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Preface

The fundamental process of asymmetric cell division (ACD) leads to daughter cells of
distinct fates, and often, distinct size. ACD and its regulation have been well-studied in the
hermaphroditic Caenorhabditis elegans embryo, especially concerning how symmetry of the
actomyosin cortical cytoskeleton is broken by a sperm-derived signal leading to polarity
establishment in the one-cell embryo. Importantly, asymmetric division of the one-cell
embryo is conserved in all nematodes yet the cellular features as seen in DIC imaging are
surprisingly highly variable. Investigating asymmetric division in non-C. elegans nematode
embryos is key for a more complete understanding of the mechanisms behind this crucial
process. For my PhD, | chose to examine ACD of single-cell embryos of Diploscapter pachys
and Pristionchus pacificus. For the parthenogenetic nematode D. pachys, how polarity is
triggered is a mystery since this species lacks sperm, the origin of the symmetry breaking cue
in C. elegans. Despite also being hermaphroditic, P. pacificus displays exaggerated cortical
shape changes as compared to C. elegans that | wanted to understand.

This thesis is divided into four chapters. In the first chapter, | introduce the importance
of ACD and consequences of its misregulation, as well as the main model systems that have
been used to understand the mechanisms of ACD. In the second chapter, | detail what is
known about ACD in the well-studied C. elegans embryo. The third and fourth chapters
summarize the results | obtained during my PhD, concerning D. pachys and P. pacificus,
respectively. The third chapter begins with an introduction about D. pachys, and then follows
the results | obtained for this embryo encompassing the major part of my PhD and a
manuscript submitted for peer review. In the fourth chapter, | introduce P. pacificus and |
describe the experiments | carried out in an attempt to obtain a transgenic worm line. A
general conclusion closes the thesis with an appended annex section, consisting of the
submitted manuscript on D. pachys and a published review article that | wrote during my PhD
on the roles of actin in the morphogenesis of the C. elegans one-cell embryo.







Chapter 1: Asymmetric cell division in different model systems.

Chapter 1: Mechanisms that orchestrate asymmetric cell division in
different model systems

1.1. Introduction: Importance and implications of asymmetric cell division

The fundamental process of asymmetric cell division (ACD) entails the division of one
cell giving rise to two cells with a distinct fate, and in most cases, of different size (elaborated
on in section 1.4). The generation of this cell-type diversity is crucial in many biological
contexts. In development, ACD is used to form different cell populations, which become
different parts of the organism. The first cell division of the Caenorhabditis elegans embryo is
such an event where the daughter cells have different fates and where only one daughter cell
gives rise to germ cell descendants (Sulston et al., 1983). ACD of stem and progenitor cells
leads to one self-renewing daughter cell to renew the stem cell population while the other
cell differentiates. The first division of the mouse neocortical progenitor cells is also
asymmetric, generating one stem cell-like progenitor cell and a differentiated cell. The
progenitor cell is then able to divide again, either symmetrically or asymmetrically, making
more progenitor cells or more differentiated cells as needed, a strategy to increase the
number of neural cells produced from one starting progenitor cell (Costa et al., 2008; Pilz et
al., 2018; Wang et al., 2009). During mouse oogenesis, oocytes divide asymmetrically in order
to produce a large mature oocyte and a considerably smaller polar body containing unwanted
DNA (Longo and Chen, 1985; Maro and Verlhac, 2002; Verlhac et al., 2000). Finally,
erythroblasts undergo ACD with the aim of excluding the nucleus and producing an enucleated
red blood cell (Keerthivasan et al., 2011; Koury et al., 1989; Simpson and Kling, 1967).

The ability to produce both self-renewing and differentiating daughter cells is a central
feature of stem cell biology. In addition to the mouse neocortical progenitor cell mentioned
above, other examples of stem/progenitor cells that go through ACD include mouse muscle
cells (Shinin et al., 2006), mouse skin cells (Lechler and Fuchs, 2005), human and mouse
intestinal cells (Quyn et al., 2010), mouse mammary gland tissues (Cicalese et al., 2009), and
mouse haematopoietic precursor cells (Wu et al., 2007). In these cases ACD is a strategy for
ensuring a balance between differentiated and self-renewing cells (Loyer and Januschke,
2020; Morrison and Kimble, 2006). In order to control the number of cells needed in case of
injury and regrowth for example, stem cells can also divide symmetrically. Therefore, it is
important that stem cells have the ability to switch between symmetric and asymmetric cell
division. A defect in this balance or in the process of ACD can lead to complications in tissue
homeostasis and repair.

Recent studies have emphasized that ACD is also important in oncogenic progression
(Morrison and Kimble, 2006). Cancers can be heterogeneous and they can use self-renewal
mechanisms for proliferation (Jaworska et al., 2020; Matsui, 2016). Studies in mouse model
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systems have shown that stem cells are at the root of colon and brain tumours (Barker et al.,
2009; Kwon et al., 2008). An over-proliferation of cells and even tumorigenesis have been
identified as outcomes of dysfunctional ACD-related genes in the Drosophila melanogaster
(Caussinus and Gonzalez, 2005). Defects in the process of ACD as well as the generation of a
stem cell pool that loses control over growth and proliferation are important subjects under
investigation. To understand or predict how these misregulations can arise, thorough studies
of the mechanisms governing the process of ACD are crucial. The ability to observe cellular
dynamics during the process of ACD in a cell and manipulate the genome to test the different
players of the process are important qualities of a well-established model system. In the
following section, | describe two such systems that have been used for decades in order to
understand ACD.

1.2. Model systems used to study ACD

Among the well-studied model systems used to understand ACD are the C. elegans
single cell embryo and the D. melanogaster neuroblast lineage. Pioneering research on both
systems has lead to exciting discoveries that reveal the complex mechanisms regulating the
process of ACD. Notably, the mechanisms controlling ACD are well conserved in both species.

The C. elegans single cell embryo is the result of oocyte fertilization upon passing
through the spermatheca of the hermaphrodite worm where both male and hermaphrodite
sperm are stored (Figure 1.1.A). The neuroblasts of the D. melanogaster are stem cell-like
progenitors resulting from a delamination of the neuroepithelium. Neuroblasts go through
ACD to bring about glial and neural cells of the embryo and larva (Prehoda, 2009). Due to some
differences in the ACD process of embryonic and larval neuroblasts, only the embryonic D.
melanogaster neuroblast is discussed here (Figure 1.1.B).

During the first division of the C. elegans embryo and the D. melanogaster neuroblast,
one stem cell-like cell that sustains the ability to self-renew is produced, P1 in C. elegans and
a daughter neuroblast (NB) in D. melanogaster. The other daughter cell inherits fate-
determinants allowing it to produce differentiated descendants: in C. elegans, the AB or
anterior cell and in D. melanogaster, the ganglion mother cell (GMC) (Figure 1.1).
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Figure 1.1. Anatomy of classic animal model systems used to study ACD. A. C. elegans hermaphrodite adult;
zoom in on single cell and two-cell embryo (drawing inspired from The Updike Lab). B. Embryo of the D.
melanogaster; zoom in on neuroblast cells (adapted from Prehoda, 2009).

As was mentioned, many different cell types undergo ACD. In the following sections, |
will highlight the main features that accompany ACD and given that the C. elegans embryo
and the D. melanogaster neuroblast are well-established model systems for ACD, | will carry
out a brief description of as well as a comparison between the two species. | will also expand
each section to briefly describe conserved mechanisms in other cell types. An elaboration on
the mechanisms of ACD in the C. elegans embryo is in Chapter 2.

1.3. Mechanisms of cell polarity

1.3.1. Polarity establishment: initiation of cellular polarity

Two different mechanisms of polarization give rise to ACD. One mechanism relies on
the asymmetric partitioning of cellular components leading to cell polarity and finally daughter
cells of different cellular fate. Such a mechanism of polarity establishment and ACD is referred
to as intrinsic (Figure 1.2) (Januschke and Gonzalez, 2010; Loyer and Januschke, 2020).
Another mechanism, referred to as extrinsic, is the asymmetric exposure of the mother cell to
external cues or the asymmetric positioning of the daughter cells relative to external cues
(Figure 1.2) (Broadus and Doe, 1997; Siegrist and Doe, 2006). In the latter type, initially,
daughter cells may be symmetric in cellular fate components and upon exposure to different
signals from their environment, each cell acquires a different fate. In this context, the division
is asymmetric as a result of the ultimate fate of the daughter cells even though the division of
the mother cell was symmetric.
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Figure 1.2. A. Extrinsic vs B. intrinsic signalling for polarity establishment (adapted from Loyer and Januschke,
2020).

In intrinsic ACD, the organization of cellular asymmetry leads to cell polarity wherein
two different poles of the cell are biochemically and structurally distinct (Li, 2013; Loyer and
Januschke, 2020). Cell polarity can dictate the orientation and position of the mitotic spindle
due to the interaction of the cytoskeleton with the polarized cortical components that
consequently specifies the final position of the cleavage site (Loyer and Januschke, 2020),
although the manner in which events are coordinated in order to achieve ACD can vary in
different cell-types. In ACD of the C. elegans embryo and the D. melanogaster neuroblast, cell
polarity, spindle orientation and positioning, and cell division are synchronized in a clear
hierarchal manner (Figure 1.1). In budding yeast, however, polarity of the cell is established in
concomitant with site of division and prior to spindle positioning. In mouse oocytes the
asymmetric positioning of the spindle leads to cell polarity and specification of the division
site (Li, 2013).

Finally, in some cell types, both asymmetric exposure to extrinsic cues and intrinsic
partitioning of fate regulators can regulate the asymmetric division process of one cell.
Fertilization of the C. elegans oocyte by sperm initiates asymmetry and signalling from the
neural epithelium orients the division of D. melanogaster neuroblast, an extrinsic cue in both
cells induces an intrinsic cell polarity.

1.3.2. Polarity proteins

Upon receiving the extrinsic polarity signal, the C. elegans embryo and the D.
melanogaster neuroblast both undergo intrinsic separation of cellular components, more
specifically partitioning proteins (PAR) that lead to cell polarity and eventually two daughter
cells, each of a distinct fate. In order for the C. elegans embryo and the D. melanogaster
neuroblast to establish cell polarity, an asymmetric localization of the PAR proteins is required
(Figure 1.3). The first study that lead to the discovery of these proteins was carried out in 1988
using the C. elegans single cell model (Kemphues et al., 1988) wherein par mutant embryos
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gave rise to symmetric daughter cells and abnormal second cleavage patterns. The
mechanisms of PAR protein localization in C. elegans are thoroughly reviewed in (Pacquelet,
2017; Rose and Gonczy, 2014).

A polarity cue from sperm components (discussed more thoroughly in Chapter 2) after
fertilization of the C. elegans oocyte leads to symmetry breaking which involves a contraction
of the cortex that drives a posterior-to-anterior flow. This cortical flow localizes anterior PARs
(aPARs) to the anterior cortex including the oligomeric scaffold PAR-3, the adaptor PAR-6, the
atypical kinase PKC-3 and the small GTPase CDC-42. In turn, the aPARs exclude the RING
domain protein PAR-2 from the anterior cortex thus localizing it at the posterior pole along
with the other posterior PAR proteins (pPARs): the kinase PAR-1, the tumor suppressor LGL-1
and a GTPase-activating protein (GAP) for CDC-42, called CHIN-1 (Goehring et al., 2011; Munro
et al., 2004). A negative feedback loop created by mutually inhibitory interactions between
pPARs and aPARs enhances the established polar asymmetry (details in section 2.2 and 2.3)
(Goehring, 2014; Gonczy, 2008). At the anterior cortex, CDC-42 plays a role in polarity via
direct binding to PAR-6 thus enhancing PAR-6 accumulation at the anterior pole (Aceto et al.,
2006). PKC-3 inhibits the anterior localization of pPARs via direct phosphorylation. PKC-3 is
also an essential partner of PAR-3 and PAR-6 and PKC-3/PAR-3/PAR-6 clusters form at the
anterior pole for maintaining PAR polarity. At the posterior cortex, PAR-2 recruits PAR-1 which
inhibits PAR-3 localization at the posterior cortex. Astral microtubules emanating from the
sperm centrosome also have a role in polarity by protecting PAR-2 at the posterior cortex from
inhibitory effects of PKC-3 (more on PAR protein regulation in section 2.2 and 2.3) (Motegi et
al., 2011).

The neuroepithelium of the D. melanogaster embryo exhibits a polarity due to
increased PAR-3 (Bazooka or Baz in D. melanogaster) localization at the apical cap (Figure
1.3.B) (Prehoda, 2009). This polarity is inherited by the D. melanogaster neuroblasts
delaminating from the epithelial layer and the PAR-3 apical cap is further enhanced by a series
of phosphorylation of the aPARs driven by the mitotic kinase Aurora-A during late interphase
all through the end of cell mitosis (Wirtz-Peitz et al., 2008). Apical PAR-3 engages with Cdc-42
in order to recruit and activate PAR-6 and atypical kinase aPKC. The apical aPKC/PAR-3/PAR-6
network ensures an exclusion of GMC fate determinants from the apical pole and the
activation of aPKC leads to the displacement of the scaffold protein Miranda (Mira) from the
apical cortex to the basal cortex (Figure 1.3.B) (Atwood and Prehoda, 2009). The basal
localization of Mira is not entirely dependent on aPKC activation as the actomyosin network
also has a central role for the proper localization of both Mira at the basal cortex and the
aPKC/PAR-3/PAR-6 at the apical cortex (Prehoda, 2009).

PAR proteins are conserved across many organisms and Cdc-42 also plays a central role
for achieving cell polarity in most eukaryotic cells (Etienne-Manneville, 2004). PAR-3, for
example, is found in mammals as PARD3 and PAR-3 like (PARD3B) that localize apically or at
junctions, respectively, in different cell types, reviewed in (Thompson, 2021). Moreover, the
regulation of ACD via the aPKC/PAR-3/PAR-6 network is found not only in the D. melanogaster
and C. elegans but also in the mouse and chicken (Ohno, 2001; Suzuki and Ohno, 2006).
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The cell polarity attained by the asymmetric placement of the PAR proteins at their
respective poles is important in dictating the subsequent steps for achieving ACD in the C.
elegans embryo and D. melanogaster neuroblast (Figure 1.3).
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Figure 1.3. ACD in two well-established model systems. A. Scheme for sequence of events leading to ACD. ACD
in the B. C. elegans embryo and C. D. melanogaster neuroblast (adapted from Rong Li, 2013).

1.4. Daughter cells: differentiation of cellular fate and size
1.4.1. Cell fate determinants of the differentiated cell

As | previously introduced, a smaller posterior P1 cell from the first division of the C.
elegans embryo is produced which gives rise to the germline of the worm and some somatic
lineages while the anterior AB cell only generates somatic cells. The segregation of polarity
proteins during ACD assigns germ plasm fate determinants such as PIE-1, POS-1, MEX-1 and
MEX-3 to the posterior cell. These proteins play a role in controlling mRNA translation of the
P blastomeres (P-cell lineage) and a loss of function of any one of them leads to embryonic
lethality (Wang and Seydoux, 2013). The MES-1 protein is assigned to the posterior cell in
order to regulate the cell-cell signalling in later embryonic stages. Without MES-1, the fate of
the fourth P-cell is lost and germ cells are not produced, thus bringing about a sterile worm
(Berkowitz and Strome, 2000; Strome et al., 1995). While RNA-rich granules (P granules) were
previously thought to be necessary for proper germ cell production, the concentration of P
granules does not necessarily correlate with the generation of germline cells (Gallo et al.,
2010).

Similarly, in the D. melanogaster neuroblast, the evolutionarily conserved cell fate
determinant Numb is asymmetrically distributed during mitosis to the daughter cell destined
for differentiation (GMC) as a result of Mira localization at the basal cortex. Numb is a
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repressor of the Notch signalling pathway and plays an important role for neural
differentiation and regulation of embryonic development. D. melanogaster embryos carrying
a numb mutantion undergo a significant reduction in number of neurons (Rhyu et al., 1994;
Uemura et al.,, 1989). Correct gene expression in differentiated daughter cells of the D.
melanogaster neuroblast require another fate determinant called Prospero, a transcription
factor, which colocalizes strongly with Numb (Hirata et al., 1995; Knoblich et al., 1995). Both
Numb and Prospero are localized asymmetrically as a result of proper cell polarity.

The asymmetric segregation of fate determinants, especially in regards to mRNA, has
been demonstrated in other systems such as budding yeast, ascidian eggs, mouse embryos,
Xenopus embryos, D. melanogaster oocytes and chick embryos (Johnston, 1995; Wang et al.,
2018; Yamada et al., 2005). In the D. melanogaster oocyte, for example, oskar mRNA localizes
to the cell posterior via transport along polarized microtubules. The asymmetric segregation
of oskar mRNA leads to recruitment and anchoring of germ plasm components to the
posterior cortex that determine cell fate (Tanaka et al., 2021). In budding yeast cells, Ash1
MRNA, cell fate determinant, is organized into particles and anchored at the cortex of the cell
distal tip via transport along actin filaments, thus giving rise to an asymmetric distribution of
proteins that determine cell fate (Takizawa et al., 1997).

1.4.2. Positioning of the mitotic spindle

Daughter cell size of the D. melanogaster neuroblast and the C. elegans embryo is
determined by the position of the cleavage furrow, which in turn is controlled by the position
of the mitotic spindle (Glotzer, 2004). A mitotic spindle placed in the center of the cell gives
rise to two daughter cells of the same size. Upon displacement of the spindle closer to one
pole, one larger and one smaller daughter cell are produced. Extreme asymmetry due to a
large displacement of the spindle is sometimes necessary like in the case of polar body
exclusion and enucleation although generally, cell size asymmetry in mitotic division of
somatic cells is mild (Neumuller and Knoblich, 2009). In the C. elegans embryo and the D.
melanogaster neuroblast, the spindle is initially placed at a central location of the cell. During
anaphase, there is net movement of the spindle towards one pole where an asymmetric
cleavage plane is set, thus, generating a smaller daughter cell (P1 in C. elegans and GMC in D.
melanogaster).

The asymmetric displacement of the spindle in the C. elegans embryo is carried out by
pulling forces primarily generated by the microtubule motor protein dynein. Dynein is
recruited to the cell cortex by a ternary complex composed of two G-protein coupled
receptors called GPR-1 and GPR-2, a large coiled-coil protein LIN-5, and heterotrimeric G
protein alpha subunits Ga. An enrichment of GPR proteins is observed at the posterior cortex
in a PAR-2- and PAR-3-dependent manner (Park and Rose, 2008). The posterior-directed
spindle movement is a result of increased dynein motor activity on the microtubules at the
posterior cortex (details in section 2.5), possibly due to asymmetric localization of GPR
proteins (Rodriguez-Garcia et al., 2018). While in C. elegans the increased localization of GPR
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proteins at the posterior cortex is opposite the PAR-3 anterior localization, in D. melanogaster
neuroblasts, both PAR-3 and the GPR-1/2 homologue Pins localize at the apical cortex. The
apical positioning of PAR-3 leads to recruitment of an adaptor protein called Inscuteable (Insc)
that interacts with Pins and recruits it to the cortex (Morin and Bellaiche, 2011). Two different
pathways via Pins exist in order to orient and position the spindle prior to pulling forces via
Dynein/Dynactin interaction. Comparable to C. elegans, division of the neuroblast produces
daughter cells of different size as a result of spindle asymmetry established during anaphase
(Kaltschmidt et al., 2000; Morin and Bellaiche, 2011). However, unlike the asymmetric
displacement of the spindle during anaphase in the C. elegans embryo due to posterior pulling
forces, the neuroblast spindle asymmetry is dependent on the apical spindle arm itself. At the
onset of anaphase, the spindle !:become shorter at the basal side thus effectively shifting the
cleavage plane toward the basal cortex and leading to a GMC significantly smaller than the
sibling neuroblast (Figures 1.B and 3.C) (Kaltschmidt et al., 2000).

Important to note is that while spindle displacement is evident in the C. elegans
embryo for an asymmetric cleavage, in C. elegans Q. neuroblasts, a different mechanism
exists. Spindle elongation, similar to that in D. melanogaster neuroblast, is also observed in C.
elegans QR.a cell (daughter cell of first QR neuroblast ACD), however, one study showed that
myosin polarization at the anterior pole is the main drive for an asymmetric cleavage.
Increased stiffness and constriction the anterior pole due to myosin results in a cleavage
closer to the anterior pole and two asymmetric daughter cells (Ou et al., 2010). A spindle-
independent mechanism for determining the cleavage furrow site has also been revealed in
the D. melanogaster neuroblast (Cabernard et al., 2010). In neuroblasts that lack the mitotic
spindle, the basal localization of furrow proteins Pavarotti, Anillin and Myosin via cortical
proteins can displace the furrow towards the basal side bringing about an asymmetric
cleavage. This study highlights the existence of a cleavage furrow displacement mechanism
that maybe be part of redundant pathways in the D. melanogaster neuroblast but dominant
in other species for example.

The ternary complex is also conserved in vertebrates and exists as NUMA-LGN-Gai
where NuMa is the microtubule binding protein, LGN, the linker protein and Gail/2/3, the
membrane-binding proteins. In most cells, the positioning and/or orientation of the spindle is
driven by the motor dynein and the ternary complex. Astral microtubules are pulled on either
via dynein sliding on microtubules and/or the use of the energy from coupling microtubule
depolymerization with anchorage at the cortex, reviewed in (Kiyomitsu, 2019). Dynein-
independent mechanisms of spindle positioning have also been reported wherein myosin
(Myo10) directly binds to microtubules and has a role in orienting the centrosome and spindle
in mammalian cells (Kwon et al., 2015).

1.4.3. Physical asymmetry of daughter cells

An intriguing question following the previous section is, why does the cell go through
such intricate mechanisms for spindle displacement when fate determinants have already
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been partitioned in the C. elegans embryo and D. melanogaster neuroblast. Is the physical
asymmetry of the daughter cells vital for continued and successful development?

Previously, achieving similar size daughter cells from the C. elegans single cell embryo
was attempted by manipulation of the PAR proteins (Kemphues et al., 1988) or the spindle
positioning protein machinery at the cortex (Colombo et al., 2003; Gotta and Ahringer, 2001;
Gotta et al., 2003). However, since the first approach alters with intrinsic cellular components
and the second approach leads to severe division defects, the significance of asymmetry solely
based on the size of the daughter cells could not be determined. A study published just this
year was the first to describe the significance of establishing a physical asymmetry of the C.
elegans daughter cells (Jankele et al., 2021). By using two different sophisticated systems that
targeted spindle positioning during metaphase, they were able to generate similar size
daughter cells and they discovered that indeed the size of the daughter cells matters. The
embryonic development of C. elegans is compromised significantly upon equalizing of
daughter cell size. The more equal in size the daughter cells were manipulated to be lead to a
higher percentage of embryonic lethality (Jankele et al., 2021). Lethality due to equalized
daughter cell size could be due to improper localization of components needed for later cell
divisions or disrupted cell-cell interactions of later embryonic stages.

Generation of equal sized daughter cells of the D. melanogaster neuroblast has been
carried out by either disrupting the asymmetric segregation of basal determinants (Kitajima
et al., 2010) or by disrupting the spindle orientation but with no effect on apical/basal cortical
polarity (Cabernard and Doe, 2009) or altering Myosin flow for cleavage mispositioning
(Roubinet et al., 2017). The neuroblast in the first two studies gave rise to equally sized cells
of neuroblast identity, thus losing the ability to produce differentiated cells from the first
division.

1.5. Conclusion

The comparison between different models presented this chapter emphasizes the
importance of ACD and the conserved and different regulatory mechanisms of the process.
As was highlighted, the D. melanogaster and C. elegans single cell embryo are classic model
organisms that have been in use since the 1980s. Research on these animals continues to bring
interesting and new insights about the process of ACD. In chapter 2, the C. elegans single cell
ACD model will be presented in further details as concerns ACD regulation studies that have
been made possible due to the availability of extensive tools for observing and manipulating
this species.
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Chapter 2: The Caenorhabditis elegans embryo: a model organism for
understanding symmetry breaking and asymmetric cell division
2.1. Chapter preface

As briefly introduced in chapter 1, the C. elegans single cell embryo has been studied
extensively in order to understand symmetry breaking, polarity establishment, spindle
positioning, and the cell shape changes that accompany ACD. A scheme below summarizes
the main events of the ACD process in the one-cell C. elegans embryo that | will describe in
this chapter. Briefly, in the just-fertilized zygote (Figure 2.1.A), cortical ruffles are evident all
around the circumference of the embryo due to the highly dynamic and contractile cortical
actomyosin layer. Symmetry is broken when the sperm contents approach the future
posterior pole locally downregulating contractility there and initiating the retraction of the
actomyosin cortex to the future anterior pole (Figure 2.1.B). This flow of actomyosin density
towards the anterior pole leads to an invagination at the boundary between high and low
actomyosin activity similar to ruffles but much deeper, called the pseudocleavage furrow
(Figure 2.1.C). Anterior-directed cortical flow is concomitant with the segregation of the aPARs
to the anterior of the embryo, while pPARs are recruited to the posterior cortex (Figure 2.1.B-
D). During cortical polarity establishment, the maternal and paternal pronuclei meet at the
posterior pole (Figure 2.1.D), and migrate to the cell center in a microtubule-dependent
manner (Figure 2.1.E) (microtubules will be discussed but not shown in scheme below). During
anaphase, the mitotic spindle is subsequently off-centered as a result of an imbalance of
microtubule pulling forces from the anterior versus the posterior cortex (Figure 2.1.F),
resulting in unequally-sized daughter cells (Figure 2.1.G).

In this chapter, | will summarize and discuss the studies that have revealed how ACD
of the single-cell C. elegans embryo is brought about.
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Figure 2.1. Scheme of main events of ACD in the C. elegans embryo. aPARs: PAR—3/PAR—6/PKC-3 represented in
red colour in PAR polarity panel and pPARs: PAR-1 and PAR-2 represented in green. Microtubules not shown here
(adapted from Begasse and Hyman, 2011).
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2.2. Maturation and fertilization of the oocyte

At the distal end of the gonad arms of the C. elegans worm are proliferating germline
stem cells (Huelgas-Morales and Greenstein, 2018) (Figure 2.2.A). As the worm develops, cells
move closer to the spermatheca, which is situated at the proximal end of the gonad arm, enter
meiosis | and consequently differentiate into oocytes (Figure 2.2.A). The oocyte in closest
proximity to the spermatheca is called the -1 oocyte. It is arrested at meiotic prophase | and
only resumes maturation when it receives a sperm-secreted signal called major sperm protein
(MSP) (Figure 2.2.B) (Huelgas-Morales and Greenstein, 2018). The nucleus of the -1 oocyte is
moved to the distal pole of the cell, and the nuclear envelope breaks down as it enters meiotic
M phase (Figure 2.2.B) (McCarter et al., 1999). Nuclear envelope breakdown allows access of
the chromosomes (highly condensed bivalents at this stage) to microtubules, thus bringing
about the assembly of the acentriolar meiotic spindle (McNally, 2013). A morphological
transformation accompanies meiotic maturation of the oocyte via cortical rearrangement,
and the shape of the oocyte changes from cylindrical to ovoid (Figure 2.2.B) (McCarter et al.,
1999).
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Figure 2.2. Oocyte meiotic maturation in C. elegans. A. The C. elegans hermaphrodite gonad is composed of two
U-shaped arms (one shown here). Meiotic maturation is spatially restricted to the most proximal (-1) oocyte. B.
The -1 oocyte undergoes meiotic maturation in response to MSP from sperm (purple) (from Huelgas-Morales
and Greenstein, 2018).

The maturation of the oocyte and ovulation, involving the passage of the oocyte from
the gonad into the spermatheca, occurs approximately every 23 minutes in C. elegans
hermaphrodite worm (McCarter et al., 1999). The MSP signal released by the sperm becomes
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distributed in the entire gonad arm in a gradient manner with the highest concentration near
the spermatheca (Huelgas-Morales and Greenstein, 2018). Importantly, the sheath cells of the
worm gonad act as the main MSP sensor and only allow maturation of the oocyte in the
presence of sperm. Therefore, in unmated, feminized worms, due to the absence of sperm
and MSP, the sheath cells inhibit maturation of oocyte arresting them in diakinesis (Govindan
et al., 2006; Hall et al., 1999; Huelgas-Morales and Greenstein, 2018).

The arrested oocyte is initially unpolarized due to the uniform localization of PAR-2 at
the cortex of the oocyte, and the absence of cortical PAR-6 (Figure 2.3) (Reich et al., 2019).
Prior to the fertilization of the oocyte, two kinases, aurora-A kinase (AIR-1) and polo-like
kinase (PLK-1) maintain this unpolarized state (Reich et al., 2019). In plk-1 and air-1 oocytes,
higher levels of anterior PAR-6 is observed associating at the cell membrane as compared to
wild-type oocytes, indicating premature membrane association (Figure 2.3.B). Even more
striking is that while in wild-type oocytes, PAR-2 is lost uniformly from the membrane during
ovulation, in air-1 and plk-1 oocytes, PAR-2 remains membrane-bound at the oocyte pole
closer to the spermatheca (Figure 2.3.C). AIR-1 and PLK-1 thus prevent early loading and/or
polarization of PAR proteins at the membrane, enforcing the dependence on the mature
sperm centrosome cue (Reich et al., 2019).
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Figure 2.3. AIR-1 and PLK-1 Suppress Premature PAR Network Activation and Responsiveness to Polarizing
Cues. A. Scheme of PAR-2 and PAR-6 in wild-type oocytes and embryos. B. Premature PAR-6 membrane
association in air-1; plk-1 oocytes. Dashed yellow lines mark -1 oocytes. Spermatheca are in blue. C. PAR-2
asymmetry in air-1; plk-1 -1 oocytes (adapted from Reich et al., 2019).

Upon fertilization of the oocyte inside the spermatheca, the zygote begins to form an
extracellular matrix known as the eggshell, which provides the zygote with physical protection
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(Olson et al., 2012). Fertilization also triggers cytoplasmic streaming in the embryo, as
evidenced by the movements of yolk granules, which are transported by kinesin-1 around the
entire embryo (McNally et al., 2010). During this time, the cortex of the embryo remains
isotropic, and the female pronucleus is undergoing meiotic divisions at what will become the
anterior pole of the embryo. It is important that the sperm contents, including genetic
material, be retained at the site of sperm entry at the posterior pole despite cytoplasmic
streaming so as not to interfere with the completion of meiosis. This posterior limitation of
the sperm DNA is due to cortical actin, which keeps the sperm DNA from getting captured by
the meiotic spindle, by an as-yet-unidentified mechanism (Panzica et al., 2017). In embryos
where actin polymerization is reduced, either by interfering with the actin assembly proteins
or by applying inhibitory drugs, the sperm DNA is distributed throughout the embryo because
of cytoplasmic flows.

2.3.  Breaking symmetry: initiation of cell polarity
2.3.1. Site of polarity cue

As was mentioned already, the newly fertilized C. elegans zygote is unpolarized or
‘axially naive’ and the first visual sign of asymmetry is the loss of cortical contractility
(smoothening) over the future posterior pole, while the anterior cortex remains active
(ruffling). In 1996, an important study put forth how establishment of the anteroposterior (AP)
axis of the embryo is determined by sperm entry (Goldstein and Hird, 1996). Sperm contents
are generally found at the pole opposite that of the female pronucleus, and that is where the
posterior pole forms (Figure 2.4.A). However, Goldstein and Hird observed that in some
mutants, the sperm was adjacent to the female pronucleus, but the sperm location still
coincided with the future posterior pole (Figure 2.4.B).

The study concludes that upon fertilization, the sperm or sperm-derived pro-
nucleus/centrosome complex (SPCC) causes a cytoplasmic arrangement in the embryo that
generates the AP asymmetry. In some other cases, sperm entry was described to occur at
lateral sides of the embryo and due to cytoplasmic rearrangement initiated by the sperm, the
sperm is repositioned to the closest pole (Figure 2.4.C).
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Figure 2.4. The AP axis is specified by the sperm; A. normal and B. reversed. Scheme in top panel shows embryo
AP-axis specification determined by sperm entry. Arrowhead in images marks polar body at the future anterior
end. Arrow marks male pronucleus. Lowest panel: 2-cell stages; the smaller cell (P1) forms on the side in which
the sperm entered. C. The sperm enters in other locations (lateral entries): sperm moves to closest pole due to
cytoplasmic flows (adapted from Goldstein and Hird, 1996).

A recent study confirmed and built on the 1996 result, using live imaging to reveal that
fertilization always occurs at the pole opposite of the female pronucleus (Figure 2.5) (Kimura
and Kimura, 2020). Infrequently, prior to symmetry breaking, a flow of the cytoplasm driven
by kinesin-1 or UNC116 in C. elegans occurs and shifts sperm components away from the
cortex (McNally et al., 2012; McNally et al., 2010). As mentioned above, actin filaments at the
cortex have a role in limiting this movement (Panzica et al., 2017). However, in some zygotes,
the sperm components are shifted by the meiotic cytoplasm flow to the opposite pole where
the female pronucleus is located. The polarity cue is initiated at that pole upon centrosome
maturation, leading to symmetry breaking and actomyosin contractility away from the
centrosome, thus determining the posterior pole (Figure 2.5).
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Figure 2.5. SPCC stochastically moves within the zygote before cell polarization. A. Time series images of C.
elegans zygotes (DE9O strain) expressing mCherry::histone, GFP::PH, GFP::histone and TBG-1::GFP at different
stages. White arrows indicate position of SPCC. Representative examples of reversed anteroposterior axis
specification shown in bottom panel. The timing of meiotic anaphase | is set to 0 min. Scale bars 5 pum. B.
Summary of the SPCC dynamics during cell polarization (adapted from Kimura and Kimura, 2020).

Importantly, this study sheds light on the misleading use of the term ‘sperm entry’ to
describe the site of polarity cue. In fact, the site of polarization is the final SPCC position upon
centrosome maturation. A significant delay exists between fertilization and symmetry
breaking as a result of extensive regulation of signalling specific to a mature centrosome and
also due to the presence of meiotic streaming, the site of entry does not always correspond
to the site of polarization (Cowan and Hyman, 2004; Goldstein and Hird, 1996; Schierenberg,
1996). Furthermore delaying or blocking maturation of the centrosome leads to delays or
failures in polarity establishment even though sperm entry was normal in these cases (Cowan
and Hyman, 2004; Cowan and Hyman, 2006; Hamill et al., 2002; O'Connell et al., 2000).

2.3.2. Molecular nature of the polarity cue

Although for a long time fertilization was known to trigger symmetry breaking of the
zygote, what remained to be identified was the mechanism and molecular nature of the
polarity cue delivered during fertilization. It had been shown that anucleate sperm can induce
posterior cortical polarity, indicating that the polarizing cue is not the sperm nucleus (Sadler
and Shakes, 2000). The sperm-derived centrosome came on stage for its role in symmetry
breaking when ablation experiments of the centrosome and silencing of genes of centrosome-
related proteins resulted in a delay or even absence of anterior-directed contractility and the
lack of polarization of PAR-2 proteins at the posterior pole (Cowan and Hyman, 2004; Hamill
et al., 2002; Munro et al., 2004; O'Connell et al., 2000; Siegrist and Doe, 2007). Importantly,
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ablation of the centrosome after polarity is induced does not block polarity establishment or
maintenance indicating that the centrosome is required only for initiating polarity (Cowan and
Hyman, 2004).

Building on the role for the sperm centrosome in symmetry breaking, in 2006 several
studies presented the molecular links between fertilization and local weakening of the
actomyosin network. While these studies pointed out that weakening of the actin network
requires CYK-4, a RhoGAP, highly enriched on sperm associated membranes that modulates
RHO-1 local activity thus clearing posterior RHO-1 & ECT-2 (RhoGEF) proteins (Jenkins et al.,
2006; Motegi et al., 2006; Schonegg and Hyman, 2006), later studies contradicted the findings.
A study showed that in CYK-4 mutated embryos, the anterior-posterior polarity is not affected
and asymmetric daughter cells similar to wild-type embryos are produced shedding doubt on
the role of CYK-4 in symmetry breaking (Zhuravlev et al., 2017).

The role for the centrosomal mitotic kinase Aurora A (AIR-1) in local inhibition of
actomyosin contractility was revealed only in 2019 (Figure 2.6) (Kapoor and Kotak, 2019;
Klinkert et al., 2019; Zhao et al., 2019). The phosphorylated, active form of AIR-1 is released
from the centrosomes into the cytoplasm which then drives the inhibition of cortical
actomyosin contractility in the vicinity of the centrosomes at the posterior of the embryo
(Figure 2.6). It was observed that embryos with a GFP-tagged version of AIR-1 were not
completely wild-type, but they carried out most AIR-1-dependent processes normally,
including centrosome maturation. The AIR-1 GFP-tagged embryos however failed to correctly
clear actomyosin from the future posterior pole during symmetry breaking. This effect was
suggested to be due to a defect in diffusion of the GFP-labelled protein (Zhao et al., 2019).
Experiments in which the position of the centrosome was manipulated supported this
hypothesis wherein moving the centrosome closer to the cortex improved the actomyosin
clearing defect while moving it further away from the cortex exacerbated the actomyosin
clearing defect (Zhao et al., 2019). The studies demonstrated that the role of AIR-1 in
symmetry breaking was a result of its effect on ECT-2, altering its localization and perhaps its
GEF activity by an unknown mechanism, and thus decreasing RHO-1 activity and the activity
of its downstream effector myosin.
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Figure 2.6. Symmetry breaking in the one-cell embryo. AIR-1 (blue cloud) diffuses from the centrosome (red
spheres) and downregulates actomyosin at the adjacent cortex. This causes a local weakening, and produces
cortical flows (black arrows) directed away from this point, which also serve to separate the centrosomes (red
arrows) (from Samandar Eweis and Plastino, 2020).
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In addition to its centrosomal role in initiating cortical flow, studies have also showed
that non-centrosomal AIR-1 globally downregulates cortical actomyosin during polarity
establishment. Embryos that lack AIR-1 show increased contractility of the cortex, and become
bipolar with reduced non-muscle-myosin Il (NMY-2) and increased PAR-2 at both poles (Figure
2.7.A and B). Weak cortical flows are also directed toward the embryo center from both poles
in AIR-1 deficient embryos, while in control embryos, strong flows run from posterior to
anterior poles (Figure 2.7.C) (Kapoor and Kotak, 2019; Klinkert et al., 2019; Reich et al., 2019;
Zhao et al., 2019). Similar bipolarization of the embryo was also shown to occur in wild-type
embryos when fertilized with acentrosomal sperm (Klinkert et al., 2019) meaning that
centrosomal AIR-1 plays a key instructive role in preventing bipolarity and assuring
asymmetry. The question then remains as to why PAR-2 domains occur at both poles. One
study proposes that this could be due to curvature (Klinkert et al., 2019). They tested the
hypothesis by placing air-1 depleted embryos in triangular chambers and observed that PAR-
2 domains emerged in regions with the highest curvature. The accumulation of PAR-2 at
curved regions could be biochemically driven by lipid affinities or due to geometrical
considerations, where the curved surface of the poles restricts diffusion out of the immediate
vicinity (Figure 2.7.C) (Klinkert et al., 2019). These studies all together suggest that a basal
activity of non-centrosomal AIR-1 exists for global downregulation of actomyosin and
prevention of spontaneous PAR-2 bipolarization events of the embryo.
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Figure 2.7. Working model of AIR-1 function during symmetry breaking in the bipolar phenotype in air-1 RNAi
embryos. A-C Upon air-1(RNAI), symmetry is broken spontaneously at the two poles of the zygote. C. Curvature-
dependent PAR-2 membrane attachment increases the dissociation of NMY-2. Feedback loop created inducing
weak cortical flows toward the center from either side, which drives the recruitment of more PAR-2 and the
segregation of anterior and pPAR proteins (adapted from Klinkert et al., 2019).

Another important study published in 2020 highlighted the role of mitochondrial-
hydrogen-peroxide signalling in symmetry breaking (De Henau et al., 2020). An enrichment of
paternal mitochondria associated with the paternal pronucleus, as well as presence of
maternal mitochondria (Figure 2.8.A), occurs in the area for symmetry breaking of the embryo
and this is correlated with a local increase in cortical H,O; (Figure 2.8.B and C). Moreover, this
study shows via optogenetic manipulation that the release of H;0, from the mitochondria is
sufficient to induce symmetry breaking, however it is not sufficient to induce full polarity
establishment as seen in unmanipulated embryos (De Henau et al., 2020). The signalling for
symmetry breaking from the mitochondrial H,0 could thus provide a partial explanation to
the existence of centrosome-independent polarity cues.
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Figure 2.8. Sperm Mitochondria High in H20: Together with Maternal Mitochondria Promote Symmetry
Breaking. A. Time-lapse images of a zygote with markers for NMY-2, histone, maternal, and sperm mitochondria
(arrowhead/ paternal pronucleus; arrow: sperm mitochondria). B. Representative image of a zygote with
markers for sperm mitochondria and outer mitochondrial H20: levels. C. Time-lapse images of a zygote with
markers for sperm mitochondria and cortical H20: levels (A, C: t(0) = contact between paternal pronucleus and
cortex). Scale bar 10 um for B, 5 um for A and C (Adapted from De Henau et al., 2020).

As seen in the preceding sections, the C. elegans single-cell embryo is an excellent
system for revealing redundant and cryptic pathways in the important process of symmetry
breaking. While we now know much more about the players and mechanisms giving rise to
cell polarization, further studies on the dynamics and exact composition of the actin
cytoskeleton and PAR proteins will be useful to decipher how this cell spatial organization is
brought about.

2.3.3. Cortical flow and PAR proteins in cell polarity

As was briefly introduced in section 1.3.2 and the preface of this chapter, anterior-
directed actomyosin contractility creates cortical flow important for setting the polarity axis
of the embryo for both the actin cytoskeleton and PAR proteins (Figure 2.9). The flow of
actomyosin density towards the anterior pole also leads to a traveling pseudocleavage furrow
which then fades over the course of polarity establishment (Figure 2.9.A) (Munro et al., 2004;
Reymann et al., 2016).

In addition to the two-way street of PAR and cortical actin co-regulation, a recent novel
study indicates a role for cytoplasmic flows in polarity establishment. A focused-light-induced
cytoplasmic streaming (FLUCS) system induces controllable cytoplasmic flows in the embryo
via temperature changes, and these cytoplasmic flows are shown to drive cortical flows
mirrored by PAR protein domain relocation (Mittasch et al., 2018). Upon moving the PAR-2
domain to the anterior pole by flow, the embryo divided with an inverted size asymmetry
(smaller anterior cell).
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Figure 2.9. Actomyosin and PAR-6 distribution during ACD of the single cell C. elegans embryo. A. Actomyosin
gel dynamics in the C. elegans zygote. Cortical and medial planes of an embryo expressing both Lifeact::mKate2
and endogenous NMY-2::GFP. Time indicated on bottom right (min:s). (Adapted from Reymann et al., 2016). B.
Cortical transport of PAR-6::GFP establishes an anterior PAR-6::GFP cap, shown in embryo from late meiosis Il to
just after pseudocleavage (adapted from Munro et al., 2004).

While actin flows contribute to PAR localization, actomyosin tension can also affect the
biochemistry of PAR proteins. A recent study shows that actomyosin tension causes
conformational changes in PAR-3 thus allowing for PAR-3 oligomerization (Wang et al., 2017).
PAR-3 clusters are lost in embryos lacking cortical tension molecules like NMY-2, however,
they can be rescued by artificial increases in cortical tension applied via osmotic shock for
example. The oligomerization of PAR-3 is important because it induces clustering of PKC-3,
and the clustering of both proteins is important for their proper transport to the anterior pole
(Wang et al., 2017). Clustering can reduce diffusion and increase association with cortical
actomyosin layer, both of which could favor advective transport by flows (Rodriguez et al.,
2017). Indeed longer residence time of PAR-3 oligomers at the cortex has been linked to more
efficient transport (Dickinson et al., 2017).

Importantly, a positive feedback loop exists in which the PAR proteins also regulate
the actomyosin cortical flow: depletion of either PAR-3 or Cdc-42 lead to a severe reduction
in cortical flow and a limited expansion of the ECT-2 devoid region at the site of polarity cue
(Motegi and Sugimoto, 2006; Munro et al., 2004). Another example of this is the effect of PAR
proteins on cortical myosin dynamics. Measuring the kinetics of NMY-2 association and
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dissociation to the cortex reveals that NMY-2 association with the cortex is identical for the
posterior and anterior domains, but that the dissociation of NMY-2 is twice as high in the
posterior domain as compared to the anterior region (Gross et al., 2019). This is strictly
dependent on PAR-6: an increase in PAR-6 leads to a decrease in the dissociation of NMY-2 at
the cortex. Such mechanochemical feedback is another element that could contribute to
ensure the robustness of embryo polarity.

All together, studies have illustrated that actomyosin contractility and resulting flows
are robustly controlled by multiple over-lapping mechanisms in the C. elegans embryo. The
result of this polarization phase in the embryo is the formation of two cortical domains that
have different actomyosin activity and different PAR protein occupancy that are maintained
for the rest of the division process (more details in section 2.4).

2.3.4. Role of microtubules in cell polarity

While cortical actin flows contribute to the polarization process by augmenting the
robustness of the PAR polarity response, they are not essential for polarization. Experiments
using embryos that lack cortical flow still undergo symmetry breaking as a result of PAR-2-
dependent polarization in conjunction with centrosomal microtubules (Motegi et al., 2011)
(Zonies et al., 2010). Thus, polarization of the cell in the absence of long-range actin dynamics
is possible due to the self-organizing properties of the PAR network. Based on the non-
essential role for cortical flow in polarization and the role of microtubules in protecting PAR-
2 from exclusion at the posterior cortex, the hypothesis is that any localized cue favouring the
cortical binding of one class of PARs could be sufficient to induce a cascade of self-organizing
interactions within the PAR network (Motegi et al., 2011).

The rearrangement of PAR proteins upon symmetry breaking in the C. elegans embryo
includes a recruitment of PAR-2 to the cortex nearest the centrosome. In the absence of
cortical flows, the loading of PAR-2 at the cortex is microtubule-dependent and has been
shown to correlate spatially and temporally with centrosome/cortex contact (Figure 2.10.)
(Motegi et al., 2011; Siegrist and Doe, 2007). In turn, PAR-2 recruits PAR-1 at the posterior
pole leading to exclusion of PKC-3/PAR-3/PAR-6 complex, thus enhancing polarity. In wild-type
embryos, once the cortical flow ceases after polarity establishment, an essential role played
by PAR-2 is to prevent aPARs from returning to the posterior cortex during polarity
maintenance (Cuenca et al., 2003; Munro et al., 2004).




Chapter 2: The Caenorhabditis elegans embryo.

A PARS pap, mic-4(RNAI)
-6 .
pKCc-3 PAR-1 Microtubules PAR-2 Merged
o f @
4 o
e b
=
Xz —
S =
o —
e § 4 3
il N | * €
20O\ 3
e
> —
)
o | (9]
' o

Figure 2.10. PAR-2 dynamics at symmetry breaking. A. Embryo schematics showing the distribution of PAR-1
and PAR-2 (green), aPARs (brown), and MTOC/microtubules (magenta). B-D. Confocal images of fixed mlc-
4(RNAI) zygotes stained for tubulin (magenta) and PAR-2 (green). Scale bar, 10 um (adapted from Motegi et al.,
2011).

Although studies have shown that loading of PAR-2 via microtubules is important for
establishing polarity, the role of microtubules remain controversial. In embryos treated with
microtubule depolymerizing drugs and in tubulin-depleted embryos, normal development of
cortical polarity is observed (Cowan and Hyman, 2004; Sonneville and Gonczy, 2004; Strome
and Wood, 1983). However, in another study the normal polarization of tubulin (RNAI)
embryos is explained by the appearance of a small aster wherein symmetry breaking occurs
with a delay. Moreover, in zygotes treated with RNAi against spd-5, an important protein for
centrosome maturation thus leading to a weak nucleation of microtubules, a lack of PAR-2
posterior cortical polarity is observed meaning even with the presence of some microtubules,
the lack of centrosome maturation has an effect on polarity (Tsai and Ahringer, 2007). While
the role of microtubules in polarity establishment remains to be investigated further, it seems
that formation of PAR-2 posterior cortical polarity and posterior cortical smoothening requires
a functional centrosome and is not correlated with the presence or amount of microtubules
(Cowan and Hyman, 2004; Hamill et al., 2002; O'Connell et al., 2000).

2.4. Poles of the cell: maintenance of the established cell polarity

Polarity establishment of embryo is followed by polarity maintenance of the cell
wherein the mutual inhibition between aPARs and pPARs is critical, recently reviewed in (Lang
and Munro, 2017). FRAP experiments have shown that during maintenance phase, anteriorly
located PAR-6 and posteriorly located PAR-2 can still diffuse across their domain boundary
(Goehring et al., 2011; Gross et al., 2019). These studies emphasized on the importance of
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polarity maintenance mechanisms needed in order to prevent the spreading of the PAR
proteins. A major role played by the PKC-3 is its direct exclusion of pPARs. By phosphorylating
PAR-1, PAR-2 and LGL-1, PKC-3 prevents the proteins from associating to the anterior cortex
(Hao et al., 2006; Motegi et al., 2011). PAR-3/PAR-6 also have a role in restricting CHIN-1
clusters to the posterior pole which has a role in restricting the spatial extent of anterior CDC-
42 as well as anterior restriction of NMY-2.

In turn, PAR-2 excludes aPAR proteins partly by recruiting PAR-1 that phosphorylates
PAR-3 and ensures its exclusion from the posterior pole (Figure 2.11) (Motegi et al., 2011).
PAR-2, PAR-3 and PAR-6 regulate myosin at the cortex as evidenced by embryos depleted of
either of these proteins, which show a spread of NMY-2 towards the posterior cortex during
polarity maintenance although the mechanism by which this occurs has not been revealed yet
(Small and Dawes, 2017). CDC-42 is localized anteriorly in a PAR-6 dependent-manner and as
part of a positive feedback loop it has the role of restricting PAR-6 at the anterior cortex (Figure
2.11) (Gotta and Ahringer, 2001; Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006).
The anterior localization of CDC-42 maintains augmented actomyosin at the anterior cortex
giving rise to a more dynamic and contractile anterior pole (Motegi and Sugimoto, 2006).
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Figure 2.11. Core molecular interactions that underlie the dynamic stabilization of PAR asymmetries. A
functional view of the PAR network emphasizing the consequences of protein-protein interactions. For clarity,
some interactions documented in other contexts (e.g. inhibition of aPKC by LGL or by PAR-3) have been omitted
here (adapted from Lang and Munro, 2017).

As was mentioned earlier, during the polarity establishment phase of the embryo, the
dissociation rate of NMY-2 was found to be twice as high at the posterior cortex as compared
to the anterior cortex. This was also found to be the case during the polarity maintenance
phase of C. elegans embryos (Gross et al., 2019). Moreover, the anterior dissociation rate of
NMY-2 was similar to what was found for NMY-2 dissociation rates during cortical flow
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(Nishikawa et al., 2017), indicating that reaction kinetics of NMY-2 do not vary between
polarity establishment and maintenance phase in the embryo.

The complexity of the reciprocally supportive and antagonistic interactions between
the PAR protein network and the contribution of the actomyosin cortex reinforce PAR
localization at embryo poles to ensure cell polarity is maintained until final events of cell
division. The AP-axis polarity is required for spindle positioning which brings about cleavage
and cell division which is discussed in the next section.

2.5. Last dance of the first cell division: displacing the spindle and cleavage
furrow

2.5.1. Spindle displacement

The mitotic spindle forms from the paternal centrosome pair, and in order for proper
spindle formation to take place, the centrosomes must first be separated. Cortical dynein at
the actomyosin cortex, and also bound to microtubules emanating from the centrosomes, is
shown to be the main player in this process (De Simone et al., 2016). Cortical dynein is swept
with the cortical flow towards the anterior pole and pulls with it the centrosomes. In
experiments where either NMY-2 or RHO-1 is depleted leading to impaired cortical flow,
centrosome separation was delayed. Since AIR-1 on the centrosome is what is responsible for
breaking the symmetry of the embryo and triggering cortical flow, centrosomes are perfectly
positioned to harness flow for separation (Figure 2.6).

As was briefly described in section 1.4, the spindle of the C. elegans single cell embryo
is first positioned at a center location of the cell, and during anaphase, it is shifted closer to
the posterior pole due to a net force from the posterior pole (Gonczy, 2008). An absence of
pulling forces results from a loss of any one of the ternary complex proteins leading to an
equal cell division even though AP polarity is not affected in the embryo (Colombo et al., 2003;
Gotta et al., 2003; Nguyen-Ngoc et al., 2007; Srinivasan et al., 2003).

The motor dynein is a minus-end-directed motor and thus the cortex-anchored dynein
motors can generate a pulling force by attempting to move towards the minus end of the
astral microtubules that are found near the centrosomes of the mitotic spindle (Figure 2.12)
(Gonczy, 2008; Kotak, 2019). Anchorage of the dynein motor at the cortex prohibits its
movement so the motor instead pulls the astral microtubules towards the cortex. When
dynein heavy chain or dynein-associated proteins are interfered with, a remarkable reduction
of pulling forces is observed (Couwenbergs et al., 2007; Nguyen-Ngoc et al., 2007).
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Figure 2.12. Cortical force generation during spindle positioning in C. elegans. A. One-cell C. elegans embryo.
Arrows indicate extent of pulling forces on spindle. B. Magnified view of dynein with ternary complex at cortex.
(adapted from Gonczy, 2008).

Dynein activity however is not the whole story for spindle positioning. Microtubule
depolymerization also plays a role as evidenced by the fact that pulling forces on the spindle
are reduced in a B-tubulin mutant that is known to be resistant to depolymerization induced
by cold or depolymerizing drugs. Likewise, stabilizing microtubules with taxol abolishes pulling
forces (Nguyen-Ngoc et al., 2007). These studies indicate the role of microtubule
depolymerization and dynamics in the positioning of the spindle.

Since dynein is recruited at the cortex by the ternary complex, studies have suggested
that the effective displacement of the mitotic spindle towards the posterior pole is due to the
asymmetric enrichment of the ternary complex components at the posterior cortex (Colombo
et al., 2003; Gotta et al., 2003; Park and Rose, 2008; Schmidt et al., 2017; Srinivasan et al.,
2003). Indeed, depletion of any one of the ternary components causes a reduction in cortical
dynein (Nguyen-Ngoc et al., 2007). However, the cortical recruitment and anchoring of dynein
by the ternary complex does not provide an explanation as to why there is a larger net pulling
force exerted on the posterior side, as cortical dynein distribution does not appear to be
asymmetric (Gonczy et al., 1999; Nguyen-Ngoc et al., 2007). A recent study shows that there
is an increased effective binding rate of dynein motors at the posterior cortex, possibly due to
the higher number of dynein cortical anchors (GPR-1/2) there (Rodriguez-Garcia et al., 2018).
Although this does not result in more dynein at the posterior cortex, it means that binding
events are more productive and thus lead to higher pulling forces at the posterior.

In keeping with importance of binding of dynein at the cortex, in experiments where
Ga and GPR1/