



1.4.4 Temporal and spatial control of mitotic cyclins

The rise and fall of two novel proteins with the rhythm of sea urchin embryo cell
division caught the attention of Tim Hunt during his physiology courses at the Marine
Biology Laboratory at Woods Hole in 1982, and later were named as cyclin A and
cyclin B (Evans et al., 1983). These were then linked to CDK1 activity and work as
an engine to drive mitotic entry and exit in all eukaryotes. In mammalian cells,
synthesis of Cyclin A2 initiates in early S phase and is subsequently degraded during
prometaphase. Cyclin A2 associates with CDK2 to drive DNA replication in late S
phase, before switching to partner CDK1 at the S/G2 boundary to drive early mitotic
events, such as chromosome condensation. Cyclin B1 appears during G2 phase and
reaches its peak during metaphase just before its degradation. Cyclin B1 associates
with CDK1 and collaborates with Cyclin A2-CDKI1 to bring about early mitotic
events such as chromosome condensation and nuclear envelope breakdown. Cyclin
Bl and Cyclin B2 act synergistically at late mitotic events including SAC

maintenance (Gong and Ferrell Jr., 2010).

The levels of mitotic cyclins are regulated at both transcriptional (see
regulation of G2/M genes above) and translational levels. Temporal control of cyclin
B translation is determined by the interplay between cis-acting elements and trans-
acting factors. For example, CPE-binding protein (CPEB) binds cytoplasmic
polyadenylation elements (CPEs, consensus sequence of UUUUA,U) in the 3’UTR
of cyclin B, mediating its polyadenylation and translation (Jong and Richter, 2007).
Pumiliol binds Pumilio-binding element (PBE) in the 3’UTR of cyclin B mRNA,
forming granules that are asymmetrically distributed in cytoplasm of vertebrate
immature oocytes. Granule formation represses translation, and their disassembly
temporally controls cyclin B mRNA translation and MPF activation during oocyte
maturation (Kotani et al., 2013). In primordial germ cells (PGCs) of Drosophila
embryos, Nanos spatially restricts cyclin B translation and retains quiescence in
PGCs through binding to Nanos Response Elements (NREs) in the cyclin B 3’UTR
(Asaoka-Taguchi et al., 1999; Kadyrova et al., 2007).
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In addition to the above transcriptional and translational controls, subcellular
localization of cyclins is also important. Cyclin A actively shuttles between the
nucleus and cytoplasm via the RanGTP pathway and CDK binding, though Cyclin A
is mostly present in the nucleus (Jackman et al., 2002). In the cytoplasm, Cyclin A
localizes to the centrosome by virtue of the centrosomal localization signal (CLS)
near the hydrophobic patch (Pascreau et al., 2010) and interacts with several
centrosomal proteins like Ndel, Ckap5, Ofd1, Cep97, Cep131 and Pcm1 (Pagliuca et
al., 2011). CDK2-Cyclin A coordinates DNA replication in the nucleus and timely
centrosome duplication during S phase in somatic cells (Meraldi et al., 1999). Cyclin
A interacts with Cdc6 through the CLS domain and recruits Cdc6 to the centrosome
to prevent untimely centrosome duplication when cells progress into S phase. Cdc6
localizes to the proximal side of the centrioles, binds Sas-6 and competitively inhibits
the assembly of PLK4-STIL-Sas-6 module that is initial step for daughter centriole
formation (Xu et al., 2017). Cyclin A also recruits DNA replication licensing factors
MCMS and Orcl in a CLS-dependent and CDK-independent manner to centrosome
during late S and G2 to prevent centrosome reduplication (Ferguson et al., 2010). In
the nucleus, CDK2-Cyclin A drives the progression of DNA replication and has been
found specifically at DNA replication foci (Cardoso et al., 1993), where the
substrates of CDK2-Cyclin A include the origin recognition complex (ORC), Cdc6,
Cdtl and S1d3 (Pagliuca et al., 2011).

Cyclin B1 localizes to the cytoplasm during G2, and translocates into the
nucleus during prophase. It has been proposed that export mediator CRM1 associates
with the nuclear export sequence (NES) of Cyclin B1 and actively transports it out of
nucleus during interphase (Hagting et al., 1998). During mitosis, phosphorylation of
the cytoplasmic retention sequence (CRS) of Cyclin B1 blocks CRM1 interaction,
reduces its nuclear export and promotes nuclear accumulation (Yang et al., 1998). It
was proposed that Plk1 is required to phosphorylate S147 in the NES of Cyclin B1 to
trigger its nuclear import during prophase (Toyoshima-Morimoto et al., 2001).
However, further study showed that S133 is the main phosphorylation site catalyzed
by Plk1, and phosphorylation by Plk1 didn’t cause the translocation of Cyclin B1 into
the nucleus (Jackman et al., 2003). Phosphorylated Cyclin B1 prefers to bind active
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CDKI1 and first localizes at the centrosome during prophase in mammalian cells,
suggesting that the centrosome functions as the coordination center for triggering
mitosis (Jackman et al., 2003). By using biosensors to monitor CDK1-Cyclin B1
activity in living cells, an elegant study showed that phosphorylation in the NES or
Plk1 activity significantly contribute to nuclear import of Cyclin B1 in interphase, but
not in prophase. Subsequently, it is the activity of CDK1-Cyclin B1 that triggers
rapid translocation of Cyclin Bl into nucleus at late prophase by synchronizing
changes in cellular architecture with the nuclear transport machinery (Gavet and
Pines, 2010). A spatial positive feedback loop has been proposed recently with Cyclin
B phosphorylation promoting nuclear translocation of CDKI-Cyclin B, and
conversely, nuclear translocation promoting Cyclin B phosphorylation, thus ensuring
rapid and irreversible G2/M phase transition (Santos et al., 2012). A subsequent study
indicated that temporal and spatial positive feedback loops are a recurrent cellular

strategy that helps to insulate M phase from interphase (Araujo et al., 2016).

1.4.5 Quantitative threshold versus qualitative substrate specificity models

Fission yeast geneticists formulated the CDK1 activity threshold model to explain
cell cycle control with a single CDK (Fig. 5 A). In G1, CDK activity is low to allow
resetting of replication origins, then increases to a moderate level to initiate S phase
and maintains this level to prevent re-initiation of DNA replication. A further
increase to the highest level triggers mitosis with a return to low levels during mitotic
exit (Stern and Nurse, 1996). This model is supported by quantitative
phosphoproteomic analyses of CDK substrates in S. pombe, in two aspects (Swaffer
et al., 2016). First, CDK substrate phosphorylation is temporally controlled by rising
CDK activity from Cdc13-Cdc2. Second, the differential sensitivity of substrates to
CDK activity and cyclin-substrate specificity from G1/S cyclins (Cigl, Cig2 and
Pucl) work alongside the generic CDK activity threshold to fine-tune the precise
timing of substrate phosphorylation at the G1/S transition. However, biochemical
evidence from budding yeast and mammals favors a qualitative model (Fig. 5 B).
Different cyclin-CDK complexes possess distinct specificity toward substrates
because of different substrate binding affinities or different subcellular localizations.

In budding yeast, intrinsic CDK1 activity increases in the order CIn2-Clb5-Clb3-Clb2
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(G1/S-S-G2/M-M cyclin), and substrate specificity changes with the different cyclin
partners. CIn2 uses a hydrophobic LP docking site and different CDK1 consensus
motif (PXT/SPK/RX) to recognize Gl-specific targets. ClbS and CIb3 rely on a
R/KXL-hydrophobic patch interaction for affinity toward S phase targets in addition
to the optimal consensus motif (PXT/SPXK/R). Clb2 doesn’t depend on the
hydrophobic patch and has a broad range of mitotic targets with both optimal and
suboptimal consensus motifs (S/TP) (Kdivomaigi et al., 2011). In mammals, multiple
CDK-Cyclin complexes temporally interact with overlapping but distinct sets of
substrates to coordinate cell cycle control. Quantitative proteomics revealed that
Cyclin E1 binds 73 targets, Cyclin A2 binds 227 and Cyclin Bl binds 192, among
which only 11% of the targets were shared, 34% were Cyclin A2-specific, and almost

one third were Cyclin B1-specific (Pagliuca et al., 2011).

A B —— CIn2 - docking (LP) & consensus motif (P-X-T/S-P-K/R-X)
= Clb5 - R/IKXL docking

Clb3 - R/KXL docking & consensus motif (P-X-T/S-P-X-K/R)
— CIb2 - consensus motif P-X-T/S-P-X-K/R

M-phase threshold

CDK activity

S-phase threshold

Level of CDK substrate phosphorylation

G1 S G2 M phase

G1 G1/S S G2M M G1

Figure 5. (A) CDK activity threshold model. (B) Substrate specificity model. Adapted from
Hochegger et al (2008) and Kdivomaégi et al (2011).

1.5 Conservation and divergence of the CDK1-Cyclin B complement

CDK-type kinases have experienced functional diversification during eukaryote
evolution. There is one CDK1 ortholog in yeast (p34°*?in fission yeast and p34°*
in budding yeast) and its associated cyclins drive the entire cell cycle. In contrast to
the single multi-functional CDK expressed in yeast, metazoans express interphase
CDKs (CDK4/6 at G1 and CDK2 at S) and a mitotic CDK (CDK1), each associating
with diverse cyclins to regulate different cell cycle phases (Harashima et al., 2013).
However, mice lacking all the interphase CDKs can develop to mid-gestation

indicating that vertebrate CDK1 retains the competence of interacting with interphase
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cyclins and driving the entire cell cycle (Malumbres and Barbacid, 2009). The
divergence of CDKI in plant alters the classical view of core cell cycle regulators.
Arabidopsis thaliana contains multiple CDK1 paralogs. The only PSTAIRE-
containing CDK, CDKA;1, binds to D-type cyclins and S-phase-specific Cyclin A3,
and primarily regulates cell cycle entry and the G1/S transition, whereas the plant-
specific B-type CDKs, CDKB1s and CDKB2s, form complexes with mitotic Cyclin
A2 and all B-type cyclins and predominantly regulate entry into and progression

through M phase (Van Leene et al., 2010).

Multiple B-type cyclins have been found in eukaryotes, and yeast genetic
analyses uncovered a high degree of functional redundancy. A single fission yeast
mitotic cyclin p56°"? is sufficient to drive both S phase and mitosis in the absence of
G1 cyclins, although two other B-type cyclins (Cigl and Cig2) play minor but non-
essential roles during G1 and S phase (Connolly and Beach, 1994). Budding yeast has
6 B-type cyclins: Clb1-6, which all associate with Cdc28. They are expressed at
different times and control different cell cycle events: clb5 and 6 transcripts increase
during G1-S, and control DNA replication; clb3 and 4 increase in mid-S phase as
spindle pole bodies separate; clbl and 2 increase thereafter as the spindle assembles.

Clb1-4 are involved in mitotic spindle formation, but CIb2 alone can drive the G2/M

transition with some delay (Bloom and Cross, 2007).

Gene knockout/knockdown analyses in a few multicellular model organisms
disclose widespread functional compensation among mitotic cyclins, and the
importance of each B-type cyclin varies among species. Drosophila possesses
Cyclins A, B and B3 (Sigrist et al., 1995). Unlike Cyclin B, Cyclin B3 is exclusively
located in the nucleus and binds CDKI1 (Jacobs et al., 1998). The same study from
Jacobs showed that neither Cyclin B nor B3 is essential for mitosis, but Cyclin B
seems more critical than Cyclin B3 in mitotic spindle assembly. Both are required for
female meiosis, and Cyclin B is also required for male meiosis. Cyclin A is critical
for mitosis and is probably involved in chromosome condensation (Knoblich and
Lehner, 1993). Triple mutants of Cyclins A, B and B3 arrest at mitosis 15 of the rapid

embryonic syncytial cycles with less condensed chromatin, showing that Cyclins B
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and B3 collaborate with Cyclin A in mitotic regulation (Jacobs et al., 1998). Real-
time analysis of cyclin RNAI in syncytial embryos showed that mitotic events are
coupled to the appearance and destruction of Cyclins: Cyclin A degrades before
metaphase, Cyclin B degrades at the metaphase-anaphase transition, and Cyclin B3
degrades during anaphase (McCleland et al., 2009). Cyclins A and B restrain the
APC/C, whereas Cyclin B3 promotes the metaphase-anaphase transition by activating
the APC/C (Yuan and O’Farrell, 2015). In Drosophila female meiosis, Cyclin A
seems to play a major role in promoting NEBD and bi-orientation of homologs in
meiosis I, Cyclin B is required for metaphase maintenance and meiotic spindle
organization, and Cyclin B3 is required for anaphase progression (Bourouh et al.,

2016).

C. elegans expresses CYB-1, CYB-2.1, CYB-2.2 and CYB-3, that exhibit
distinct as well as overlapping functions. CYB-1 is required for full condensation and
proper congression of chromosomes at the metaphase plate (van der Voet et al., 2009).
CYB-3 is mostly nuclear and interacts with CDK1. The role of CYB-3 is debated.
Genetic studies showed that CYB-3 is required for anaphase chromosome segregation
by promoting mitotic dynein function to strip SAC components away from
kinetochores (Deyter et al., 2010). However, double or triple dosage of CYB-3
combined with loss of dynein can rescue MDF-1 (Madl homolog) mutants,
supporting the positive influence of CYB-3 on the SAC (Tarailo-Graovac et al.,
2014). The most recent study showed that CYB-3 also supports S-phase progression
and is a major contributor to promoting NEBD in mitotic entry (Michael, 2016). In
meiosis, CYB-1, CYB-2 and CYB-3 show more redundancy than in mitosis.
Depletion of all the B-type cyclins causes diakinesis arrest, similar to the CDK1

knockdown phenotype (van der Voet et al., 2009).

Xenopus has 5 B-type Cyclins, Bl to B5, with B4 and B5 expressed as
maternal mRNAs until the mid-blastula transition (MBT). This extent of Cyclin B
diversity is only known in frogs and is believed to be an adaptation to the large size
of the oocyte (Hochegger et al., 2001). Due to pseudo-tetraploidy of Xenopus laevis,
cyclin B1 has two variants: o and B, and both contribute to CDK1 activity during the
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first 5 embryonic divisions (Tsai et al., 2014). Though most subtypes of Cyclin B are
present during female meiosis, maternal stockpiles of Cyclin B2 and B5 can drive
meiosis [ without new cyclin synthesis, while newly synthesized cyclin B1 and B4
are required for meiosis II. Cyclin B2 localizes in and around the germinal vesicle,
and is involved in the first meiotic spindle formation, possibly by stimulating
phosphorylation of bipolar kinesin Eg5 in the perinuclear region (Yoshitome et al.,

2012).

In mammals, three B-type Cyclins have been identified: B1, B2 and B3.
Cyclin B1 associates with microtubules and centrosomes in the cytoplasm during
interphase, and is also present in free form in cytoplasm. It translocates to the nucleus
at prophase, then localizes to chromatin, unattached kinetochores and the spindle
(Bentley and King, 2006). Cyclin B2 associates with intracellular membranes, the
Golgi apparatus and centriolar satellites during interphase (Spalluto et al., 2013). A
small amount of Cyclin B2 has been observed in the nucleus before NEBD and co-
localizes with centrosomes and the spindle. Most Cyclin B2 disperses throughout the
cell after NEBD (Jackman et al., 1995). The subcellular localization of Cyclin B1 and
B2 is determined by their NH, termini. NH, termini swapping experiments
demonstrated that replacing the NH, terminus of Cyclin B1 with a corresponding B2
fragment (1-130 aa) can guide Cyclin Bl to the Golgi apparatus. Conversely,
replacing NH, terminus of Cyclin B2 with the corresponding B1 fragment (1-144 aa)
distributes Cyclin B2 throughout the cytoplasm, but not to the nucleus (Draviam et al.,
2001). Vertebrate Cyclin B3 shares the properties of both Cyclins A and B1 and
localizes in the nucleus throughout the cell cycle. Chicken Cyclin B3 interacts with
both CDK1 and CDK2 and exhibits histone H1 kinase activity (Gallant and Nigg,
1994), whereas mouse Cyclin B3 only interacts with CDK2 and doesn’t have histone
HI kinase activity (Nguyen et al., 2002).

In terms of the temporal expression of mammalian B-type cyclins, Cyclin Bl
and B2 are co-expressed from G2 to M phase and then degraded after metaphase in
proliferating cells, though B2 is expressed at a considerably lower level (Brandeis

and Hunt, 1996). Cyclin B3 is degraded over the metaphase to anaphase transition
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after Cyclin B1 degradation (Nguyen et al., 2002). At the tissue level, Cyclin B1 and
B2 co-exist in the intestine, spleen, thymus, ovary and testis (Brandeis et al., 1998),
whereas Cyclin B3 is restricted to the ovary and testis. During spermatogenesis,
Cyclin B1 is mostly expressed in early zygotene, Cyclin B2 shows higher expression
in late pachytene and diplotene stages, and Cyclin B3 is expressed in leptotene and
zygotene stages (Nguyen et al., 2002). Gene knockout mice showed that cyclin BI-
null mice die at about E10.5 in utero whereas cyclin B2-null mice are viable and
fertile, though with reduced body size (Brandeis et al., 1998) and cyclin B3-null
males are fully fertile, though females are sterile (Mehmet Erman Karasu, personal
communication). These genetic manipulations demonstrate that Cyclin B1 is essential,
Cyclin B2 is dispensable, and Cyclin B3 is dispensable in mitosis and male meiosis,
but required in female meiosis. The division of functions between mammalian B-type
cyclins is as follows: Cyclin B1-CDK1 reorganizes the cytoskeleton in G2 phase and
is involved in chromosome condensation and NEBD when it translocates to the
nucleus. It also promotes spindle assembly, spindle checkpoint induction on
unattached kinetochores (Chen et al., 2008) and mitosis maintenance during
metaphase. It further coordinates abrupt separation of sister chromatids by promoting
CDKI1 inhibitory activity on separase through direct interaction with separase prior to
the onset of anaphase (Shindo et al., 2012). Cyclin B2-CDK1 has limited functions in
Golgi fragmentation, which can be substituted by Cyclin B1 with similar efficiency.
It also has a critical function in centrosome separation through triggering the
activation of Aurora A and Plk1 during G2 (Nam and van Deursen, 2014). Cyclin B2
compensates some functions of Cyclin B1 when a residual level of Cyclin B1 is
present in knockdown assays on mammalian cells (Huang et al., 2013). Cyclin B3
bound CDK1 or CDK2 promote the metaphase to anaphase transition during meiosis

C*“*® independently of SAC activity (Zhang et al.,

I in female mice by activating APC/
2015b). Such diverse functions among the same subfamily of B-type cyclins in
metazoans are intriguing, given that the main core cell cycle regulatory machineries
are conserved through evolution. Apparently, gene duplications and subcellular

targeting have allowed some cell cycle regulators to exert distinct regulatory modes.
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1.6 Amplification of Oikopleura dioica cell cycle regulatory genes and their
evolutionary implications

Many cell cycle related genes in Oikopleura dioica are amplified, and many of these

isoforms are in addition, alternatively spliced or use alternative promoters

(Campsteijn et al., 2012). Some of the amplified core cell cycle regulatory genes

relevant to this thesis work are presented in Table 1.

Table 1. Cell cycle regulatory gene complements in metazoan models.

Od Hs Ci Dm
CDK1 5 1 1 1
CDK2 1 1 1 1
CDK4/6 1 2 1 1
Cyclin D 4 3 1 1
Cyclin E 1 2 1 1
Cyclin A 1 2 2 1
Cyclin B 3 2 1 1
Cyclin B3 2 1 1 1
Cdc25 5 3 1 2
Weel 2 1 1 1
Mytl 1 1 1 1
Plk1 2 1 - 1
Ringo 2 3 1 ND
Cks 2 2 ND ND
CKI 3 7 2 2
Aurora A 1 1 1 1
Aurora B/IC 1 2 - 1
INCENP 2 1 1 1
Survivin 2 2 1 1
Borealin ND 1 1 2

Note: Od, Oikopleura dioica; Hs, Homo sapiens; Ci, Ciona intestinalis; Dm, Drosophila

melanogaster. ND, not determined.
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Gene duplication leads to four possible outcomes: pseudogenization,
conservation of gene function, subfunctionalization and neofunctionalization (Zhang,
2003). Purifying selection can prevent duplicate genes from diverging and sustain
similar sequence and function. In subfunctionalization, some functions of the
ancestral gene are inherited by nearly neutral duplicate genes, which are fixed by
positive selection. Subfunctionalization can operate on gene expression levels
through division of expression patterns or reduced expression of duplicate genes to
maintain functional redundancy, with such traits applying to recent duplication (Qian
et al.,, 2010). Subfunctionalization can also operate at the protein function level,
where each duplicate gene becomes better at carrying out certain functions of the
progenitor gene. Neofunctionalization means that the duplicated gene obtains novel
functions, which requires a number of genetic changes. Gene duplication is believed
to be a driving force of evolution by providing new genetic material for selection,
altering genome plasticity, establishing complex gene networks and species-specific

functions.

This thesis examines roles of CDK1 and Cyclin B duplications in female
meiosis of O. dioica and on duplications of key components of the chromosomal
passenger complex (CPC) during embryonic mitoses. The core CDKI1 kinase,
restricted to a single gene locus in all other studied metazoans, has been dramatically
expanded to five paralogs in O. dioica. The CDK1 PSTAIRE motif, invariant among
metazoans, has been diversified into P(S/P/A)TS(I/V/L)RE variants, implying that
individual CDK1 paralogs may have distinct cyclin binding partners and have
evolved specialized functions during endocycling, mitosis and meiosis (Campsteijn et
al., 2012). The S, to P, substitution in CDK1b/d mimics plant CDKB, which is
known to interact with A and B type Cyclins and function in M phase (Van Leene et
al., 2010). The A4 to S, substitution in all CDK1 paralogs mimics the T, residue in
CDK4/6, raising the possibility of interactions between CDK1 paralogs and D-type
Cyclins. CDK1d/e and Cyclins Ba/b, B3a exhibit overlapping expression patterns in
the ovary during oogenesis, contrasting the ubiquitous expression of CDKla/b/c
throughout O. dioica development. The expression profiles of B-type cyclins show a

general fit to their known roles in mitosis and meiosis. The current study explores
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possible specializations in these putative roles during meiosis resumption and oocyte
maturation. The process of meiosis resumption is driven by maturation promoting
factor (MPF) and recapitulates biochemical mechanisms regulating the G2/M

transition of mitosis, which will be described in detail later.

Within the CPC complex, there are unusual duplications of both INCENP
(INCENPa and b), the scaffolding component of the CPC, and the centromeric
targeting module Survivin (SurvivinA and B). INCENP duplication is very rare in
metazoans, and thus far the only other known species with INCENP paralogs is
chicken, where one of the paralogs is only expressed at very low levels and cannot
sustain CPC function (Xu et al., 2009). The interplay between the CPC, CDK1-
Cyclin B and Plk1 controls mitotic entry and exit. Under the circumstances of CPC
duplication, how such interplay spatiotemporally modulates different kinase activities

to adapt to rapid cell divisions is a fascinating question.

Do the amplifications of core cell cycle regulators belong to any
aforementioned categories of gene duplication? Given the sometimes inconsistent
functional evidence of these regulators in vertebrate and invertebrate model
organisms, we set out to investigate the functional diversification and potential
redundancies of amplified CDK1, B-type Cyclins and INCENPs during O. dioica

development.

1.7 The life cycle of Oikopleura dioica

Oikopleura dioica is an urochordate appendicularian (also sometimes referred to as
larvaceans). Together with ascidians and thaliaceans, they are the closest living
relatives to vertebrates (Delsuc et al., 2008). Appendicularians are distributed
globally, and are among the most abundant zooplankton in marine ecosystems
(Troedsson et al., 2002). Appendicularians reside inside an extracellular, gelatinous
house, which is secreted from the oikoplastic epithelium and used for filter-feeding.
Water flow through the house is controlled by stereotypical movements of the tail,
which is retained after metamorphosis in this lineage. The animals continuously
renew their houses every four hours (15°C), and discarded houses are a main source

of marine snow, providing food for benthic animals and contributing to vertical
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carbon flux in the ocean (Troedsson et al., 2009). In addition to its ecological
significance, O. dioica possesses a highly compact genome of 70 MB with 18,020
predicted genes and is an emerging model in phylogenomic studies (Denoeud et al.,

2010).

O. dioica is the only dioecious appendicularian and has a short life span of 6
days at 15°C. Mature females lay naked eggs (about 80 um diameter) without
accessory follicle cells surrounding the chorion. The oocytes arrest at metaphase |
prior to fertilization. Post-fertilization, the egg extrudes the first polar body and
completes MI in 5 min, and then extrudes the second polar body and completes MII
in 15 min. Maternal and paternal nuclei migrate towards the egg center, duplicate
their chromosomes, and enter the first mitosis at about 30 min post fertilization. The
first and second divisions are symmetric and meridional, after that, asymmetric
divisions are found in different cell lineages (Stach et al., 2008). Gastrulation starts at
2 h at the 32-cell stage, with the ingression of vegetal cells. Neurulation commences
at the 64-cell stage. The tailbud stage is visible at 4 h, and the larvae hatch at 6 h to
become free-swimming. Metamorphosis occurs at 12 h, during which the tail
undergoes a 90° counterclockwise rotation relative to the trunk, known as the tail shift
(Nishida, 2008). Most somatic cells enter endocycles to support the rapid body
growth, and the trunk size increases from 200 pm at day 1 to 1000 um at day 6. The
epithelial cells are grouped into bilaterally symmetric territories according to nuclear
size, and are highly polyploid, ranging from 34 C to 1300 C at maturity (Ganot and
Thompson, 2002). In Day 3 animals, germline nuclei undergo endomitosis, and many
of the intestinal cells continue to undergo mitotic proliferation. Meiosis in females
starts from Day 3.5, and gonads increase rapidly in size from this point onwards. In
males, the testes also expand rapidly in size from Day 3.5 onwards but meiotic entry
occurs later at Day 6. When animals are sexually mature, the ovarian wall ruptures at
an anlagen referred to as the “moustache” (Ganot et al., 2006) to release oocytes
into the surrounding seawater. Males release sperm through the spermiduct. The

animals are semelparous, dying after spawning, and fertilization occurs in seawater

(Fig. 6).
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Figure 6. The life cycle of O. dioica. See text for details. Modified from Thompson and

Moosmann.
1.8 Oogenesis

1.8.1 Meiosis

Meiosis is the specialized cell division, in which DNA duplicates once but
chromosomes segregate twice, producing haploid gametes from diploid parents. Here,
we focus on female meiosis I, where homologous recombination and subsequent
segregation generate genetic diversity. During this process, chromosome segregation
errors are the major contributing factor to aneuploidies, such as Down’s syndrome,
while meiosis II is very much like mitosis. After meiotic S phase, sister chromatids
are tightly linked by cohesins. In the canonical meiotic program, programmed
double-strand breaks (DSBs) occur during G2/leptotene and result in linkage between

homologous chromosomes, leading to homolog pairing (Morgan, 2007). Leptotene
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chromosomes are thin, thread-like structures, and co-oriented sister linear loops
radiate from a central axis, which comprises a meshwork of protein/DNA, associated
with the recombination complex (Spol1 and Dmc1). Presynaptic alignment is visible
as a series of bridges between axes with an inter-axis distance of ~400 nm. In
zygotene, synapsis brings homolog axes closer to ~100 nm and synaptonemal
complexes (SC) are established all along the homolog axes. The SC is an
evolutionary conserved ladder-like structure, consisting of lateral elements (LEs) that
are connected by transverse filaments (TFs) and a central element (CE). The SC may
stabilize chromosome structure around mature crossovers (CO) and have a positive
role in homologous recombination. The SC is complete in pachytene and
disassembles after COs mature at the end of pachytene. Then chromosomes condense
again in diplotene and chiasmata appear. Cohesins are almost completely lost
between sister chromatid arms except at COs between homologous chromosomes,
which provide the physical links for congression of bivalents at the metaphase plate
of meiosis . Diakinesis is the last stage in prophase I before entering the first meiotic

division.

In some organisms, DSB-independent homologous pairing has been reported.
In Drosophila male meiosis, during which chiasmata do not form, major autosome
pairing relies on multiple interstitial sites in euchromatin, and sex chromosome
pairing relies on homology of tandem arrays of rDNA in heterochromatin (McKee,
2004). In Drosophila female meiosis, three large homologous chromosomes pair
before DSB formation and chiasmata form afterward, whereas the small fourth
homologous chromosome pair lacks chiasmata (Zickler and Kleckner, 2015). In C.
elegans, each chromosome contains a pairing center (PC) at the end of chromosome,
which recruits PC protein in order to anchor chromosomes to the nuclear envelop and
the microtubule cytoskeleton to permit homolog sorting through cytoplasmic forces
and to initiate synapsis (Tsai and McKee, 2011). In female silkworms, homologous
chromosomes form a modified SC through heavy deposition of the lateral
components as a substitute for chiasmata such that homolog segregation is ensured

(Rasmussen et al., 1977).
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1.8.2 Comparison of oogenesis models

Oogenesis originates as a germline cyst in many metazoans, in which a group of
inter-connected cells are produced from a single founder cell by synchronous
divisions but with incomplete cytokinesis, leaving intercellular bridges (Pepling et al.,
1999). The cyst organization is thought to ensure developmental synchrony of the
germline and to facilitate reorganization and transport of organelles between the cells
inside the cyst. The cyst stage only exists in the pre-adult stage of most vertebrate
females. Female mice enter meiosis I at E13.5 and cyst breakdown occurs around the
time of birth, coincident with massive apoptosis of germ cells (known as attrition),
and formation of the primordial follicle pool that consists of a single small oocyte in
pachytene, surrounded by a monolayer of somatic pre-granulosa cells (follicle cells)
(Motta et al., 1997). Oocyte determination occurs during pachytene, followed by
vitellogenesis (Lei and Spradling, 2013). Granulosa cells rapidly proliferate to several
layers, and communicate with the oocyte via gap junctions, enabling oocyte growth
(Grive and Freiman, 2015). In contrast to such vertebrates, the germline cyst is a
long-lived structure in some insects, and cellularisation happens at the very end of
oogenesis (Matova and Cooley, 2001). In the Drosophila 16-cell egg chamber, two
cells with four intercellular bridge connections enter meiosis. One of these
differentiates as the future oocyte during pachytene while the other loses meiotic
features and joins the other 14 cyst cells as polyploid nurse cells (Bastock and St
Johnston, 2008). The egg chamber is surrounded by a single follicular layer
originating from somatic stem cells. Nurse cells synthesize nutrients, RNA, and
protein for transport to the growing oocyte by cytoplasmic streaming. During stage
11, nurse cells contract and dump their cytoplasm into the oocyte within 30 minutes.
They then undergo apoptosis, leaving behind the full-sized oocyte (Bastock and St
Johnston, 2008). How the hermaphrodite C. elegans syncytial gonad is formed is not
fully understood yet. Germline nuclei are arranged around the cytoplasmic core
(rachis) and are connected through cytoplasmic bridges, with somatic sheath cells
comprising the outer layer of gonad. Germ cells either differentiate as oocytes or

undergo apoptosis when reaching the pachytene zone. At the bend of the gonad arm,
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actomyosin-dependent cytoplasmic streaming drives oocyte growth, which also

requires the presence of major sperm protein (MSP) (Kim et al., 2013).

O. dioica oogenesis occurs in a single-cell coenocyst, which contains
thousands of inter connected germline nuclei and is surrounded by a monolayer of
follicle cells on both the inner and outer surfaces (Ganot et al., 2006). The follicle
cells have gap junction contacts with the coenocyst and actin bundles project into the
coenocyst. The animal is semelparous and the germline progresses synchronously
through an oogenesis that is divided into 5 phases (P1-P5) based on distinct cellular
and meiotic events (Ganot et al., 2008). Post-metamorphic proliferation of germline
nuclei in a syncytium occurs until Day 3, when at P1, equal proportions of germline
nuclei either enter meiosis or asynchronous endocycles to become polypoid nurse
nuclei. P2 (Day 3-3.5) corresponds to leptotene and zygotene stages, during which
meiotic nuclei undergo telomere bouquet clustering. P3 (Day 3.5-5.5) corresponds to
pachytene and diplotene, during which synaptonemal complexes have formed and the
pro-oocytes become obvious, connected to the common coenocystic cytoplasm
through ring canals. Meiotic nuclei locate to the pro-oocyte cortex (future animal pole)
opposite ring canals (Ganot et al., 2007). In this region, clustered nuclear pore
complexes (NPC) localize adjacent to the telomere bouquet. During P3, nurse nuclei
increase in size to support global growth of the coenocyst. Oocyte selection occurs
during P4 (Day 5.5-6), with a subset of meiotic nuclei continuing meiosis.
Chromosomes are condensed and show a stereotypic m-configuration, which
represents three pairs of homologous chromosomes (bivalents). The NPC cluster is
fragmented and an MTOC-like organizing center (OC) contacts selected meiotic
nuclei at NPC cluster fragments. Pro-oocytes harboring selected meiotic nuclei, begin
growing synchronously via cytoplasmic transfer through ring canals. In concert, the
common cytoplasm experiences general rearrangement of its actin network, and non-
selected meiotic nuclei lose meiotic features and associate with invagination pockets
of nurse nuclear envelopes. During P5 (Day 6-6.5), pro-oocytes achieve their
maximal volume, close the ring canals and undergo the final maturation stage. Non-
selected meiotic nuclei and nurse nuclei undergo apoptosis. At spawning, mature
oocytes are arrested at metaphase 1.
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Oocyte selection usually occurs when immature oocytes or pro-oocytes exit
pachytene but prior to vitellogenesis (Fig. 7). Animals may restrain the number of
developing oocytes prior to vitellogenesis in order to achieve successful oocyte
production, especially in semelparous species. O. dioica adapts reproductive output to
fluctuating nutrient conditions by the selection of the number of oocytes to grow. The
accumulated resources of cytoplasm in the coenocyst dictate the spawned oocyte
number. O. dioica experiencing food limitation or high culture density exhibit
significantly reduced fecundity (Subramaniam et al., 2014). On the contrary, under
favorable conditions such as algal blooms, oocyte production increases over two
orders of magnitude, supporting rapid rates of population increase (Troedsson et al.,

2002).

Another salient feature of O. dioica oogenesis is that meiotic nuclei are
essentially transcriptionally quiescent (Ganot et al., 2008). Only two small meiotic
nuclear transcription loci are present. The three bivalents are tightly enclosed by the
nuclear envelope, and do not form a germinal vesicle, similar to the transcription
mode of syncytial oogenesis in higher insects and nematodes, but different from
vertebrates, whose germline cysts break down shortly after entry into meiosis.
Thereafter the nucleus in vertebrate oocytes forms a large germinal vesicle that is
transcriptionally active. It has been reported that in the solitary ascidian Ciona
(Silvestre et al., 2011) and thaliacean salps (Boldrin et al., 2009), the two sister
classes to appendicularians, individual oocytes cellularize during early oogenesis, and
contain a readily identifiable germinal vesicle, that is surrounded by follicle cells
during vitellogenesis and after spawning. Representatives of cephalochordates
(Branchiostom), echinoderms (sea urchin), and hemichordates (Saccoglossus) all
possess germinal vesicles during oogenesis (Frick et al., 1997). To our knowledge,
Oikopleura is the only exception among deuterostomes in that a germinal vesicle is

not formed during oogenesis.
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Figure 7. Comparison of oogenesis between mouse, Drosophila and O. dioica. Mouse
primordial germ cells (PGC) colonize the somatic gonad at E10.5, undergo incomplete
division and form a cyst, before entering meiosis I at E13.5. The cyst breaks down around
the time of birth and forms a primordial follicle pool. During vitellogenesis, primordial
follicles develop into the primary, secondary and antral follicles. During puberty, oocytes
mature before ovulation. In Drosophila, one descendant cell of a germline stem cell
undergoes 4 incomplete divisions and forms a 16-cell egg chamber, which is covered by a
layer of follicle cells. One cell is selected as the future oocyte as the cyst travels through the
germarium. Vitellogenesis starts from stage 8 and oocytes mature at stage 14. In O. dioica,
germline cells undergo syncytial division and form a coenocyst, which is surrounded by a
monolayer of follicle cells. After cell fate commitment of meiotic nuclei and nurse nuclei
(1:1 ratio), meiotic nuclei are enclosed in pro-oocytes during P3, oocyte selection and
vitellogenesis occur at P4, and oocyte cellularization occurs at P5 before final maturation.
Modified from Grive and Freiman (2015) and Ganot et al (2008).
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1.9 Developmental control of oocyte maturation

1.9.1 Meiosis arrest and resumption

In most animals, oogenesis arrests at two points (Von Stetina and Orr-Weaver, 2011).
The primary arrest point is at prolonged diplotene of prophase I (called dictyate in
mammals), permitting oocyte growth, differentiation and the stockpile of maternal
mRNAs and proteins for future embryonic development. The duration of prophase |
arrest varies depending on the species. It may last for an extraordinary long period -
several months in mouse or decades in women, while it only lasts about 2 days in
Drosophila and O. dioica, and about 23 minutes in hermaphrodite C. elegans when
sperm is present (Greenstein, 2005). The primary arrest is released in response to
appropriate hormonal stimuli, and this process is called meiosis resumption or oocyte
maturation, which enables oocytes to continue meiotic division. After primary arrest,
most species, except nematodes, will experience a secondary arrest at metaphase I
(Drosophila, some mollusks, tunicates), metaphase II (most vertebrates) or the
pronuclear stage (sea urchins and starfish) (Von Stetina and Orr-Weaver, 2011). The
secondary arrest serves to coordinate the completion of meiosis with fertilization and
is maintained by elevated MPF activity and cytostatic factor (CSF). The
cMOS/MEK/MAPK pathway and early mitotic inhibitor 2 (Emi2) are responsible for
APC/C inhibition during metaphase II arrest (Kubiak et al., 2008).

Maturation inducing hormones have been identified, such as luteinizing
hormone (LH) in mammals, MSP in C. elegans, 1-Methyladenine (1-MeAde) in
starfish, and progesterone (Pg) in Xenopus (Von Stetina and Orr-Weaver, 2011). LH
binds G protein-coupled receptors in the mural granulosa cells, reduces cGMP in the
somatic follicular cell layer and blocks its diffusion through gap junctions between
follicular cells and the oocyte. PDE3A (phosphodiesterase) is activated and
hydrolyzes cAMP (high level of cAMP inhibit meiotic maturation), and prophase I

arrested oocytes resume meiosis (Norris et al., 2009).

Maturation promotion factor (MPF) promotes meiosis resumption in a wide
variety of species including Xenopus, clam, starfish, several fish species, mouse, etc

(Nagahama and Yamashita, 2008). MPF shows generally conserved and species-
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specific regulatory mechanisms in terms of its formation, activation and upstream and
downstream molecular pathways during oocyte maturation. However, the modes of
synthesis of its cyclin B component vary from species to species. Cyclin B protein
exists in immature oocytes (germinal vesical stage) of marine invertebrates and most
higher vertebrates, forming pre-MPF with a small pool of CDK1 (Gautier and Maller,
1991). The level of pre-MPF is enough to drive meiotic maturation in mouse and
starfish, although the rate of cyclin B1 synthesis can control the length of the first
meiotic M phase (Polanski et al., 1998). In Xenopus, the pre-MPF stockpile is
completely inhibited by Myt1 during prophase I arrest and newly formed Cyclin B-
CDKI is required to phosphorylate and inhibit Mytl, triggering an MPF auto-
amplification loop along with newly synthesized Mos-MAPK (Gaffré et al., 2011). In
striking contrast, pre-MPF doesn’t exist in immature oocytes of some fish species,
such as goldfish (Yamashita et al., 1995). Cyclin B protein is synthesized just before
GVBD, and Cyclin B synthesis and CDK1 activation by Thr161 phosphorylation are
critical for meiotic maturation (Yamashita, 1998). CDK1-Cyclin B is first activated in
the cytoplasm, and then translocates to the nucleus. GVBD follows in 30 minutes in
mouse (Marangos and Carroll, 2004) and 5 minutes in starfish (Ookata et al., 1992).
These observations indicate that meiosis-specific modulations of CDK1-Cyclin B
share some common pattern among species, as well as distinct features as to when
Cyclin B protein is synthesized and how it is distributed during oogenesis and oocyte

maturation.

1.9.2 The relationship between Cyclin B-CDK1, the MAPK pathway, Plk1 and
Greatwall kinase during meiosis resumption

Some general and specific signaling pathways have been clarified in Xenopus and
starfish (Fig. 8). In Xenopus, upon progesterone stimuli, PKA (cAMP-dependent
protein kinase A) is inhibited, partially relieving the S109 phosphorylation of
ARPP19 (cAMP-regulated phosphoprotein-19) (Dupre et al., 2014). This weakly
antagonizes PP2A-B558 and promotes protein synthesis of MOS or Cyclin B, leading
to inhibition of Mytl and initial activation of CDK1. Thereafter, Gwl (Greatwall
kinase) phosphorylates ARPP19 at S67, which strongly inhibits PP2A. MOS-MAPK
and Plk1 are involved in an MPF auto-amplification loop by phosphorylating Cdc25,
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shifting the balance of Cdc25/Mytl and irreversibly driving meiosis resumption
(Dupre et al., 2014). In starfish, the MAPK pathway, Plkl and Gwl are all
downstream of CDK1 activation. MAPK and PIk1 activate Cdc25 and inhibit Myt1 to
ensure the meiosis I to II transition (Kishimoto, 2011). Gwl is also regarded as a
critical component of MPF by suppressing PP2A-B55 (Hara et al., 2012). In C.
elegans, MAPK is necessary for the progression of pachytene and is inactivated after

pachytene exit. Sperm reactivate MAPK in proximal oocytes to promote M phase
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Figure 8. Meiosis resumption in Xenopus and starfish. In Xenopus, progesterone (Pg)

triggers inactivation of PKA, and partially relieves S109 phosphorylation of ARPP19, which
is required for initial activation of CDKI, possibly by controlling protein synthesis or
facilitating S67 phosphorylation of ARPP19 by Gwl. On the other hand, newly synthesized
Cyclin B binds CDK1 and inhibits Mytl, and Ringo/CDK1 also phosphorylates and inhibits
Mytl during early stages of meiosis resumption. Once initiating amounts of CDKI1 are
activated, an MPF auto-amplification loop is triggered. The MOS-MAPK-Rsk pathway, Plx1,
Gwl and ARPP19, are all involved in this auto-amplification loop. In starfish, 1-MeAde
triggers release of GPy and activates the PI3K-Akt/PKB pathway, which directly inhibits
Mytl and activates Cdc25 together with the atypical GPy pathway, leading to MPF
activation. Protein synthesis, the MOS-MAPK pathway, Plkl and Gwl all function

downstream of this activation. Modified from Kishimoto (2003).
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entry, but the exact function of MAPK in oocyte maturation is not fully understood
(Hajnal and Berset, 2002). In Drosophila, although MAPK is active during oocyte
maturation, MOS is not essential for meiosis, indicating the MOS-MAPK pathway
might be dispensable (Ivanovska et al., 2004).

1.9.3 Meiotic spindle assembly

Canonical centrosomes are lost during early stages of oogenesis in most metazoans
except starfish, and the meiotic spindle is assembled independently of centrosomes
(Dumont and Desai, 2012). Two chromatin-induced spindle assembly pathways have
been shown to replace centrosomes for microtubule nucleation and meiotic spindle
assembly in oocytes, though their relative contributions and interactions in this
process are less known. In one pathway, a RanGTP gradient is established near
chromosomes and unloads spindle assembly factor (SAF) cargos from importins with
the collaboration of RCC1 on chromosomes (Kalab and Heald, 2008). This allows the
SAF to associate with the spindle, or specific sites within the spindle apparatus, and
facilitates microtubule nucleation. This RanGTP gradient is present during mouse and
Xenopus meiotic maturation, but it is not essential for meiosis I. A longer spindle, or
a delay in establishing spindle bipolarity are found when the RanGTP pathway is
inhibited. This pathway is essential for meiosis II (Dumont et al., 2007).

In a second pathway, Aurora B kinase, a component of the chromosomal
passenger complex (CPC), phosphorylates and inhibits mitotic centromere-associated
kinesin (MCAK), a negative regulator of microtubule polymerization in the
centromeric region (Andrews et al., 2004). This creates a local favorable environment
for microtubule polymerization. Phosphorylated MCAK is recruited to the inner
centromere and stable kinetochore-microtubule attachments are promoted. Aurora B
also phosphorylates and inhibits Op18/stathmin, a microtubule destabilizing protein
that can sequester tubulin heterodimers and cause microtubule catastrophe
(Houghtaling et al., 2009). The CPC localization pattern at metaphase I is not as
consistent as during mitosis, and is species-dependent (Dumont and Desai, 2012). In
mouse, Aurora B localizes at kinetochores, and Aurora C localizes along the

chromosome arms that hold bivalents together (Shuda et al., 2009). In Drosophila,
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CPC localizes on the equatorial region of spindle (Colombié et al., 2008). In C.
elegans, Aurora B localizes to the chromosome arms distal to chiasmata (Rogers et

al., 2002).

Taking advantage of high-resolution live imaging, a model of meiotic spindle
assembly has been proposed in mouse oocytes (Schuh and Ellenberg, 2007; Clift and
Schuh, 2015). Mouse immature oocytes form more than 80 acentriolar microtubule
organizing centers (aMTOC) de novo from the cytoplasmic microtubule network.
These aMTOCs move centripetally and congress around the nucleus. Plk1 triggers the
decondensation of aMTOCs, and then BicD2-anchored dynein stretches aMTOCs
into ribbons along the nuclear envelope. Subsequently, GVBD occurs, KIF11 further
fragments aMTOCs, and microtubules massively nucleate around aMTOCs and
contact individual bivalents. A gradual clustering of aMTOCs to opposite poles
occurs and the spindle elongates under the sliding force created by plus-end-directed
motor kinesin-5. Finally, chromosomes oscillate around the metaphase plate and
achieve biorientation. The whole process from GVBD to biorientation takes 5 hours.
In Drosophila, Nonclaret disjunctional (Ncd) motor and microtubules first form
asters in close proximity to the meiotic nucleus, and asters migrate to the endobody at
NEBD to nucleate microtubules (Skold et al., 2005). Bivalents associate with
microtubules first and later associate with each other through motor-mediated
microtubule crosslinking. Multiple transient poles tend to form during very early
stages, but shortly thereafter, one axis quickly becomes dominant and establishes

bipolarity. The entire process takes about 40 minutes (Skold et al., 2005).

Although mouse oocytes use aMTOCs to nucleate microtubules, aMTOCs
don’t increase the efficiency of acentriolar spindle assembly in somatic fly cells
(Baumbach et al., 2015). Indeed, many species assemble meiotic spindles without any
obvious aMTOCs, and the formation of spindle poles relies on microtubule motors
and microtubule-associated proteins. Kinesin-14 Ncd can crosslink kinetochore fibers
and focus spindle poles without centrosomes. Dynein-Dynactin-nuclear mitotic
apparatus (NuMA) can crosslink parallel microtubules and tether minus ends of

microtubules together, and NuMA accumulates at the meiotic poles in Xenopus, mice,
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and humans (Bennabi et al., 2016). Without a typical MTOC, the shape of the poles is
broader except in Drosophila. A typical vertebrate meiotic spindle shows a barrel
shape, and is composed of 95% non-kinetochore microtubules and 5% kinetochore
microtubules (Houghtaling et al., 2009). The non-kinetochore microtubules interact

with chromosome arms and intersect antiparallel at the spindle equator.

1.10 The chromosomal passenger complex (CPC) is an essential regulator of
mitosis

Successful mitosis requires the faithful coordination of chromosome segregation and
cytokinesis, which are spatiotemporally controlled by a subset of proteins. Among
these proteins, the chromosomal passenger complex (CPC) is a central actor in a
remarkably complex network and displays striking dynamics during mitosis. The
term “chromosomal passenger” is derived from the dynamic localizations of the CPC
during mitosis (Fig. 9). The CPC associates with chromosome arms from late S phase
and progressively becomes concentrated at the centromeres by metaphase.
Subsequently, the CPC leaves the inner centromeres and relocates to the central
spindle and equatorial cortex at the onset of anaphase. Ultimately, the CPC is

enriched at the midbody during telophase and cytokinesis (Ruchaud et al., 2007).
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Figure 9. Schematic representation of the CPC localization during mitosis. The CPC is
shown in green, chromosomes in blue, kinetochores in pink and the spindle in red. The CPC
is localized on chromosome arms in prophase (A), at the inner centromeres in metaphase (B),
at the central spindle in anaphase (C) and at the midbody in telophase (D). Adapted from
Ruchaud et al (2007).

The CPC is composed of the catalytic, Aurora B kinase, and the regulatory

components Borealin, Survivin and the inner centromere protein (INCENP) (Fig. 10)
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(Carmena et al., 2012). The C-terminus of INCENP interacts with Aurora B and
activates it (Honda et al., 2003). The N-terminus of INCENP, the C-terminal helical
domain of Survivin, and Borealin form a tight three-helical bundle and modulate CPC
localization to the centromeres and central spindle (Jeyaprakash et al., 2007).
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INCENP was first identified in chicken cells by an anti-mitotic chromosome scaffold
fraction antibody screening (Cooke et al., 1987). The initial study revealed two
INCENP isoforms of 155 and 135 KD, which were co-expressed throughout mitosis
and were generated by alternative splicing of a single transcript (Mackay et al., 1993).
Thereafter INCENP homologs have been identified in a wide variety of species from
yeast to human and show conserved functional domain organization (Ruchaud et al.,

2007).

The N-terminal CEN module targets the CPC to the inner centromeres via the
BIR (baculovirus inhibitor of apoptosis repeat) domain of Survivin, which recognizes
Haspin-mediated phosphorylation of histone H3 at T3 (Wang et al., 2010). The HP1
(heterochromatin protein 1) binding domain (human INCENP residues 124-248)
mainly interacts with the C-terminal chromo shadow domain (CSD) and to a less

extent hinge region of HP1, targeting HP1 to centromeres (Kang et al., 2011). The
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SAH (single a-helix) domain in the central region (chicken INCENP residues 503-
715) acts as a flexible spring and can stretch up to 80 nm. The N-terminal half of the
SAH domain can bind to microtubules, such that Aurora B is directed to substrates
near microtubules and can phosphorylate substrates at outer kinetochores (Samejima
et al., 2015). The SAH domain is flanked by phosphor-regulatory domains (PRD),
which are phosphorylated by CDK1 to attenuate the microtubule binding affinity of
SAH (Wheelock et al., 2017). The C-terminal IN box is highly conserved, where the
TSS motif is phosphorylated by Aurora B in trans to fully activate Aurora B (Sessa et
al., 2005) (Fig. 11).

SAH

CEN HP1 binding PRD1 R PRD2 IN
splndle transfer mlcrotubule binding

Figure 11. Schematic representation of the main domains of INCENP. The CEN module is
the minimum region for centromere targeting. The HP1 binding domain is the region for
interacting with HP1. The SAH domain with the N-terminal half required for microtubule
binding is represented as a spring. Two PRD motifs flanking the SAH domain are shown.

The C-terminal IN box is the region for Aurora B activation.

INCENP knockout in mice results in embryonic lethality, with severe defects
in chromosome segregation and cytokinesis (Kaitna et al., 2000). INCENP
knockdown in Drosophila shows that INCENP is required for Aurora B kinase
activity for H3S10 phosphorylation and sister kinetochore disjunction, but it is not
critical for the initiation of the contractile ring and the formation of central spindle
during syncytial division (Adams et al., 2001). C. elegans INCENP is also required
for the assembly of the central spindle (Kaitna et al., 2000).

The iconic relocation of the CPC from centromeres to the central spindle at
anaphase onset requires high Aurora B activity in chicken DT40 cells (Xu et al.,
2009). In contrast, Aurora B-dependent phosphorylation of Slil15/INCENP prevents
CPC binding to the central spindle until late anaphase in budding yeast, facilitating
anaphase spindle elongation (Nakajima et al., 2011). The relocation of the CPC is an

evolutionarily conserved mechanism to prevent SAC reactivation when tension
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between sister centromeres is lost at anaphase onset (Vazquez-Novelle and
Petronczki, 2010). This process is subject to combinatorial regulation between CDK1
and phosphatases. CDK1 mediated phosphorylation at T59 of INCENP is removed
during anaphase, such that the CPC is directed to the central spindle via Mklp2
(mitotic kinesin-like protein2) in human cultured cells (Hiimmer and Mayer, 2009).
In budding yeast, Cdc14 phosphatase is activated by separase from FEAR (Cdc14
Early Anaphase Release) (Queralt and Uhlmann, 2008), and dephosphorylates
multiple CDK1-phosphorylated sites of Slil15/INCENP, directing the CPC to spindle
and incapacitating the SAC (Pereira and Schiebel, 2003; Mirchenko and Uhlmann,
2010).

1.10.2 Aurora B

Aurora B belongs to the Aurora family of Ser/Thr kinases and was first discovered as
a gene essential for the centrosome cycle in Drosophila (Glover et al., 1995). It
consists of a variable N-terminal domain, a conserved catalytic domain and a short C-
terminal extension. Active Aurora B is phosphorylated at Thr232 in the T-loop.
Thr232 fits the consensus Aurora target sequence [R/K]X[T/S][I/L/V], and is auto-
phosphorylated, generating positive feedback (Yasui et al., 2004).

Aurora B activation is a complex process. In addition to the two-step
activation via the IN box of INCENP, microtubules can activate Aurora B-INCENP
subcomplexes through local concentration mechanisms (Tseng et al., 2010). On
centromeres, TD-60 (telophase disc-60kD) can allosterically activate Aurora B
(Rosasco-Nitcher et al., 2008) and Plk1-mediated Survivin phosphorylation at Ser20
promotes Aurora B activity (Chu et al., 2011). Chkl phosphorylates Aurora B at
Ser331 at kinetochores during prometaphase, which is required for full activation of

Aurora B (Petsalaki et al., 2011).

Other post-translational modifications also influence the activity and
localization of Aurora B. Cul3/KLHL9/KLHL13 E3 ligase ubiquitylates Aurora B on
chromosomes, which triggers the removal of the CPC components from
chromosomes and their accumulation on the central spindle during anaphase (Sumara

et al., 2007). Ubiquitylated Aurora B is removed by AAA-ATPase p97 (Dobrynin et
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al., 2011), which also extracts chromatin associated-Aurora B to allow chromatin
decondensation and nuclear envelope reformation during mitotic exit (Ramadan et al.,
2007). In addition, SUMOylation of Aurora B promotes its centromeric concentration
and function (Fernandez-Miranda et al., 2010). Aurora B is degraded by the
APC/CC420 orChl_roteasome pathway via KEN, A and D-boxes in late mitosis and

G1 (Stewart and Fang, 2005; Nguyen et al., 2005).

1.10.3 Survivin and Borealin

Survivin, the smallest member of the mammalian inhibitors of apoptosis proteins
(IAPs), is composed of an N-terminal zinc-finger fold called baculovirus IAP repeat
(BIR) domain, and a C-terminal helical extension. Survivin is extensively expressed
in various human cancers and is a target for cancer therapy (Altieri, 2003). In addition
to its involvement in cell death regulation, Survivin has been identified as part of the
CPC regulating cell cycle progression. Survivin possesses an evolutionary conserved
leucine-rich Crm1-dependent nuclear export signal (NES), which determines its
intracellular localization (Knauer et al., 2006). Survivin predominantly localizes in
the cytoplasm in tumor cells and has cytoprotective activity. Nuclear Survivin
localizes to the mitotic machinery and regulates mitosis (Connell et al., 2008).
Human Survivin can be phosphorylated on Thr34 by CDKI1-Cyclin B1, which
enhances its stability and regulates its levels in tumor cells (Wall et al., 2003). On the
contrary, this phosphorylation site is dispensable for Survivin function in chicken

DTA40 cells (Yue et al., 2008).

Borealin/Dasra B was identified as the fourth member of the CPC in humans
and Xenopus (Gassmann et al., 2004; Sampath et al., 2004). Borealin-like proteins
have been identified from fungi to animals. Despite low protein sequence identity,
they all possess a structurally conserved N-terminal three-helix bundle forming
domain, implying that the fundamental structural organization of the CPC is
conserved (Nakajima et al., 2009). Yeast Nbll (novel Borealin-like 1) has
independently lost the C-terminal, but retains the second helical stretch following the
N-terminal helix (Bohnert et al., 2009). In the crystal structure of human Borealin, the

equivalent region to this helical stretch packs against the homodimerization interface
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of Survivin, such that Survivin cannot dimerize when bound to Borealin (Bourhis et
al., 2007). The human Borealin C-terminal contains 4 Threonine residues, which are
phosphorylated by Mpsl (Jelluma et al., 2008). These phosphorylations enhance
Aurora B activity at centromeres, coordinating attachment error correction and the

SAC.

1.10.4 CPC paralogs

Paralogs of some CPC components exist in some organisms, and they are thought to
function in certain developmental contexts. Only mammals have Aurora B and
Aurora C paralogs, which evolved from duplication of an ancestral Aurora B/C gene
found in cold-blooded vertebrates (Brown et al., 2004). Aurora B and C share high
sequence similarity, particularly in their ATP-binding domain. Aurora C is highly
expressed in the germ line and pre-implantation embryos. Aurora C mutation results
in large-headed multiflagellar polyploid spermatozoa and male sterility (Dieterich et
al., 2007). Aurora C knockout female mice are sub-fertile and ectopic expression of
Aurora B can rescue loss of Aurora C (Schindler et al., 2012). 