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Abstract

The establishment of cell architecture, whether in a migrating cell, a polarized ep-
ithelial cell, or an asymmetrically dividing stem cell, requires proper intracellular
patterning. One mechanism by which cells are able to locally concentrate molecules
in space is through directed transport, typically through the action of cytoskeletal-

motor networks.

Using polarization of the C. elegans embryo as a model system, I sought to
understand how actomyosin cortical flows drive efficient segregation of polarity
proteins to one side of the cell. Prior data established that anterior PAR proteins
are segregated into the anterior by cortical actomyosin flows, yet the mechanisms
underlying this transport are unclear. More recent work suggested that oligomeriza-
tion of PAR-3 and its ability to recruit other aPAR proteins is specifically required
for efficient segregation. This data raised additional questions: Do all membrane-
associated molecules sense flows? Do particular features of molecules such as clus-
tering enable their segregation by advection? How is this regulated to enable correct

spatiotemporal control of protein targeting?

We combined single molecule tracking methods with perturbation of PAR-3
cluster dynamics to directly assess the ability of polarity molecules to be advected
by flows and how this may be affected by cluster regulation. My results suggest
that a variety of polarity molecules are advected by cortical flows, allowing flow to
shape molecular distributions. At the same time, not all molecules are advected, or
at least not advected efficiently, indicating that specific molecular features of pro-
tein complexes facilitate advection. Surprisingly, despite being required for efficient

segregation, clustering of PAR-3 is not required to sense flows. Moreover, although
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clustering alters diffusivity, the observed changes are minimal and would not be ex-
pected to substantially alter their ability to be segregated. Rather, clustering is most
likely required to shape the pattern of membrane association, potentially through

positive feedback, though this remains to be definitively explored.



Impact Statement

One of the fundamental problems in biology is the transport of chemicals across
space. While intrinsic processes such as diffusion are sufficient for distributing
nutrients within small cells such as bacteria, larger cells and organisms need more
developed methods to control distribution. One such method is bulk fluid flow. This
form of transport can be used within individual cells, to regulate processes such as
cell polarity. In this thesis, I investigate how evolutionarily conserved PAR proteins
are moved by the bulk flow of the acto-myosin cortex and what specific features

enable them to do so.

The findings of this thesis revise initial hypotheses that clustering of proteins
is required for their instantaneous transport by acto-myosin flows, and indicate that
clustering may serve other primary purposes such as maintaining stable polarized
domains. This advances our understanding of how cells are able to establish and

maintain a geometric axis based on the asymmetric localization of proteins.

To reach these conclusions, I established novel single molecule imaging and
tracking methods to track both protein clusters and freely diffusing molecules, and
decompose their motion into separate diffusive and advective components. Us-
ing this method in combination with CRISPR/Cas9 gene editing methods, I could
relate transport efficiency to specific characteristics of proteins, such as oligomer-
ization ability and membrane binding affinity. As acto-myosin cortical flows are
a widespread phenomenon, for example in migrating cells, this image analysis
method can be applied to different cellular contexts to determine if individual
molecules are able to be advected by cortical flows. Additionally, the CRISPR

methodologies I have established in the lab, based on antibiotic resistance, will help
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members of the lab to generate gene edited worm strains faster, with a more efficient
use of their time.

This work was also carried out as a participating member of the Marie Curie
Innovative Training Network "PolarNet’, which aimed to understand the principles
of cell polarity establishment and maintenance, and their relevance to pathological
conditions. Through PolarNet, I have contributed to the dissemination of my work
by presenting my research at scientific conferences and communicating to the wider

audience via public engagement activities.
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Chapter 1

Introduction

1.1 Patterning and polarization of cells by intra-

cellular ows

Note: Concepts in this section have been adapted from (lllukkumbura et al., 2020).

The transport of molecules by uids and how this transport is regulated has
been a topic of study in many different contexts. This ranges from pollen move-
ment through the air (Brown, 1828) to nutrient distribution in the circulatory sys-
tem (Scholander P.F., 1960) and even spreading of viruses by wind currents (Bhagat
et al., 2020).

Intrinsically, all molecules exhibit some kind of random motion due to thermal
energy or collisions with other molecules (Berg, 1983). This type of motion is
known as diffusion and it acts as a method of passive transport in which molecules
are able to disperse along a concentration gradient. While simple diffusion allows
proteins to move across the length of small cells like bacteria in milliseconds, the
insuf ciency of this mode of transport becomes apparent when length scales and
timing are taken into account. The same protein would take hours to traverse the
1 mm Xaenopus laevisgg, and days to move along a 1 cm neuronal axon (Milo
and Phillips, 2016), making diffusion too slow to execute the transport processes
necessary for proper cellular functioning.

In general, cells also require more speci ¢ control over the rate and directional-

ity of transport in order to facilitate spatio-temporal organization at the sub-cellular
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Figure 1.1: Modes of cytoskeletal driven active transport(a) Treadmilling-driven trans-
port. During Pseudomonas phage infection, the polymerization of tubulin-like
laments (PhuZz, orange) at the cell poles drives treadmilling and ux of sub-
units, which carry the attached viral capsids (blue) to the cell center. Tread-
milling of PhuZ laments also drives rotation of the phage nucleus (dark blue)
to distribute arriving capsids around its surface (Chaikeeratisak et al., 2019).
(b) Motor-driven transport. Plus-end-directed kinesin motors drive anterograde
transport of dense core vesicles (DCVs) along axons to growth cones (Pack-
Chung et al., 2007).
Portions of gure and legend reprinted from lllukkumbura et al. (2020)

scale. Looking into the bustling world of an individual cell, we can nd many
directed intra-cellular transport processes working together in concert within the

uid-like cytoplasm.

1.1.1 Intra-cellular transport mechanisms

Directed active transport is achieved in various forms; the most widely used method
of cargo carrying is by motor proteins moving along cytoskeletal networks (Fig. 1.1
b), such as actin or microtubules, that have intrinsic structural polarity (Vale, 2003).
Cargo 'sur ng' at the ends of polymerizing/depolymerizing cytoskeletal laments

is another method of active transport commonly used by pathogens, suidteas

ria andRickettsia and somewhat similar mechanisms were recently discovered in
Pseudomonas phage infection (Fig. 1.1 a). In both modes of transport, the rapid
exchange kinetics of cytoskeletal subunits and the speed of motor proteins allow for

swift responses to signalling events and signi cantly outpaces diffusion.



23

Another alternative to motor driven transport is the non-speci ¢ transport of
molecules by uid ows. These ows consist of an entire body of moving uid,
much like a river, which is able to move anything suspended or owing within it.
This form of transport is known as advection. As the cytoplasm, plasma membrane
and actin cortex have uid-like properties, they are able to ow and drive the advec-
tive transport of molecules. The key difference between bulk ow driven transport
and motor driven transport is that the cargo need not be directly bound to motor
proteins nor are they carried along speci ¢ cytoskeletal tracks; instead what occurs
is the transport by ux of material. These types of ows can drive the asymmetric
distribution of proteins and thereby play an important role in processes such as the
establishment of cell polarity, fate speci cation and cell migration (Bray and White,
1988; Maiuri et al., 2015).

1.1.2 Intra-cellular uid ows and how they are generated

The earliest known example of intra-cellular bulk ows was that of cytoplasmic
ows in Characean algae (Corti, 1774) where long-range internal uid ows are
thought be critical for the transport of nutrients and metabolites (Goldstein et al.,
2008). Cytoplasmic ows (also known as cytoplasmic streaming/ cyclosis) have
since then been observed in diverse cell types including algae and plants, and in
the oocytes of many species; dgrosophila, Xenoupysnouse and star sh oocytes
(Goldstein et al., 2008; Niwayama et al., 2011; Goldstein and van de Meent, 2015;
Quinlan, 2016; Klughammer et al., 2018). The mechanisms behind the generation
of these ows vary, but they are most frequently brought about by the action of
cytoskeletal components and viscous coupling. This can be from the active motor-
driven transport of vesicles/organelles along the cytoskeletal tracks, or from the
bulk ow of cytoskeletal elements themselves (eg: the actin cortex), either of which
can hydrodynamically couple to the surrounding cytoplasm and entrain its motion
(Fig. 1.2 b), (Niwayama et al., 2011; Goldstein and van de Meent, 2015; Mogilner
and Manhart, 2017; Illukkumbura et al., 2020). Cytoplasmic ows can also arise
from myosin-generated pressure gradients (Keren et al., 2009), hydrostatic pressure

increases as a result of cell shape deformation (Charras et al., 2005; Prentice-Mott
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Figure 1.2: Viscous coupling of uid layers. (a) Model for reverse fountain ow stream-

ing driven by cortical actomyosin (red). Here, ow of the actomyosin cortex
(red arrows) generates shear stress, which is transmitted to the overlaying mem-
brane (brown arrows) and adjacent cytoplasm (orange arrows). Motion of the
cortex can therefore be coupled to ow of both cytoplasmic components (green
arrows) and transmembrane proteins with their surrounding lipids (dark brown
arrows, inset). (b) Model of circulatory ow (cyclosis) in a plant cell. Myosin

X1 (purple, inset) transports large organelles, such as the endoplasmic retic-
ulum, along oriented cortical actin laments (purple arrows), inducing ow
of the cytoplasm (orange arrows) in which they are moving. The cytoplasm
is hydrodynamically coupled to the vacuole interior (green) via the vacuolar
membrane. Thus, shear stress originating from Myosin XI motion at the cell
cortex propagates throughout the various compartments of the cell, driving the
observed pattern of uid ow.

Figure and legend reprinted from Illukkumbura et al. (2020)
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et al., 2013) and osmolyte concentration differences (Stroka et al., 2014). These
mechanisms have been extensively discussed in reviews like Goldstein and van de
Meent (2015); Tao et al. (2017) and Mogilner and Manhart (2017), making it in-
creasingly clear that the uid mechanics of the cytoskeleton and the cytoplasm are

closely linked.

Arguably the most widely discussed cytoskeletal-driven ows are in relation
to the actin cortex (Bray and White, 1988). A classic example is that of a lamel-
lipodium of a migrating cell (Abercrombie et al., 1970, 1971). The lamellipodium
is a thin extension of membrane at the cell where polymerization of actin laments
at the leading edge creates protrusive forces and gives rise to retrograde ow. As
polymerization causes the network to extend to the front, the overall network ows
rearward, accelerated by the contractile activity of non-muscle myosin Il at the rear
of the cell. Through the generation of local contractile stress, NMY-2 also facilitates
actin network disassembly, which together with the action of actin disassembly fac-
tors, such as the actin severing protein co lin, allows recycling of actin monomers
back to the leading edge to sustain continued subunit addition, ultimately giving rise
to a conveyor-belt like ow of the cortical actin network from front to rear (Ridley,
2011).

For the cell to move, this internal actin ow must ultimately be transduced into
a force that can be applied to the substrate to propel the cell forward and there-
fore the actin network must be mechanically coupled to membrane components.
Put another way, the internal ow of actin must drive directed transport of plasma
membrane components on the outside of the cell. This is achieved in part through
the binding of membrane anchored cell adhesion molecules, like integrins and cad-
herins, to the actin network via adapter proteins such as talin and vinculin (Case
and Waterman, 2015). An example of the rearward movement of transmembrane
components is the retrograde transport of signalling receptors within lopodia fol-
lowing binding to the epidermal growth factor (EGF) and adapter proteins that link
to actin (Lidke et al., 2005).

Additionally, the ow of actin beneath the plasma membrane may also indi-
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Figure 1.3: Retrograde ows in cell migration (a) Schematic representation of the actin
cytoskeleton in a migrating cell. Actin polymerization (black arrows) in the
lamellipodium exerts protrusive forces on the membrane at the leading edge
and gives rise to retrograde ows (yellow arrows). (b) In migrating cells, a
polarized cycle of endocytosis and exocytosis of membrane components, with
exocytosis at the leading edge coupled to endocytosis at the cell rear, leads to
retrograde ow of material in the bilayer (red arrows). It has been hypothesized
that this membrane ow could act as a " uid drive' to propel the cell forward.
Portions of gure and legend reprinted from lllukkumbura et al. (2020)

rectly induce ow of membrane components through the effects of viscosity, as in
the case of cytoplasmic ows. As molecules directly connected to the actin network
are pulled through the membrane, they would be expected to entrain the motion of
surrounding membrane components, which would be transported along with them.
Physical consideration of the membrane as a 2-D liquid overlaying a visco-elastic
actin cortex suggests that the membrane could sustain the shear stress produced by
retrograde ows and thus ow along with the underlying cortex (Fig. 1.2 a).

Moving beyond the lamellipodium, we nd acto-myosin driven ows in differ-
ent cellular contexts but with similar general principles engaged in the generation
of the ow. Cortical ows play a prominent role in polarizin@. eleganszygotes
(Goehring et al., 2011b) androsophilaneuroblasts (Roubinet et al., 2017; Oon
and Prehoda, 2019). We also nd cortical ows into the cleavage furrow of divid-
ing cells, where it is proposed that they help align actin laments and concentrate
molecules (Reymann et al., 2016).

While it is generally accept that actin polymerization and retrograde ows

drive cell migration, there have also been arguments that membrane traf cking
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could propel cells forward (Fig. 1.3 b). This proposed ' uid drive' was thought
to function through local deposition of membrane material via exocytosis at the
leading edge and subsequent retrieval by endocytosis towards the rear (Bretscher,
1996). In this model, membrane components would necessarily undergo net ux
towards the rear independently of actin cortex movement. Evidence for this model
is lacking and recent work based on membrane tension measurements suggests that
lipid ow may actually be restricted to distances on the order of a micron, contra-
dicting the idea of a global lipid movement (Shi et al., 2018; Chein et al., 2019;
Jacobson et al., 2019). However, rearward cortical and membrane ows have also
recently been discussed in the context of amoeboid cell migration (O'Neill et al.,
2018), which is a form of adhesion-independent migration (Paluch et al., 2016).
Resolving this question of long range lipid ow will require more insight into the
dynamic nature of the plasma membrane and is not the focus of this project.

In this thesis, | focus largely on acto-myosin driven cortical ows and their
widespread ability to transport molecules and generate highly polarized distribu-

tions of signalling molecules.

1.1.3 Life at high Peclet numbers

So far | have focussed on the existence of ow-dependent transport, but molecu-
larly, how does this work? Proteins that are directly bound to the owing cortex
(as well as those with indirect connections via adaptor proteins) are moved along
with the ow (i.e. they are advected) but it is still unclear how molecules that
are membrane-bound are also transported. Are there speci c features that allow
some molecules to tap into ows? Do only some molecules “feel' ow, for exam-
ple through physical association or entanglement with the actin meshwork? Or do
all membrane-associated molecules “feel' these cortical ows, with their effective
transport de ned by their molecular dynamics?

To answer these questions, we must rst understand what governs molecular
movement. Two factors contribute to the motion of a particle suspended in ow:
advection and diffusion. The ef ciency of directed transport can be calculated as

a ratio of these two factors, which is captured by the dimensionlestefnumber
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(Pe= Lu=D, wherelL is the typical length scale of motionjs the velocity, and is

the effective diffusion coef cient). If we think about transport along a membrane,
we also need to consider exchange between the membrane and a cytoplasmic pool.
In the cytoplasm, diffusion is assumed to be extremely rapid (Milo and Phillips,
2016; Goehring et al., 2011a), so once a molecule detaches from the membrane, its
position becomes randomized. Therefore, the rate of dissocidien) (imits the

the distance that the molecule can travel such Irhatp D=kotf. As in Goehring

et al. (2011b), this can be incorporated into the expression ofébhkePnumber as

follows:

u
Kot D (1)

Note that in equation 1.1 diffusion and dissociation rates are critical deter-
minants of net transport. With increasing diffusion/turnover, teel& number
Is reduced, and advection is less dominaP¢ €< 1). With decreased diffu-
sion/turnover, the &let number is increased, indicating more ef cient advective
transport Pe>> 1) (Goehring et al., 2011b; Illukkumbura et al., 2020). Tuning
the ef ciency of directed molecular transport by ows can be achieved by shifting
these kinetic parameters as discussed in Illukkumbura et al. (2020). In the case of a
polarizing ow (e.g. ow from one pole of a cell), the balance of kinetic parameters

directly specify the magnitude of asymmetry achieved (Fig. 1.4).

One commonly used mechanism of regulating Beenumber of a given
molecule is clustering. Oligomerization of membrane-associated molecules causes
a signi cant reduction in diffusion due to an increase in size (lino et al., 2001).
Bigger molecules experience increased drag forces, and are also subjected to lo-
cal membrane compartmentalization or corralling by membrane-associated actin
(Nakada et al., 2003; Suzuki et al., 2005; Gowrishankar et al., 2012; Heinemann
etal., 2013; Lee et al., 2018). Clustering can also increase the avidity of molecules
for membrane/cytoskeletal structures - if an individual protein only has a weak as-

sociation with the owing cortex, by oligomerizing to form a large assembly, it can
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Figure 1.4: Generation of molecular asymmetries by cortical ows. Flow-induced
asymmetry depends on the ratio of diffusive and advective transport. For
membrane-associated species subject to advection, asymmetric accumulation
by ow will depend on multiple factors: ow velocity, diffusion rates on the
membrane and in the cytoplasm, and the rate of exchange between the mem-
brane and cytoplasmic compartments. Here, we consider two simpli ed cases
in which ow velocity is held constant and we vary either diffusion or mem-
brane dissociation rates. In (a), we consider a molecule that is stably associated
with the membrane (i.e. does not exchange). For a given ow velocity, asym-
metry is inversely related to the diffusion coef cient — gradients steepen as the
diffusion is reduced (i.e. increasirRg). In (b) we consider the case of vary-
ing membrane detachment rates, holding diffusion in the two compartments
xed, in this case Dmem = 0;Dcyto = 1 mm?=s). Here, asymmetry declines
with decreasing lifetime of the bound state, as the time spent being advected is
decreased relative to the time spent diffusing (i.e. decredhgPlots show
distributions from a 1-D simulation implementing a graded velocity function
across the system where ow velocity= 0:005 x (mm=s). Concentration
shown in green.

Figure and legend reprinted from lllukkumbura et al. (2020)

cause a signi cant increase in its af nity to the ow. Recently, the phenomenon of
liquid-liquid phase separation has been proposed to facilitate the accumulation of
low-af nity cortex binding proteins into macroscopic bio-molecular condensates,
thus enabling their collective transport by actin ows (Schwayer et al., 2019). De-
pending on the protein, a mixture (or all) of these factors can contribute to an in-

crease in it¥?enumber as a result of clustering.

However, a highiPe number alone may be insuf cient in determining whether
molecules are capable of establishing lasting asymmetries. Concentration pro les

of transported molecules are ultimately a balance between their advection, diffusion
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Figure 1.5: Flow induced molecular asymmetries is a balancing act(a) In migrating
cells, retrograde actin ow transports molecules towards the rear end of the
cell. The accumulation of molecules at the rear by ow is opposed by turnover
at the membrane which allows molecules to be recycled back to the cell front.
A fast rate of turnover and recycling coupled to local deposition at the leading
edge allows concentration at the cell front (yellow species), while slow turnover
(green) drives accumulation at the rear. (b) Altering turnover in a simple math-
ematical model of advective transport can dramatically alter the concentration
pro le of molecules across the cell. Here a slowly diffusing molecule on the
membrane = 0:01) is subjectto ow as in Figure 1.4 and recycled to the cell
front at variable ratekecy.

Figure and legend reprinted from Illukkumbura et al. (2020)

& exchange kinetics and traf cking mechanisms. This is well illustrated in the
case of N-Cadherin-mediated adherens junctions in migrating astrocytes, where the
junctions initially undergo retrograde transport by actin ows to the cell rear, where
they are then internalized and recycled in the formation of new junctions at the
leading edge (Peglion et al., 2014). Shifting this rate of recycling can counteract the

effects of ow in generating a gradient (Fig. 1.5).

Importantly, a lowPe number does not indicate that molecules are unable to
sense and be transported by ows, merely that over the time scales considered,
diffusion dominates molecular motion. To detect whether molecules are able to
sense ows, the advective component that contributes to its displacement must be

distinguished from its diffusive component, a feat that is challenging for extremely
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fast diffusing molecules.

Once molecules are able to tap into ows, their transport can facilitate a range
of functions that have in the past been associated with nutrient mixing (Pickard,
2003), persistent cell movement (Bray and White, 1988; Maiuri et al., 2015) and
cellular patterning & polarization (Munro et al., 2004; Goehring et al., 2011b).

1.2 Cell polarity

1.2.1 What s cell polarity?

Cell polarity is a fundamental feature observed across almost all cells. Broadly
speaking, it is the ability of cells to de ne a geometric axis through the asymmetric
localization of proteins and/or cellular compartments. This is sometimes re ected
by distinct sub-cellular morphologies and is usually accompanied by specialized
functions. For example, neurons have several short dendrites and one long axon;
these function as signal input and output units respectively, to allow for the uni-
directional propagation of an action potential. Polarity can also be observed in
multi-cellular contexts, as in epithelial apico-basal polarity where the speci ed axis
is coordinated across a tissue to form barriers that de ne the direction of nutrient
uptake. Cell polarity also plays a critical role in establishing cellular identity. Stem
cells are characteristic of this, where the mother stem cell is able to self-renew by
dividing asymmetrically to give rise to one daughter cell that retains its stem cell
fate, and another that can commit to a particular cell fate. This ubiquitous nature of
cell polarity makes it critical for developmental cellular processes such as prolifer-
ation, differentiation and morphogenesis (Nelson, 2003; Etienne-Manneville, 2004;
St Johnston and Ahringer, 2010; St Johnston, 2018).

Consequently, loss of polarity and the mis-regulation of polarity proteins have
been associated with pathological conditions such as cancer and developmental de-
fects such as Spina bi da (incomplete neural tube closure) (McCaffrey and Macara,
2011; Macara and McCaffrey, 2013; Butler and Wallingford, 2017). Considering
the importance of cell polarity, biologists are extremely interested in how cells are

able to generate lasting asymmetries with molecules that are inherently dynamic in
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Figure 1.6: Examples of cell polarity. Microscope images highlighting examples of cell
polarity in diverse cellular process (a) Neuronal axon speci cation (b) Asym-
metric cell divisionDrosophila m. neuroblast), (c) Epithelial apico-basal po-
larity (follicular epithelium ofDrosophila m.and (d) Oriented cell migration.
Red and cyan colouring re ect the asymmetric localization of different sets of
polarity proteins. Images not to scale.

nature.

Despite the diverse contexts that cell polarity is observed in, there are simi-
larities between the mechanisms that establish and transduce polarity. This can be
generalized into a series of events: a symmetry breaking cue, regulation of the cy-
toskeleton, the establishment and maintenance of polarity by dedicated feedback
pathways and the subsequent transduction into downstream signalling processes
that orchestrate speci c cellular activities (St Johnston and Ahringer, 2010). These
commonalities are in part due to the molecular players that are responsible: the

evolutionarily conserved PAR proteins.

1.2.2 The PAR polarity network

The PARitioning-defectiveroteins constitute a highly conserved network of polar-
ity proteins that have multi-faceted interactions with cellular architecture (Goldstein
and Macara, 2007; Lang and Munro, 2017). The genes responsible for encoding

these proteins were rst discovered in the nematode w@amnorhabditis elegans
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from the results of a maternal effect lethal screen (Kemphues et al., 1988). Since
then, PAR proteins and their homologs have been identi ed in various species across
metazoa and have been implicated in the regulation of polarity in numerous cellular
contexts (Goldstein and Macara, 2007; Hoege and Hyman, 2013; Goehring, 2014,
Lang and Munro, 2017).

A key feature of the PAR proteins is their ability to form discrete membrane
domains that de ne a polarity axis. Here, they regulate each others localization
and activity through antagonistic interactions (eg: inhibition via phosphorylation
of key residues). While the speci ¢ molecular components in these domains, as
well as the mechanisms that induce polarity and the subsequent functional results
of polarity differ depending on the context, the interactions between PAR proteins
appear to be highly conserved.

Broadly de ned, the core PAR network consists of: the scaffolding protein
PAR-3 Bazookan Drosophila), the PDZ domain protein PAR-6, the kinases aPKC
(atypical Protein Kinase C) and PAR-1, and the small Rho-family GTPase CDC-
42. Depending on the cellular system, other proteins or different complexes are tied
together with these core components.

For example, epithelial speci ¢ polarity complexes such as the Crumbs com-
plex (CRB-PALS1-PATJ apical complex) and the Scribble complex (DLG-SCRIB
baso-lateral complex) function together with the PAR network to establish api-
cal and baso-laterial identities in epithelial tissue (Rodriguez-Boulan and Macara,
2014). The PARs also interact with many other polarity regulators; of particular in-
terest is that of the conserved FERM family (four-point-one, ezrin, radixin, moesin)
which provide linkages between the plasma membrane and the cytoskeleton and
have been implicated in both epithelial polarity contexts and developmental con-

texts (Dard et al., 2004; Rodriguez-Boulan and Macara, 2014; McClatchey, 2014).

1.2.3 Different paths to polarity

Having introduced the star players of the polarity program, we can now address the
question of how polarity is established. Cells are able to polarize in response to both

extra-cellular and intra-cellular cues. Neutrophils are, for instance, able to polarize
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in response to chemokine gradients in their surrounding environment and exhibit
front-rear polarity as they migrate towards high concentrations of chemo-attractants
(Servant et al., 2000). On the other hand, an intra-cellular cue provided by the
paternal centriole of th€. eleganszygote is responsible for breaking the initial
symmetry of the zygote (Rose and Gonczy, 2014; Klinkert et al., 2019; Zhao et al.,
2019). However, the budding yedsaccharomyces cerevisigeable to seemingly
spontaneously polarize in the absence of cues by using a positive feedback loop that
ampli es an initial stochastic asymmetry of active Cdc-42 localization (Kozubowski

et al., 2008; Rapali et al., 2017; Witte et al., 2017).

Despite the broad variation in mechanisms of polarity establishment, some
common themes have begun to emerge. These cellular strategies involve switch-
ing from a non-polarized state to a polarized state and are reviewed in Etienne-
Manneville (2004); St Johnston (2018) and Peglion and Goehring (2019). | have
also discussed a role for intra-cellular uid ows in polarization processes in Il-
lukkumbura et al. (2020). In this section, | brie y discuss a few examples of po-
larity establishment and maintenance in early development, where polarity leads to

asymmetric cell divisions and fate speci cation.

1.2.3.1 Drosophilaoocytes

During oogenesis ibrosophila PAR proteins function to speci ¢ the anterior-
posterior axis of the oocyte by forming complimentary domains. The oocyte is
contained in an egg chamber, together with 15 nurse cells, and is surrounded by
a layer of somatic follicle cells (Bastock and St Johnston, 2008). Signals from
posterior follicle cells induce symmetry breaking in the oocyte (GtezzReyes
et al., 1995), causing Bazooka (the PAR-3 homoloBiosophilg, CDC-42, PAR-
6 and aPKC to accumulate at the anterior and lateral zones of the oocyte, while PAR-
1 and LGL (Lethal Giant Larvae) become enriched at the posterior (Doer inger
et al., 2010).

Here, mutual antagonism functions to keep the domains separate. aPKC phos-
phorylates PAR-1 and LGL to exclude them from the anterior/lateral cortex and

in turn PAR-1 phosphorylates Baz to block its oligomerization and ability to bind



35

aPKC (Doer inger et al., 2010; Benton and St Johnston, 2003b). Proteins such as
SImb have also been implicated in removing PAR-6/aPKC from the posterior and re-
cruiting PAR1 (Morais-de &et al., 2014). PAR polarity then functions downstream

to organize microtubules and direct the localization of fate determiréeced and
oskarmRNAs and Staufen protein. Additionally, recent work has shown that cy-
toplasmic streaming and directed transport along microtubules by motor proteins
act in partially redundant mechanisms to drive posterior determination (Lu et al.,
2018).

1.2.3.2 Drosophilaneuroblasts

Neural progenitors ibrosophila melanogasterlso known as neuroblasts, gener-
ate the central nervous system of the organism through a series of asymmetric cell
divisions. Upon cytokinesis, the neuroblast gives rise to two daughter cells that are
of distinct cell size and fate; one is another neuroblast which can divide asymmetri-
cally and self-renew, while the other is a ganglion mother cell (GMC) that commits
to generating neurons or glia in subsequent divisions (Chia et al., 2008). These
asymmetric divisions are directed by apico-basal polarity where PAR proteins play
a prominent role.

In the polarity establishment of neuroblasts, Bazooka localizes to the apical
cortex, and alongside CDC-42, it recruits PAR-6 and aPKC to form an apical do-
main during mitosis. Bazooka also recruits the neuroblast speci ¢ protein Inscute-
able which in turn recruits an additional complex consisting of Piasl&.G which
orient the mitotic spindle. Here, polarity maintenance does not seem to function on
the basis of mutual antagonism as baso-lateral inhibition does not function to restrict
apical proteins. However, aPKC is able to phosphorylate GMC fate determinants
such as Numb and Miranda which excludes them from the apical domain (Atwood
and Prehoda, 2009; Hannaford et al., 2018). These become basally enriched to-
gether with other fate determinants such as Brat and Prospero.

The initial localization of Bazooka to the apical cortex occurs prior to neu-
roblast de-lamination from the neuroectoderm, which itself is an apico-basally po-

larized epithelial tissue (Broadus and Doe, 1997). As polarity is re-established in
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subsequent divisions it has been suggested that spatial cues could serve as a type of
'memory' to consistently orient polarity with the orientation of previous divisions
(Januschke and Gonzalez, 2010). The Aurora A kinase has been implicated in acti-
vating the PAR complex such that aPKC is able to phosphorylate Numb (Wirtz-Peitz

et al., 2008). Recently, cortical ows have also been suggested to aid the de nition

of these polarity domains (Roubinet et al., 2017; Oon and Prehoda, 2019). Itis likely
that kinase feedback together with other mechanisms reinforces the establishment

and maintenance of polarity in neuroblasts.

1.2.3.3 The pre-implantation mouse embryo

In DrosophilaandC.eleganscell polarity de nes the anterior-posterior body axis
very early in development; during oogenesi®irosophila through abicoid gradi-

ent and shortly after fertilization i@. elegansby two antagonistic PAR domains. In
contrast, the blastomeres of the early mouse embryo are equivalent in developmen-
tal potential until the 8-cell stage (Guo et al., 2030ywhen they begin to acquire
apico-basal polarity (Ziomek and Johnson, 1980) and increase in acto-myosin con-
tractility, leading to a morphogenetic process known as compactioftr@vizt al.,
2015). Polarized cells are able to undergo either asymmetric cell division (where
one daughter is polarized and the other is not) or symmetric divisions (where both
daughter cells are polarized). Inheritance of the apical domain de nes the blas-
tomere position within the embryo and its eventual fate, with polarized cells tak-
ing up an 'outside’ position and acquiring a trophectoderm (extra-embryonic) fate,
while unpolarized cells taking up an 'inside’ position and acquiring an inner-cell-
mass (embryonic) fate (Korotkevich et al., 2017; et al., 2016).

The apical domain of the 8-cell blastomeres is rich in many polarity proteins
including PAR-3, PAR-6, aPKC and ERM proteins (Ezrin, Radixin, Moesin), while
the baso-lateral regions are de ned by the localization of E-cadherin, the PAR-1
homolog EMK-1 and PIR(Plusa et al., 2005; Halet et al., 2008; Anani et al., 2014;

Korotkevich et al., 2017). Depletion or inhibition of these apical components dis-

1This is contested by some, arguing that differences arise as early as the 4-cell stage (Goolam
etal., 2016)



37

rupts polarity at the 8-16 cell stages, and so does the depletion/inhibition of RhoA
GTPase, indicating a possible correlation between acto-myosin contractility and po-
larization. However, the exact mechanism of polarization was unknown apart from
the fact that it was an intrinsic cue that initiated symmetry breaking, as it was shown
that isolated 8-cell blastomeres were able to polarize cell-autonomously (Korotke-
vich et al., 2017).

Recent work by Zhu et al. (2020) demonstrated that ezrin localizes into clus-
ters on the apical domain and this was the rst building block that built the apical
domain. Using a combination of photo-conversion experiments and computational
modeling, Zhu et al. (2020) showed that cooperative recruitment of ezrin by exist-
ing clusters enabled the concentration of molecules to form an apical domain. This
work also suggests that the lateral mobility of ezrin on the membrane was positively
regulated by RhoA signalling which controlled the spreading of the domain. While
a precise mechanism is still lacking, the processes of clustering, positive feedback
and restricted mobility seem to coordinate the establishment of apico-basal polar-
ity in the mouse embryo similar to other cellular contexts which use some of these

general mechanisms as well (Peglion and Goehring, 2019).

1.3 Polarization of the Caenorhabditis elegangygote

The C. eleganszygote is a commonly used model for studying the mechanisms
governing cell polarity. The large embryo (50 nmin length and 30 mm in
diameter) is fast developing and easily imaged using microscopy due to its trans-
parency, and the wealth of genetic information and methodologies available for use
make it a very convenient model system. It was in this system that the PAR pro-
teins were initially discovered (Kemphues et al., 1988; Watts et al., 2000; Morton
et al., 2002). Here, PAR proteins drive polarization and the asymmetric segregation
of germline fate in a series of asymmetric stem cell-like divisions beginning in the
one-cell embryo (fcell). During the course of the rst cell cycle, PAR proteins
form two antagonistic membrane associated domains that spatially restrict germline

fate determinants into the smaller posterior daughteic@f). This process is then
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Table 1.1: PAR proteins in theC. elegansygote and their characteristics.
Adapted from (Lang and Munro, 2017).

- Localization in the | Conserved in
Name Description .
polarized zygote metazoa?

PAR-1 Kinase Posterior cortex Yes
PAR-2 RING protein Posterior cortex No
PAR-3 Scaffold protein Anterior cortex Yes
PAR-4 Kinase Uniform Yes
PAR-5 14-3-3 protein Uniform Yes
PAR-6 Adaptor protein Anterior cortex Yes
PKC-3 Kinase Anterior cortex Yes
CDC-42 Small GTPase Anterior cortex Yes
CHIN-1 Putative Rho GAP Posterior cortex Yes
LGL-1 Tumour suppressor | Poseterior cortex Yes

repeated in a series of ever smaller cellg @, Ps cells) to restrict germline fate to
a pair of germline founder cells §ZZ3) by the symmetric division of theell.

The two subsets of the PAR proteins@n elegansiave been termed the ante-
rior PAR proteins (aPARs) and posterior PAR proteins (pPARS) because they spec-
ify the anterior-posterior (A-P) axis of the worm by their predominant localization at
the anterior and posterior membrane regions of the embryo respectively. The aPARs
consist of the oligomeric scaffolding protein PAR-3, PAR-6, the kinase PKC-3 and
the GTPase CDC-42 (Kemphues et al., 1988; Gotta et al., 2001). The pPARs include
the serine-threonine kinase PAR-1, the RING nger protein PAR-2 (conserved in
Caenorhabditiy LGL-1 and the putative Rho GAP CHIN-1 (Beatty et al., 2010;
Kumfer et al., 2010; Hoege et al., 2010). Additionally, PAR-4 and PAR-5 are uni-
formly distributed in the zygote (Watts et al., 2000; Morton et al., 2002), (Table
1.1).

1.3.1 Setting up the A-P axis

The process of how the PAR proteins organize themselves spatio-temporally to give
rise to a polarized system has been decomposed into multiple steps: (1) Symmetry
breaking, (2) the polarity establishment phase, (3) the polarity maintenance phase,
and (4) asymmetric cell division (Cuenca et al., 2003), (Fig. 1.7).

Prior to symmetry breaking, aPARs are uniformly localized on the membrane

of the zygote, with pPARSs distributed in the cytoplasm (Cuenca et al., 2003). This
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Figure 1.7: Polarization of the Caenorhabditis elegangygote is a multi-step process.
Top panel representative images of an an embryo labelled with PAR-6 (red,
membrane), PAR-2 (blue, membrane), DNA (red, nucleus), and centrosomes
(blue, cytoplasm)Bottom panelschematic representation of each stage.
Anterior PAR proteins (aPARs, red) are initially uniformly distributed on the
membrane. The symmetry breaking cue (purple) from the centrosome pair
(black spheres) induces the segregation of aPARs into the anterior and promotes
the loading of pPARs at the posterior pole. The two opposing PAR domains
drive the polarization of cytoplasmic factors such as MEX-5/6 (green) and P
granules (orange). Mitotic spindle displacement during cytokinesis gives rise
to two daughter cells of distinct cell size and fate.
Schematics adapted from Rodriguez et al. (2017).

symmetry is broken by signals from the paternally donated centrosome which in-
duce anterior directed cortical ows (Cowan and Hyman, 2004; Munro et al., 2004;
Goehring et al., 2011b; Rose and Gonczy, 2014). The exact nature of the symmetry
breaking cue was unde ned until recently, when studies suggested that the local-
ization and activity of the Aurora A (AIR-1) kinase to centrosomes brings about
symmetry breaking through regulation of the actomyosin cortex (Zhao et al., 2019;
Klinkert et al., 2019; Kapoor and Kotak, 2019). However, precocious polarization
has been observed in some contexts, such as during oocyte maturation, indicating
that centrosome independent symmetry breaking is possible (Reich et al., 2019;
Klinkert et al., 2019). Work from our lab, indicated that PAR proteins are able to
respond to multiple cues, and speci city is ensured by the activity of AIR-1 and
PLK-1 (Polo-like) kinases which act to temporally regulate the activation of the
PAR network such that it only responds to the cue presented from the sperm centro-
some (Reich et al., 2019).

The symmetry breaking cue is thought to rst bring about the local down reg-

ulation of RHO-1 activity, which in turn down-regulates acto-myosin contractil-
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Figure 1.8: Symmetry breaking in the Caenorhabditis eleganzgygote.

(A) Centrosomes from the paternally donated microtubule organizing centre
(the sperm MTOC: Gray nucleus; cyan centrosomes; yellow microtubules)
provide a symmetry breaking cue which induces large scale acto-myosin cor-
tical rearrangement (orange NMY-2, blue F-actin). Local down-regulation of
RHO-1 activity results in asymmetric contractions and cortical ow, that cause
rufing and eventually results in the formation of a transient furrow called
the pseudocleavage furrow. (B) Cortical ows drive the segregation of PAR-
3/PKC-3/PAR-6 (green) into the nascent anterior half of the embryo, providing
the opportunity for PAR-2/PAR-1 (red) to bind to the cortex at the posterior
pole. (C) Activity of small GTPases such as RHO-1 and CDC-42 is initially
enriched uniformly (pink), but is slowly restricted to the anterior as a result of
symmetry breaking.

Adapted from Munro and Bowerman (2009).
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ity in the posterior; however, de nitive data about the mechanism remains lacking
(Jenkins et al., 2006; Motegi and Sugimoto, 2006; Zhao et al., 2019). The result-
ing anisotropy in cortical tension along the A-P axis triggers anterior-directed cor-
tical ows (Mayer et al., 2010). This long range ow causes the segregation of
membrane-bound PAR-3, PKC-3 and PAR-6 into the anterior cortex (Munro et al.,
2004; Goehring et al., 2011b), providing the opportunity for pPARs to associate
with the posterior cortex (Fig. 1.8).

Part of the symmetry breaking cue is thought to promote the posterior loading
of PAR-2 onto the membrane via a microtubule dependent pathway that prevents
PAR-2 phosphorylation by PKC-3 (Motegi et al., 2011). Embryos are seemingly
able to also polarize in the absence of contractility using this pathway, but polariza-
tion is delayed in this instance (Motegi et al., 2011). Once PAR-2 loads onto the
cortex, it in turn recruits PAR-1, which can polarize aPARs (Motegi et al., 2011).
The two opposing domains are rapidly formed and this is known as the 'establish-
ment phase' of polarity, which coincides with mitotic interphase.

As the domains evolve to a steady state, the "'maintenance phase' follows
(the M (mitotic) phase), in which the two domains remain relatively stable in size
and positioning (Cuenca et al., 2003). During the establishment and maintenance
phases, PAR proteins orchestrate numerous downstream pathways to ensure the
asymmetric segregation of fate determinants and coordinate the positioning of the

mitotic spindle to nally give rise to an asymmetric cell division.

1.3.2 Mutual antagonism between the aPARs and pPARs

How are the aPAR and pPAR localizations kept distinct? Biophysical experiments
involving uorescence recovery after photobleaching (FRAP) methods demon-
strated that the PARs are laterally diffusive proteins that are able to freely diffuse
down a concentration gradient and are continually undergoing exchange between a
membrane-associated state and a cytoplasmic pool (Goehring et al., 2011a), (Fig.
1.9). These dissipative processes allow the PARs to enter their opposing domains,
and thus mechanisms are required to maintain their asymmetric distributions.

Early studies led to the thought that mutual inhibition between aPARs and
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Figure 1.9: Reaction-diffusion PAR model.
aPARs (A species, red) and pPARs (P species, blue) exchange (arrows) between
a well-mixed cytoplasm and a membrane-associated state. When on the mem-
brane, they are able to diffuse laterally (wavy arrows) and until the antagonistic
activity of the opposing domain promotes their detachment from membrane
(dashed arrows).
Adapted from Goehring et al. (2011b)

pPPARSs, via their respective kinases PKC-3 and PAR-1, was suf cient to maintain
segregation of PARs within the complementary opposing domains. PKC-3 is both
necessary and suf cient to prevent pPAR binding to the anterior cortex by phos-
phorylating residues in the membrane binding motifs of PAR-1, PAR-2 and LGL-1
(Hao et al., 2006; Hoege et al., 2010; Motegi et al., 2011). In turn, PAR-1, can
phosphorylate PAR-3 and inhibit the local accumulation of PAR-3 clusters at the
posterior pole (Motegi et al., 2011; Sailer et al., 2015), (Fig. 1.10). Together these
data have provided the foundation for simple mathematical models that are able
to recapitulate the core features of the polarization process (Tostevin and Howard,

2008; Dawes and Munro, 2011; Goehring et al., 2011b).

These early mutual antagonism models of polarity considered the aPARs and
pPARs as two distinct complexes (based on similarities in phenotype) that acted
locally to promote one another's dissociation (Goehring et al., 2011b), (Fig. 1.9);
however, since then it has been revealed that the dynamics and molecular circuitry
of PAR proteins are much more complex, with multiple sub-complexes within the

aPARs and multiple cross-inhibitory circuits acting to maintain polarity (Fig. 1.10).

These discoveries have in part been facilitated by the use of methods such as
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