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Abstract

Most cell types exhibit some form of asymmetry, often termed polarity, creating dis-

tinct cell ends with specialised functions. One highly conserved mechanism for ini-

tially differentiating cell ends involves proteins of the PAR polarity network, which

self-organise into opposing domains on the cortex of cells, generating an initial

asymmetry which can act as a landmark for further asymmetries.

For proper development and tissue homeostasis of multicellular organisms, po-

larity must be controlled in time, as many cell types undergo alternating periods

of being polarised, and not being polarised. However, how the underlying PAR

networks are temporally regulated, in terms of being able to respond to symmetry-

breaking cues and polarise, is not well understood.

The one-cell embryo of the model organism C. elegans is initially unpolarised,

but polarises upon completion of maternal meiosis. This project has identified that

the PAR network is initially inactive in immature oocytes, due to members of the

anterior PAR complex being unable to associate with the cortex at this time. Oocyte

maturation - independent of fertilisation or meiosis completion - was identified as

the key process in activating the PAR network, by allowing anterior PARs to lo-

calise to the cortex, and localising posterior PARs to the cytoplasm. This renders

the network capable of polarising the cortex in response to symmetry-breaking cues.

Furthermore, anterior PAR cortical localisation is negatively regulated by the cell-

cycle regulators AuroraA and Polo-like kinase in oocytes, thus linking the activation

of the PAR network to cell cycle progression, thereby enabling the proper coordi-

nation of PAR network activation and cue maturation, ensuring singularity of PAR

domain formation.
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Impact Statement

This thesis describes how cell cycle-coupled activation of the PAR network in the

C. elegans embryo ensures that the conserved PAR polarity system responds only

to appropriate symmetry-breaking cues, ensuring singularity of PAR domain asym-

metry, and the formation of a single anterior-posterior axis required for proper em-

bryonic development.

The findings of this thesis significantly increase the knowledge of the con-

served PAR polarity network, which is vital for development across the animal

kingdom, and has been implicated in human cancers.

This project also identified that polarity mechanisms can operate in a novel

context in C. elegans, namely unfertilised oocytes. This new context opens up the

possibilities for experiments which may be difficult or hard to interpret when at-

tempted in the one-cell embryo, where much PAR network research is carried out.

In fact other researchers have already begun to use the polarised oocyte as a model

in which to study the PAR system.

Many of the methods and techniques used in this thesis were developed as part

of the project, and are now being used by other researchers as tools aiding their

own research, potentially broadening the impact of this work beyond the research

themes of this thesis.

Because of the conserved nature of the PAR network, the results and con-

clusions described here may prove influential in determining the regulation of cell

polarity in other species, including human cells. Indeed, C. elegans research identi-

fied many of the key polarity proteins in the first place, which later turned out to be

implicated in human diseases, including cancer. This research may therefore, in the
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longer term, help our understanding of human development and diseases.

During this project, various public engagement activities were carried out, in-

volving discussing the importance of the science in general, as well as work specif-

ically conducted in the laboratory where this work was carried out. These activi-

ties including hosting lab tours for members of the public, participating in school

outreach programmes, and contributing to a large public exhibition in collabora-

tion with other scientists and artists. This project therefore had a wider impact in

communicating the importance of scientific research, and entertaining and inspiring

others to remain invested and interested in scientific research.

10



Acknowledgements

I would firstly like to thank Nate Goehring, for giving me the opportunity to work in

his lab, for his patience and guidance, but also for the freedom to shape this project

myself (and learn a lot along the way).

I would also like to thank my thesis committee, Barry Thompson, Buzz Baum,

and Thomas Surrey, for keeping me on track during the last four years, and all

of the Crick graduate programme administrators, for making it possible to still be

completely ignorant about the bureaucracy of studying for a PhD. I am also grateful

to the Francis Crick Institute for funding this project.

Thank you to all members of the Goehring lab for unfailing help and support

(both moral and technical), patiently answering my many programming questions

(and teaching me to programme in the first place), indulging my blue-sky questions

and speculation, and providing more-or-less constant entertainment, and generally

making the lab a nice place to be.

I would like to thank all my teachers - especially those of The Henley College

- without whom I would never have had the enthusiasm and confidence to be able

to continue asking questions.
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cytosis before imaging was begun. B) Correlation coefficient of

PAR-6 and PAR-2 (from A) over a moving 225 second window. . . 101

3.10 ex utero GFP::PKC-3 and PAR-6::mCherry quantification of

cortical signal. A) Quantification of cortical signal of PKC-3

and PAR-6 in NWG0103 embryos (GFP::PKC-3, CRISPR; PAR-

6::mCherry, CRISPR). Mean and SD. n = 11. B) Correlation coeffi-

cient of PKC-3 and PAR-6 (from A) over a moving 225 second win-

dow. C) Example NWG0103 embryo imaged from before meiosis-I

until the first cell division. Scale bar 10µm. . . . . . . . . . . . . . 103

3.11 ex utero PAR-3::GFP quantification of cortical signal. A) Quan-

tification of cortical signal of PAR-3 in KK1216 embryos (PAR-

3::GFP, CRISPR) from midplane confocal images (see Methods

2.5.2.1). Mean and SD. n = 10. B) Quantification of cortical

signal of PAR-3 in NWG0028 embryos (PAR-3::GFP, CRISPR;
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(see Methods 2.5.2.3). Mean and SD. n = 4. C) Example TIRF im-
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first cell division. Scale bar 10µm. . . . . . . . . . . . . . . . . . 104
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3.12 ex utero GFP::CDC-42 and mCherry::CDC-42 quantifica-
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GFP::CDC-42 in WS5018 embryos (GFP::CDC-42, bombarded;

cdc-42 deletion) from midplane confocal images (see Methods

2.5.2.1). Mean and SD. n = 4. B) Quantification of cortical signal

of mCherry::CDC-42 in TH159 embryos (cherry::CDC-42, bom-

barded) from midplane confocal images (see Methods 2.5.2.1).

Mean and SD. n = 3. C) Example WS5018 embryo imaged from

before meiosis-I until the first cell division. Scale bar 10µm. . . . . 106
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to symmetry breaking versus time between anaphase-II onset and

symmetry breaking. R squared = 0.7799. y = 1.07x + 0.1349. C)

Images of embryo represented by lowest curve in A, with dashed

lines showing time point. Scale bar 10µm. . . . . . . . . . . . . . 107

3.14 Timing of cell cycle events relative to ovulation in NWG116

embryos imaged in utero. Timing of cell-cycle events of in

utero NWG116 embryos (mCherry::PAR-2, bombarded; His-
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stacks, mCherry cortical signal, or DIC. Imaging carried out at

18.5°C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

3.15 Summary of PAR cortical localisation changes from ovulation

to symmetry breaking. Simplified and schematised overview of
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4.1 PAR polarity in emb-27(RNAi) embryos. A i) TH411 embryos

(GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded. See

strain list 2.1) depleted of EMB-27 by RNAi form domains in

PAR-2 and PAR-6. A ii) EMB-27 depletion in NWG0116 em-

bryos (mCherry::PAR-2, bombarded; Histone::GFP, bombarded.

See strain list 2.1) show PAR-2 localised near maternal DNA. A

iii) EMB-27 depletion in NWG0100 embryos (mCherry::PAR-2,

CRISPR; PIE-1::GFP, bombarded. See strain list 2.1) show PIE-

1 asymmetry. B) Asymmetry of PAR-2 in TH411 emb-27(RNAi)

embryos is dependent on PKC-3 kinase activity, demonstrated by

treatment of embryos with 10µM PKC-3 inhibitor CRT-90. DMSO

n = 4, CRT-90 n = 5. Scale bars 10µm. . . . . . . . . . . . . . . . 115

4.2 PAR reconfiguration and symmetry breaking timing in emb-

27(RNAi) embryos. A) in utero montage of TH411 embryo

(GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded) depleted

of EMB-27 by RNAi from ovulation to PAR domain formation. B)

Timing of symmetry breaking in emb-27(RNAi) embryos, as de-

fined by the time at which PAR-2 first becomes asymmetric. Scale

bars 10µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
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4.3 cdk-1(RNAi) embryos form PAR-2 domains. A) in utero image of

TH411 embryo (GFP::PAR-6, bombarded; mCherry::PAR-2, bom-

barded) depleted of CDK-1 by RNAi, showing one-cell embryos

in the uterus, with clear PAR-2 domains near the maternal pronu-

cleus. B) ex utero TH411 cdk-1(RNAi) embryos. n= 15. C) Treat-

ment of permeable cdk-1(RNAi) embryos with 10µM PKC-3 ki-

nase inhibitor CRT-90 demonstrates that these domains are depen-

dent upon PKC-3 activity. DMSO n = 6, CRT-90 n = 10. D) DIC

montage of two cdk-1(RNAi) embryos appearing to show the ma-

ternal pronucleus breaking down, before reforming in the uterus,

suggesting that oocyte maturation may not be completely blocked

by CDK-1 depletion. Scale bars 10µm. . . . . . . . . . . . . . . . 118

5.1 Oocytes of female animals remain in the gonad, do not mature,

or form PAR domains. A) in utero image of TH411 (GFP::PAR-

6, bombarded; mCherry::PAR-2, bombarded) embryo depleted of

FOG-1 by RNAi showing PAR-6 in the oocyte/gonad cytoplasm,

and PAR-2 on the oocyte/gonad cortex. n = 10. B) Fertilised

embryo resulting from a TH129 (GFP::PAR-2, bombarded) fog-

1(RNAi) female mated by a wild-type TH129 male. n = 2. Scale

bars 10µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.2 Sperm contributions are not required for PAR reconfiguration

or domain formation. A) Schematic showing regulation of oocyte

maturation by Eph receptor proteintyrosine kinase VAB-1, and

POU-class homeoprotein CEH-18. B) in utero montage of oocyte

in an unmated female animal in a genetic background mimicking

MSP sperm signals (NWG0014 x NWG0105 F1, vab-1(RNAi)),

from before ovulation to PAR domain formation. Symmetry break-

ing highlighted by white arrowhead. n = 5. Scale bar 10µm. . . . . 125
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6.1 Ovulation is not required for PAR domain formation. A)

Ablation of the cuticle adjacent to the spermatheca causes par-

tial spermatheca extrusion and prevents ovulation. B) Ablation

of the spermatheca of TH411 hermaphrodite (GFP::PAR-6, bom-

barded; mCherry::PAR-2, bombarded) before oocyte maturation

blocks ovulation, but does not prevent oocyte maturation or PAR

domain formation. n = 6. Scale bars 10µm. . . . . . . . . . . . . . 131

6.2 Isolated oocytes that spontaneously mature form cortical PAR

domains. A i) Isolated KK1273 oocyte (GFP::PAR-2, CRISPR)

that spontaneously matures and forms a PAR-2 domain. A ii) Iso-

lated KK1273 oocyte imaged on the same slide as A.i that does

not mature or form a PAR-2 domain B) Isolated NWG0026 oocyte

(PAR-6::GFP, CRISPR; mCherry::PAR-2, bombarded) that sponta-

neously matures and forms asymmetric PAR-2 and PAR-6 domains.

Scale bars 10µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.3 Quantification of isolated oocyte pre-symmetry breaking PAR

reconfiguration and timing of symmetry breaking. A i) Quan-

tification of cortical amounts of PAR-6::GFP in NWG0026 isolated

oocytes (PAR-6::GFP, CRISPR; mCherry::PAR-2, bombarded).

Autofluorescence due to cortical granules highlighted by pink box.

n = 3. A ii) Quantification of cortical amounts of mCherry::PAR-2

in the same NWG0026 isolated oocytes as in A.i. n = 3. B) Timing

of symmetry breaking in in utero fertilised zygotes and isolated

unfertilised oocytes, relative to maternal pronuclear NEBD. Points

are individual oocytes/embryos. Mean and SD marked by vertical

bars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
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6.4 Meiosis-arrested isolated oocytes form cortical PAR domains.

A) emb-27(RNAi) isolated oocytes (NWG0026 - PAR-6::GFP,

CRISPR; mCherry::PAR-2, bombarded) can spontaneously mature

and form asymmetric cortical PAR domains. n = 4. Scale bar 10µm.

B) Timing of symmetry breaking in wild-type in utero oocytes and

isolated oocytes, versus emb-27(RNAi) isolated oocytes, relative to

maternal pronuclear NEBD. Points are individual oocytes/embryos.

Mean and SD marked by vertical bars. . . . . . . . . . . . . . . . . 136

7.1 Summary of wild-type PAR network interactions in mitotic one-

cell C. elegans embryo. The C. elegans PAR network is comprised

of multiple known interactions, including membrane-binding, intra-

domain protein-protein and positive feedback, and inter-domain in-
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polarity. Adapted from Rodriguez et al. (2017). . . . . . . . . . . . 140

7.2 pPAR antagonism is not responsible for keeping PAR-6 in the

gonad and oocyte cytoplasm. Gonad images of wild-type of

RNAi-treated TH411 (GFP::PAR-6, bombarded; mCherry::PAR-2,
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= 21), par-1(RNAi) (n = 31), lgl-1(RNAi) (n = 11). Scale bar 10µm. 141

7.3 PKC-3 and PAR-6 are capable of associating in oocyte. A)

GFP::PKC-3 and mCherry::PAR-6-expressing hermaphrodites

(NWG0103 - GFP::PKC-3, CRISPR; PAR-6::mCherry, CRISPR.

See strain list 2.1) were crossed with N2 males to produce F1 het-

erozygotes whose oocytes were imaged, showing both PKC-3 and

PAR-6 in the cytoplasm. n = 28. B) NWG0103 hermaphrodites

were crossed with PH::GBP-expressing males (NWG0095 - see
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3, mCherry::par-6, and ph::gbp, and their oocytes imaged. 30/34
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7.4 Ectopic localisation of PKC-3 to the oocyte cortex displaces

PAR-2 to the cytoplasm. A) NWG0021 (GFP::C1B::PKC-3, bom-

barded; mCherry::PAR-2, bombarded) before PMA wash-in. B)

NWG0021 oocyte (as in A) after wash-in of 100µM phorbol-12-

myristate-13-acetate (PMA), showing PKC-3 on the cortex, and re-

duced PAR-2 on the cortex. n = 12. Scale bar 10µm. . . . . . . . . 143

7.5 C1B::PKC-3 controls. A) NWG0021 (GFP::C1B::PKC-3, bom-

barded; mCherry::PAR-2, bombarded) before and after DMSO

wash in. n = 5. B) NWG0021 before and after 100µM PMA +
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2.1) before and after 100µM PMA wash in. n = 10. Scale bar

10µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

7.6 aPARs antagonism keeps pPARs in cytoplasm during meio-

sis. A) Quantification of PKC-3 and PAR-2 cortical levels before

symmetry breaking in NWG0027 embryos (GFP::PKC-3, CRISPR;

mCherry::PAR-2, bombarded). n = 6. B) Quantification of PKC-

3 and PAR-2 cortical levels before symmetry breaking in pkc-

3(RNAi) NWG0027 embryos. n = 6. Pink boxes highlight period

where GFP channel (PKC-3) quantification is affected by autofluo-

rescent cortical granules. . . . . . . . . . . . . . . . . . . . . . . . 146
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on PKC-3, but does require phosphorylation. GFP::PAR-2 in
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NWG0062, GFP::PAR-2(S241A), CRISPR. n = 9. See strain list

2.1) before and after ovulation. Scale bar 10µm. . . . . . . . . . . 147
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7.8 aPARs antagonism keeps pPARs in cytoplasm during meio-

sis. A) Quantification of PKC-3 and PAR-2 cortical levels before

symmetry breaking in NWG0027 embryos (GFP::PKC-3, CRISPR;

mCherry::PAR-2, bombarded). n = 6. (Same data as in figure 7.6

A). B) Quantification of PKC-3 and PAR-2 cortical levels before

symmetry breaking in par-2(RNAi) NWG0027 embryos. n = 3.

Pink boxes highlight period where GFP channel (PKC-3) quantifi-

cation is affected by autofluorescent cortical granules. . . . . . . . 148

7.9 Cortical actin organisation during meiosis. Near-TIRF images

of GFP::Actin (strain JH1541, GFP::Actin, bombarded - see strain

list 2.1) during meiosis, showing dramatic rearrangement of diffuse

actin to large, less dynamic, foci at around the time of anaphase-II

and the transient decrease in PAR-6 and PKC-3 at the cortex. n = 5.

Scale bar 10µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

7.10 Endoplasmic reticulum organisation during meiosis. Midplane

images of GFP::SP12, an endoplasmic reticulum-resident protein

(strain NWG0051 - GFP::SP12, bombarded; mCherry::MEX-5,
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cortex. n = 3. Scale bar 10µm. . . . . . . . . . . . . . . . . . . . . 150
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7.11 PAR-2 can antagonise PAR-6 before symmetry breaking. A)

Schematic representation of inducible membrane recruitment of

PAR-2 using the c1b/phorbol ester system. B) Pre-symmetry break-

ing embryo of F1 hermaphrodite resulting from cross of NWG0049

(GFP::C1B::PAR-2, bombarded) and TH110 (mCherry::PAR-6,

bombarded. See strain list 2.1) before and after treatment with

100µM PMA. Scale bar 10µm. C) Quantification of cortical flu-

orescence intensity of same embryo as in B, showing increase in

PAR-2 cortical levels after PMA addition, and reduction in PAR-6

cortical levels. White and black triangles corresponding to time-

points of images in B. D) Example of data from Florent Peglion

(Goehring lab), showing decrease in PAR-6 cortical levels fol-

lowing PMA-induced recruitment of PAR-2 to the cortex in pre-

symmetry breaking embryo of F1 hermaphrodite resulting from

cross of NWG0049 and TH110 (see strain list 2.1) before and af-

ter treatment with 100µM PMA. 6 out of 7 embryos showed this

behaviour. Scale bar 10µm. . . . . . . . . . . . . . . . . . . . . . 152

7.12 Oocyte maturation-triggered aPAR cortical association acti-

vates the PAR network. Summary of results from chapter 7. The

PAR network in immature oocytes is inactive due to anterior PARs
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PARs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
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8.1 Imaging of air-1(RNAi) embryos, and analysis of symmetry

breaking phenotypes. A) Depletion of AIR-1 in TH411 embryos

(GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded) causes

symmetry breaking defects, including inverted PAR domains with

respect to the paternal/maternal poles, and bipolar PAR-2 domains.

Scale bar 10µm. B) Localisation of PAR-2 domains in air-1(RNAi)

embryos from strains TH411 (i & ii) and NWG116 (mCherry::PAR-

2, bombarded; Histone::GFP, bombarded) (iii & iv), either dissected

out of hermaphrodite worms (i & iii), or in utero (ii & iv). . . . . . 158

8.2 Depletion of AIR-1 causes premature localisation of PAR-6 to

the -1 oocyte cortex. A) in utero images of -1 oocyte/embryo

from before oocyte maturation to symmetry breaking. TH411 -

GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded. n >20.

Scale bar 10µm. B) Scheme of A, showing -1 oocyte adjacent to

spermatheca (pink). . . . . . . . . . . . . . . . . . . . . . . . . . 159

8.3 Clearance of oocyte cortical PAR-2 before ovulation in wild

type and air-1(RNAi) oocytes. PAR-2 is still cleared from the

oocyte cortex in AIR-1 depleted oocytes, but appears to do so in

a more asymmetric manner. TH411 - GFP::PAR-6, bombarded;

mCherry::PAR-2, bombarded. Scale bar 10µm. . . . . . . . . . . . 160

8.4 Meiotic behaviour of PAR-6 and PAR-2 in air-1(RNAi) em-

bryos. A) AIR-1-depleted TH411 embryo (GFP::PAR-6, bom-

barded; mCherry::PAR-2, bombarded) showing formation of an an-

terior PAR-2 domain, the domain receding, before expanding again.

Scale bar 10µm. B) Timing and location of PAR-2 domain forma-

tion in air-1(RNAi) TH411 in utero embryos. . . . . . . . . . . . . 161
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8.5 Cell cycle and symmetry breaking timing in wild-type and air-

1(RNAi) embryos. A) Timing of key cell cycle events and symme-

try breaking in wild-type and air-1(RNAi) in utero embryos B) Tim-

ing of symmetry breaking relative to anaphase-II onset in wild-type

and air-1(RNAi) in utero embryos. NWG116 - mCherry::PAR-2,

bombarded; Histone::GFP, bombarded. . . . . . . . . . . . . . . . 162

8.6 Timing of symmetry breaking in emb-27, air-1 + emb-27, and

air-1(RNAi) embryos. Timing of symmetry breaking in RNAi-

treated NWG116 (mCherry::PAR-2, bombarded; Histone::GFP,

bombarded) in utero embryos. Depletion of AIR-1 accelerates sym-

metry breaking relative to ovulation in meiotically-arrested emb-

27(RNAi) embryos. . . . . . . . . . . . . . . . . . . . . . . . . . 163

8.7 Meiotic behaviour of PAR-6 and PAR-2 in air-1(RNAi) em-

bryos. A) Conserved Aurora A phosphorylation site in C. ele-

gans, Drosophila, and Homo sapiens. Adapted from Wirtz-Peitz

et al. (2008). B) Schematic of C. elegans PAR-6 showing loca-

tion of S29 putative Aurora A/AIR-1 site. C) ex utero images

of GFP::PAR-6 and mCherry::PAR-2 in wild type NWG0026

(PAR-6::GFP, CRISPR; mCherry::PAR-2, bombarded) and par-

6(S29A) NWG0097 embryos (PAR-6(S29A)::GFP, CRISPR;

mCherry::PAR-2, bombarded). n = 12. Scale bar 10µm. . . . . . . 164
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8.8 PLK-1 depletion causes premature cortical PAR-6 and PAR-3

localisation, and PAR-2 domain formation. A) in utero images

of control and plk-1(RNAi) NWG0028 (PAR-3::GFP, CRISPR;

mCherry::PAR-6, bombarded) -1 oocytes, showing 3 representative

examples of PAR-3 localisation, with quantification of fraction of

oocytes showing cortical PAR-3. B) in utero image of plk-1(RNAi)

TH411 (GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded)

oocyte before ovulation, showing premature cortical localisation of

PAR-6, and asymmetric clearance of PAR-2. n = 2. C) in utero im-

age of plk-1(RNAi) TH411 oocyte which is not ovulated and main-

tains a clear PAR-2 cortical domain. n = 8. Scale bars 10µm. . . . 166

8.9 Cortical association of aPARs and asymmetry of PARs is

PAR-3-dependent in air-1 and plk-1 embryos. Manual scor-

ing of significant cortical signal and cortical asymmetry of PAR-

2 and PAR-6 in wild-type, air-1(RNAi), and plk-1(RNAi) back-

grounds, in the presence or absence of PAR-3 in strain NWG0165

(PAR-6::mCherry, CRISPR; GFP::PAR-2, CRIPSPR; balanced par-

3(it71) mutant. See strain list 2.1). The PAR-3 presence or absence

was achieved using a balanced par-3 mutation (it71), and picking
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Chapter 1

Introduction

1.1 Cell polarity in development and disease

1.1.1 What is polarity, and what is it good for?

In everyday life, we are all so used to seeing objects exhibiting spatial polarity1,

that we usually completely fail to notice it, or its significance. Broadly speaking

(and without getting too pedantic), polarity can be described as the property of an

object that varies in some way across one or more spatial axes. A classic example

being the humble pencil2, with one pointy end, with the graphite core exposed, and

often an eraser at the other end (figure 1.1 A).

This typical pencil can be said to be polarised in one dimension - it clearly has

a ’head’ and ’tail’, but does not have a left and right, or top and bottom, since the

pencil can be rotated around its long axis and superimposed on to a pencil which

has not been rotated.

The human body plan also has a head and tail (foot) end, but also a front

and a back (figure 1.1 B). Not only that, but asymmetry of internal organs means

that humans are also polarised along their left-right axis. In contrast to the pencil,

humans are polarised along three spatial axes, the maximum possible in our three-

1In this thesis, the terms polarity and asymmetry will be used synonymously, as opposed to the
definitions used by Wolpert (2013)

2A more stringent definition of polarity requires that the polarity axis be evident at every point
along the axis (Wolpert, 2013). This is not the case for the pencil depicted in figure 1.1 A, since if
the two ends were chopped off, there would be no difference along the pencil axis. However, if the
pencil were painted with a colour gradient, then it would be polarised in the strict sense, as polarity
would be evident across its entire length.
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dimensional world.

A quick look at the vast majority of objects quickly tells us that spatial po-

larity is everywhere. Having different forms along spatial axes allows for different

functions across an object. The polarised pencil has a sharpened end, which allows

one to write with it, and can conveniently have an eraser at the other end. Polar-

ity of humans lets us have feet at one end, and a head at the other. Front-back

(dorsal-ventral) polarity has optimised our body plan for walking in one direction

(amongst other things), and left-right polarity allows for yet more complexity and

specialisation.

Polarity, then allows for - or generates - complex forms, which in turn allow

for complex functions. This allows objects (including living organisms) to adapt

and optimise for specific niches.

anterior

posterior

dorsal

ventral

right

left

‘rubber’

‘tip’

A B

Figure 1.1: Polarity axes of a pencil and human. A) A pencil has one principle axis
of polarity, being rotationally symmetric about this axis. B) Humans exhibit
polarity in all three dimensions.

1.1.2 Cell polarity

Just as with everyday objects, the majority of cells exhibit some kind of polar-

ity. Typical examples from multicellular eukaryotes are epithelia, asymmetrically

dividing cells, migrating cells, and neurons (see figure 1.2). Diverse cellular asym-

metries allow cells to carry out sophisticated functions and create complex tissue
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architecture.

apical

basal

asymmetric division axis

action potential
direction

direction of movement

A B

C D

Figure 1.2: Examples of polarised cells. A) Epithelia have an apical side, adjacent to
the lumen, specialised for absorption of molecules, and a basal side, adjacent
to the structural basement membrane. B) Asymmetric cell division, in terms
of size and fate, gives rise to two different daughter cells, vital for the execu-
tion of complex developmental programmes. Stem cells are able to switch be-
tween symmetric and asymmetric divisions. C) Migrating cells have polarised
cytoskeletons, allowing for efficient directed movement. D) Neurons are po-
larised to allow action potentials to travel in one direction, from a specialised
input end, to the output end.

The complex development, organisation, and functioning of multicellular or-

ganisms relies heavily on cell polarity. For example, up until the 8-cell stage, the

mammalian embryo resembles a uniform ball of cells. Polarisation of these cells

along the outside-inside axis causes cytoskeletal and adhesion molecule rearrange-

ments resulting in compaction of the embryo. Following another cell division, some

daughter cells asymmetrically constrict, causing them to position in the centre of the

embryo which will form the inner cell mass, and later the foetus, while the outer

cells eventually develop into the placenta (White et al., 2018). In this way, polarisa-

tion of individual cells shapes the overall structure and polarisation of the embryo,

and underpins the organism’s development.

Cell polarity is also important in adult organisms for the regulation of dynamic

tissues such as skeletal muscles. Skeletal muscle stem cells (satellite cells) are able

to divide symmetrically in order to proliferate, or divide asymmetrically, resulting in
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one daughter that will differentiate and contribute to muscle fibres, and one satellite

cell. By regulating satellite cell polarity, the correct balance between symmetric and

asymmetric division is achieved, ensuring proper muscle homeostasis (Ono et al.,

2015).

1.1.3 Cell polarity and disease

As expected with such a ubiquitous feature of cells, there are several examples of

diseases associated with aberrant cell polarity, although it is possible that since cell

polarity is so fundamental to complex multicellular life, many defects may simply

result in an organism not properly forming during various stages of development,

and therefore not resulting in any specific characterisable disease.

One example of a specific polarity-associated pathology are the Polycystic kid-

ney diseases, where fluid-filled cysts form in the kidney, preventing it’s normal

function (Papakrivopoulou et al., 2014). Polycystic kidney disease is thought to

be caused by mutations leading to disruptions of epithelial cell’s polarity, which are

usually polarised in the plane of the epithelium, thereby orienting their division axes

and maintaining proper kidney organisation. Disruption of this planar cell polarity

is thought to cause cysts to form, based on experiments conducted in mouse models

of the disease (Fischer et al., 2006).

Disruption of cell polarity is also a hallmark of cancer (Royer and Lu, 2011)

with key polarity proteins (such as Par3, Par4, Par6, and aPKC - see section 1.2)

being misregulated both in terms of expression levels (Huang and Muthuswamy,

2010) and localisation (Ellenbroek et al., 2012) in tumours.

1.2 Establishing polarity axes with the PAR proteins
When looking at the varied and complex cell polarities, involving the asymmetric

distributions of a multitude of cellular molecules, the question of how such distri-

butions are established inevitably arises.

Given that such a huge and diverse set of molecules become polarised, one

could imagine that there might be an equally diverse set of mechanisms that bring

about these asymmetries. Alternatively, a smaller number of mechanisms may lay
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the groundwork for the polarisation of other molecules.

Fortunately for biologists, the latter is true, with a conserved set of proteins

setting up an initial pattern in a variety of cells, which is then sensed by downstream

molecules in order to orient polarised processes.

1.2.1 Discovery of the PARtitioning-defective genes

The first members of what would turn out to be a conserved group of proteins in-

volved in polarising cells across the animal kingdom were identified in the nema-

tode Caenorhabditis elegans3 (see section 1.3 for background on C. elegans as a

model organism). Screens for mutations resulting in death of embryos identified

mutations in six genes - named par-1, par-2, par-3, par-4, par-5, and par-6, for

PARtitioning-defective - which caused the characteristically asymmetric first cell

division of the embryo to become symmetric, hinting at their role in establishing

cell polarity (Kemphues et al., 1988; Morton et al., 2002; Watts et al., 1996).

Subsequent cloning and sequencing of these genes (Levitan et al., 1994;

Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Hung and Kemphues,

1999; Watts et al., 2000; Morton et al., 2002) allowed their comparison with those

from other species, revealing homologs across the animal kingdom. Kuchinke et al.

(1998) showed that the Drosophila gene bazooka and C. elegans par-3 are one and

the same. Drosophila and mammalian homologs of the other C. elegans par genes

were subsequently found, except for par-2, which appears to be unique to nema-

todes (Insolera et al., 2011).

The identification of par homologs in other species allowed for the integra-

tion of knowledge between model organisms, helping to identify more proteins that

operate with the original PARs.

Izumi et al. (1998) found that Atypical Protein Kinase C (aPKC) not only binds

to a mammalian PAR-3 homolog in mouse epithelia, but also co-localises with it.

Shortly after, an aPKC homolog, PKC-3, was identified in C. elegans, and shown to

also co-localise with PAR-3 in the one-cell embryo and cause a symmetric division

when depleted (Tabuse et al., 1998).

3Reviewed very nicely by Goldstein and Macara (2007)
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The small GTPase CDC-42 was then also found to associate with proteins of

the mammalian PAR network (Joberty et al., 2000; Lin et al., 2000), and subse-

quently found to also be involved in C. elegans one-cell embryo polarity (Kay and

Hunter, 2001; Gotta et al., 2001).

Since the identification of the core components of the PAR polarity network

(Par-3, Par-6, aPKC, CDC-42, and Par-1), numerous other accessory proteins have

been found in specific contexts, helping to establish cell polarity.

1.2.2 Patterning cell cortices to define downstream axes

Proteins of the PAR network pattern cells in a polarised fashion into two opposing

domains. These domains then act as landmarks for the generation of downstream

asymmetry of other cellular components. Strikingly, this asymmetric distribution,

or pattern, is always formed at the cell cortex (see figure 1.3). Downstream factors

in the cytoplasm then distribute asymmetrically in response, establishing functional

cell polarity.

PAR-2PAR-6

Figure 1.3: Cortical PAR polarity in one-cell C. elegans embryo. One-cell C. elegans
embryo with fluorescently-labelled PAR-6 (red at cortex), PAR-2 (cyan at cor-
tex), histone (red in cytoplasm), and tubulin (cyan in cytoplasm). Scale bar
10µm. Image courtesy of Nathan Goehring.

1.2.3 PAR polarity networks in different cellular contexts

The PAR network has been well studied in a number of different cellular contexts,

each with its own particular network architecture, despite sharing some common

components. Below are brief descriptions of some of these contexts. For C. elegans

see section 1.4.
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1.2.3.1 Drosophila neuroblasts

Drosophila neuroblasts are neural stem cells that undergo repeated asymmetric cell

divisions, resulting in the generation of another neuroblast, and a ganglion mother

cell (GMC), which gives rise to neurons or glia, populating the developing nervous

system in the embryonic, larval, and adult stages (Prehoda, 2009). The generation

of two distinct daughter cell fates requires the asymmetric segregation of fate deter-

minants, which is achieved by the asymmetric distribution of key polarity proteins.

The polarisation of neuroblasts occurs only transiently during the cell cycle, de-

veloping at prophase, and disassembling after cytokinesis, with the cell being fully

polarised around metaphase (see section 1.5, in which the temporal regulation of

polarity onset will be discussed).

Polarised neuroblasts have two distinct cortical domains, known as apical and

basal, comprised of different proteins. In polarised neuroblasts, key GMC fate de-

terminants such as Pros, Brat and Numb, are localised to the basal cortex4. After

cytokinesis, these fate determinants are released back into the cytoplasm, where

they are able to specify GMC cell fate (Prehoda (2009). See figure 1.4 A).

The GMC fate determinants are maintained at the basal cortex due to the activ-

ity of an apical domain containing the Par complex, aPKC-Par-6-Par-3. This apical

Par domain restricts GMC fate determinants to the basal cortex by either directly

phosphorylating them (in the case of Numb (Smith et al., 2007)) or their recruit-

ment partner (in the case of Pros and Brat, which are localised to the cortex via

Miranda (Atwood and Prehoda, 2009; Hannaford et al., 2018)), causing them to

become cytoplasmic (figure 1.4 B).

The mechanism by which the Par complex is restricted to the apical cortex is

not clear, but seems to involve inhibition by LGL, possibly by inhibiting aPKC ac-

tivity or cortical localisation (Atwood and Prehoda, 2009; Lee et al., 2006; Prehoda,

2009; Wirtz-Peitz et al., 2008). Given that LGL is not asymmetrically distributed at

the cortex, it is unclear how this leads to an asymmetry in Par complex distribution.

4It is interesting to note that fate determinants themselves are polarised at the cortex, unlike in
the one-cell C. elegans embryo where cortical polarity establishes asymmetric segregation of fate
determinants in the cytoplasm (see section 1.3.2).
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Par-3
Par-6 aPKC
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ProsBrat

Numb
LGL
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apical

basal basalapical

A B

Figure 1.4: Cell polarity of the Drosophila neuroblast. A) Neuroblasts divide asymmetri-
cally to produce a ganglion mother cell (GMC), and another neuroblast. Apical
Par domain shown in red, basal GMC fate determinants in cyan. B) Simplified
schematic of network interactions leading to asymmetric cortical fate determi-
nants.

1.2.3.2 Apical-basal polarity of epithelia

Epithelial cells are the fundamental building block of epithelial sheets, the tissue

barriers ubiquitous in multicellular organisms. Their role as interfaces between

different environments has led them to evolve a complex polarity, with spatially-

directed internal trafficking, polarised membrane lipids, and specialised internal and

external-facing cellular structures (Rodriguez-Boulan and Macara, 2014).

At the heart of epithelial polarity lie the PAR proteins, which form oppos-

ing apical and baso-lateral domains, assisted by epithelial-specific proteins of the

Crumbs (Crbs, Sdt, Patj - Bilder et al. (2003)) and Scribbled complexes (Bilder

et al., 2000), amongst numerous others (Rodriguez-Boulan and Macara, 2014). As

in the C. elegans one-cell embryo 1.4, aPKC is recruited to the cortex in a Par3-

dependent manner in Drosophila epithelia, and also involves Par6 (Krahn et al.,

2010; Morais-de Sá et al., 2010). However unlike in the C. elegans one-cell embryo,

apical localisation of aPKC is tied to the cortex via Par6 and the transmembrane pro-

tein Crbs (?). Once at the apical cortex, aPKC phosphorylates Par1, leading to its

inhibition and removal from the apical cortex with the help of Par5 (Hurov et al.,

2004; Suzuki et al., 2004). The apical PAR proteins Baz/PAR-3, aPKC, and PAR-6

are prevented from invading the baso-lateral domain of Drosophila epithelia in part

50



by the kinase activity of Par1, which phosphorylates Baz/PAR-3, leading to its re-

moval from the cortex with the aid of Par5 (Benton and St Johnston, 2003). The

baso-lateral protein LGL is also thought to be able to prevent the invasion of Par3-

aPKC-Par6 complex by causing its disassembly via competitive binding to Par-6

(Yamanaka et al., 2006).

Apical and baso-lateral domains therefore maintain their spatial segregation

through mutual removal from the cell cortex (see figure 1.5), a common theme in

PAR polarity.

Par3

Par3 Par3
Par5

Par3

p p
-Par5

Par1

Par1
aPKCPar1

p

Par5

Par1
p

-Par5

Par1

Apical

Baso-lateral

Figure 1.5: Mutual antagonism of PAR proteins in epithelia. Simplified schematic
showing mutually antagonistic interactions of PAR proteins. See reviews by
Goldstein and Macara (2007) and Rodriguez-Boulan and Macara (2014) for
details of other proteins and interactions.

1.2.3.3 Saccharomyces cerevisiae

The single-cell eukaryote Saccharomyces cerevisiae (also known as budding yeast)

multiplies through asymmetric cell division, where the mother ’buds’ off a smaller

daughter cell (Duina et al., 2014). This division is asymmetric in terms of size

and fate, as asymmetric segregation of various cellular components means that the

daughter is born young, whereas the mother accumulates factors associated with

ageing (Lengefeld and Barral, 2018).

The primary role of the core polarity network is to specify a single site from

which a new daughter cell will bud off, either based on a pre-existing landmarks

(Park and Bi, 2007) or a spontaneous new site, as in germinating spores or certain
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mutants (Lengefeld and Barral, 2018; Johnson et al., 2011).

Polarity of S. cerevisiae centres around the most conserved protein of the PAR

network, Cdc42 (Etienne-Manneville (2004). CDC-42 in C. elegans), which was

also first discovered in budding yeast (Adams et al., 1990). De novo symmetry

breaking begins with stochastic regions of the cortex with higher Cdc42-GTP (ac-

tive Cdc42) (Kozubowski et al., 2008) recruiting a complex from the cytoplasm

comprised of a Cdc42-interacting protein (called PAks), a scaffold protein (Bem1),

and Cdc42 activating protein (a GEF, Cdc24) (Kozubowski et al., 2008; Chiou et al.,

2017).

Recruitment of the PAK-Bem1-Cdc24 complex to sites of higher Cdc42-

GTP at the cortex induces nearby Cdc42-GDP to become activated to Cdc42-GTP,

thereby reinforcing the initial local concentration of active Cdc42 by positive feed-

back. Growing areas of cortical active Cdc42 compete for polarity components in

the cytoplasm, eventually leading to only one cortical domain of Cdc42-GTP (Wu

et al., 2015; Witte et al., 2017).

The active Cdc42 domain in S. cerevisiae is prevented from becoming too large

by there being a limited amount of polarity proteins available, and by negative feed-

back mechanisms (Chiou et al., 2017).

PAKs activated by Cdc42 have been shown to phosphorylate Cdc24, thereby

inhibiting it’s ability to activate further Cdc42, providing negative feedback to re-

strict the size of Cdc42-GTP domains (Kuo et al., 2014). In a second negative

feedback cycle, active Cdc42 causes the recruitment of septins around the Cdc42

domain, in turn recruiting GTPase-activating proteins, which then promote the de-

activation of Cdc42-GTP to Cdc-42-GDP (Okada et al., 2013). (See figure 1.6).

1.3 C. elegans as a model organism

Caenorhabditis elegans is a small nematode worm first proposed as a model organ-

ism by Nobel prize-winning biologist Sydney Brenner, in 1974 (Brenner, 1974). It

has many advantages as a model organism, being non-parasitic, small, cheap and

fast to culture, transparent (useful for microscopy), and able to be frozen and re-
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Figure 1.6: Cdc42 and Saccharomyces cerevisiae polarity. The highly conserved polarity
protein Cdc42 forms a single cortical domain via positive feedback, domain
competition, and negative feedback.

covered after long periods of time - possibly very long periods of time (Shatilovich

et al., 2018). Most worms are self-fertilising hermaphrodites, making expanding

populations from a single animal possible, and strain maintenance easy, but the

presence of rare males also allows genetic crosses to be carried out.

The many advantages of C. elegans are evident by the wealth of scientific liter-

ature it has provided, including work that led to the awarding of three Nobel prizes;

first in 2002 to Sydney Brenner, John Sulston and Bob Horvitz, for their work on

development and apoptosis, then in 2006 to Andrew Fire and Craig Mello, for the

discovery RNA interference, and most recently in 2008 to Martin Chalfie (awarded

jointly with Osamu Shimomura and Roger Tsien), for his pioneering use of GFP as

a genetically-encoded fluorescent tag.

1.3.1 C. elegans hermaphrodite life cycle

Figure 1.7 shows a schematic of the hermaphrodite life cycle. Adult hermaphrodites

self-fertilise their oocytes one at a time, which then begin embryonic development

inside the uterus. At approximately the 30-cell stage, eggs are expelled from the

mother via the vulva, and embryonic development continues ex utero (Herman,

2005).

Roughly 14 hours after fertilisation, animals hatch as the first of four larval

stages, known as L1. When not in conditions of starvation, animals will progress

through three more larval stages (L2- L4), with the end of each marked by the

moulting of the cuticle (Rougvie and Moss, 2013). By the L4 stage, development of
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the gonad structure is complete, and germ cells differentiate as sperm. At the L4-to-

adult transition, germ cells switch to differentiating as oocytes, and self-fertilisation

can begin once more (Hall and Albert, 2008).

fertilisation

embryonic
development

hatching

L1

L2

L3

L4

adult

14 hrs

12 hrs
7 hrs

8 
hr

s

10 hrs

25˚C

Figure 1.7: Life cycle of C. elegans hermaphrodite. Green box shows detail of one of two
hermaphrodite gonad arms. On the left side of the spermatheca (pink) is the -1
oocyte; the oldest oocyte, and the next in line to be fertilised by passing through
the spermatheca and fusing with a sperm. Embryos undergo early development
inside the uterus of the adult, before being expelled through the vulva. Timings
from www.wormbook.com. Dauer stage omitted.

1.3.2 From oocyte to embryo

Oocytes in the adult hermaphrodite are produced in the gonad arms in a conveyor

belt-like fashion. A distal tip cell (DTC) - located at the gonad end furthest from the

spermatheca (figure 1.7, green box, pink structure) - induces nearby germ cells to

proliferate (Pazdernik and Schedl, 2013). As the germ cells proliferate, those that

get pushed along the gonad arm out of the influence of the DTC begin prophase of
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meiosis, before a small fraction of germ cells begin to differentiate as oocytes and

become fully contained by a plasma membrane in the proximal/spermatheca end of

the gonad (Pazdernik and Schedl, 2013).

The proximal oocytes arrest in prophase-I of meiosis, forming a queue in as-

cending order of age towards the spermatheca. Sperm in the spermatheca secrete

major sperm proteins, which not only act as cytoskeletal proteins necessary for

sperm motility (Bottino et al., 2002), but also as a signalling factor that promotes

oocyte maturation (Miller et al., 2001).

The mechanism by which MSP induces the -1 oocyte to undergo oocyte matu-

ration (nuclear envelope breakdown, rounding up, and continuation of meiosis) and

gonad sheath cell contractions necessary for ovulation is reviewed comprehensively

by Kim et al. (2013b). Briefly, MSP triggers activation of the C. elegans MAPK

pathway, known to generally be involved in the regulation of cell-cycle progression

(MacCorkle and Tan, 2005), and also promotes maternal NEBD and meiotic spindle

assembly (Harris et al., 2006).

As well as directly acting upon oocytes, MSP also interacts with gonad sheath

cells adjacent to the -1 oocyte. MSP binding to EGL-30 (Gαq) promotes sheath

cell contractions (Govindan et al., 2009), while MSP binding to GSA-1 (Gαs) and

GOA-1 (Gαo/i) switches sheath-to-oocyte signals from inhibiting oocyte maturation

to promoting maturation (Govindan et al., 2006, 2009).

The control of oocyte maturation and ovulation is therefore a complex network

of interactions, ensuring the coordination of multiple events, resulting in the entry

of the -1 oocyte into the spermatheca (pictured in figure 1.8).

Shortly after the oocyte enters the spermatheca, it fuses with a single sperm,

triggering the release of intracellular calcium stores (Samuel et al., 2001) and chitin

secretion, preventing further oocyte-sperm fusion events (Johnston et al., 2010).

Maternal meiosis is then completed, the maternal and paternal pronuclei meet, and

mitotic anaphase occurs (Robertson and Lin (2015). See figure 1.9).

During the mitotic cell cycle of the one-cell embryo (known as P0), the

anterior-posterior polarity axis is established (in response to the PAR proteins. See
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Figure 1.8: Ovulation of C. elegans oocyte. False-coloured image sequence of oocyte
(red) passing through spermatheca (blue), during which time the oocyte is fer-
tilised.
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section 1.4). Various germplasm components (including PIE-1, POS-1, MEX-1,

and P granules) are concentrated at the posterior end of P0, while the cell cycle

regulator PLK-1, and PKC-3-phosphorylated LIN-5 concentrate at the anterior end

of P0 (Griffin, 2015; Noatynska and Gotta, 2012). The phosphorylation of LIN-5

by PKC-3 at the anterior is thought to decrease spindle microtubule pulling forces

in the anterior, thereby skewing the spindle towards the posterior and causing the

division plane to also be offset, while phosphorylation by CDK-1, GSK-3 and CK1

are required for pulling forces (Galli et al., 2011; Portegijs et al., 2016).

The posterior daughter (P1) is therefore smaller, and inherits higher concen-

trations of germplasm components than the larger anterior daughter (AB), with its

descendants forming the germline, intestine, and some neurons and muscle (Sul-

ston, 1983). The increased concentration of PLK-1 in AB versus P1 introduces a

cell cycle asynchrony in the two cells, with AB dividing before P1 (Budirahardja

and Gönczy, 2008).

The importance of the size asymmetry of AB and P1 is not immediately obvi-

ous, however it is interesting to note that at the end of embryonic development, the

smaller P1 cell (∼370µm3 - Arata et al. (2015)) gives rise to 184 nuclei, whereas

the larger AB cell (∼470µm3 - Arata et al. (2015)) produces 487 (Sulston et al.,

1983), consistent with volume partitioning and cell lineage being interlinked. In-

terestingly, Arata et al. (2015) propose that the volume asymmetry of AB and P1

may also contribute to the cell cycle timing asynchrony, required for generating

the specific sequence of cell divisions which important for producing the robust

cell arrangements seen in the early embryo, as shown by mathematical modelling

(Fickentscher et al., 2013).

1.4 PAR polarity in the early C. elegans embryo

As in other animals, PAR proteins are involved in the polarisation of many different

cell types of C. elegans, including germline precursors (Arata et al., 2010), epithelia

(St Johnston and Ahringer, 2010), neuroblasts (Chien et al., 2013), and neurons

(Kim et al., 2010).
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Figure 1.9: Major morphological events from oocyte to two-cell embryo. Oocyte mat-
uration is marked by the rounding up of the oocyte, and maternal pronuclear
breakdown, and precedes ovulation through the spermatheca. The oocyte is
fertilised (usually at the pole that enters the spermatheca first), and passes into
the uterus. Maternal meiosis-I and II then complete, followed by the first mi-
totic cell cycle, resulting in an asymmetric cell division.
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However, the most studied example of PAR network polarity is that of the

one-cell embryo (also known as P0), which undergoes an asymmetric cell division

defining the anterior-posterior axis and marking the first step in the execution of the

invariant C. elegans developmental programme (see section 1.3.2).

1.4.1 Maintenance of opposing PAR domains in the one-cell em-

bryo

The one-cell C. elegans embryo becomes polarised during the first mitotic cell cy-

cle following symmetry breaking and an establishment phase (see section 1.4.2),

leading to the establishment of two opposing cortical PAR domains.

1.4.1.1 Proteins of the anterior domain

The anterior PAR domain occupies approximately half of the cortex, and is usually

positioned over the maternal pole (where maternal meiosis occurs following fer-

tilisation). The anterior domain is comprised of PAR-3 (Etemad-Moghadam et al.,

1995), PAR-6 (Hung and Kemphues, 1999), PKC-3 (Tabuse et al., 1998), and CDC-

42 (Aceto et al., 2006).

PAR-3 - a scaffold protein containing a CR1 domain and PDZ domains - as-

sociates with the plasma membrane through PDZ2 (Li et al., 2010a). (See figure

1.10 for a summary of anterior PAR domain structures and interactions.) Asso-

ciation of multiple PAR-3 molecules into higher order oligomers is required for

membrane localisation, as shown by mutants that block this oligomerisation, either

by phosphomimetic mutation of key regulatory residues, or deletion of the CR1

oligomerisation domain (Dickinson et al., 2017; Li et al., 2010a).

Although not found in the screen that originally identified PARs 1-to-6, CDC-

42 - a highly conserved small RHO GTPase widely involved in polarity (Etienne-

Manneville, 2004) - is required for maintenance of opposing PAR domains and

asymmetric division of P0 (Gotta et al., 2001; Kay and Hunter, 2001) and is lo-

calised to the anterior cortex during polarity maintenance (Aceto et al., 2006). It in-

teracts with membrane lipids via a geranylgeranylated moeity and also directly via

a polybasic region of positively-charged amino acids near the C-terminus (Johnson
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et al., 2012).

PAR-6 contains PB1, semi-CRIB, and PDZ domains, and acts largely as a

scaffold. It associates with the cortex either via its PDZ domain and PDZ1 of PAR-

3 (Li et al., 2010a), or with its semi-CRIB domain and CDC-42 (Aceto et al., 2006).

PKC-3 is an atypical protein kinase C (Tabuse et al., 1998). PKC-3 and PAR-

6 appear to interact constitutively with PAR-6 via their two PB1 domains (Hirano

et al., 2005), and therefore depends on PAR-6 and PAR-3 or CDC-42 for membrane

localisation.

The two modes of PKC-3/PAR-6 membrane binding, via PAR-3 or CDC-42,

were first proposed by Beers and Kemphues (2006). Recently, the PAR-3-dependent

cortical localisation of PKC-3/PAR-6 was shown to depend on PKC-3 kinase ac-

tivity, with inhibition of PKC-3 leading to accumulation of PKC-3/PAR-6 at the

cortex in a CDC-42-dependent manner, even in the absence of PAR-3 (Rodriguez

et al., 2017). The model proposed by Rodriguez et al. (2017) is that PKC-3/PAR-6

first localise to the cortex via PAR-3, in a complex where PKC-3 is inactive, before

transitioning to a CDC-42-dependent mode, in which PKC-3 is active.

CR1 PDZ1 PDZ2 PDZ3
CR3

lipid bindingself-oligomerisation

PAR-3

CDC-42
polybasic region

lipid
binding

PAR-6 PDZPB1
semi-CRIB

PKC-3 kinasePB1

Figure 1.10: Proteins of the anterior P0 domain. Key protein domains and interactions
(grey dashed lines) of members of the anterior cortical domain in the one-cell
C. elegans embryo (P0).
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1.4.1.2 Proteins of the posterior domain

PAR-1 is a conserved serine/threonine kinase, with homologs in yeast, mammals,

and Drosophila (Guo and Kemphues, 1995; Shulman et al., 2000). It contains a

KA1 domain, known to be able to bind phospholipids in other proteins (Moravcevic

et al., 2010), and shown to be sufficient for membrane binding in the presence of

wild-type PAR-1 in C. elegans (Motegi et al., 2011). PAR-1 can weakly localise

to the cortex in the absence of PAR-2 if PAR-3 is depleted (Boyd et al., 1996).

However in the wild-type one-cell embryo, PAR-2 is required for PAR-1 to localise

to the cortex (Boyd et al., 1996), through a direct interaction between the PAR-1

C-terminus and PAR-2 (Motegi et al., 2011).

PAR-2 is the only PAR protein not found outside nematodes (Insolera et al.,

2011). It contains a RING-finger domain (often found in E3 ubiquitin ligase sub-

units), and an ATP-binding domain, which has no known function (Levitan et al.,

1994; Hao et al., 2006). The RING domain is required for cortical localisation in

wild-type embryos, unless wild-type PAR-2 is also present, and also negatively reg-

ulates PAR-2 expression levels (Hao et al., 2006). As mentioned above, PAR-2 can

interact with PAR-1, and is required for PAR-1 cortical localisation (Motegi et al.,

2011).

PAR-2 cortical association is mainly achieved by a central region of residues

178-412 (Hao et al., 2006). This region contains a 26 amino acid phospho-regulated

basic and hydrophobic sequence (Bailey and Prehoda, 2015), which are known to

be sufficient for membrane binding in vitro and in vivo (Visco et al., 2016; Bailey

and Prehoda, 2015).

The tumour suppressor LGL-1 is not essential in C. elegans, however it can

partially rescue PAR-2 depletion, and can fully rescue one-cell polarity in PAR-

2 depleted worms if over expressed (Hoege et al., 2010). LGL-1 also contains a

phospho-regulated basic and hydrophobic (PRBH) sequence (Bailey and Prehoda,

2015), within a region shown to be sufficient for lipid binding in vitro (Visco et al.,

2016). In vivo, binding of LGL-1 to the cortex does not require PAR-1 or PAR-2

(Hoege et al., 2010).
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CHIN-1 is a GTPase-activating protein (GAP), thought to regulate CDC-42

activity by promoting the hydrolysis of GTP bound to CDC-42 to GDP (Kumfer

et al., 2010). How it associates with the cortex is not known.

?
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PAR-2
lipid

binding

LGL-1
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kinase

RING

KA1
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PRBH

lipid
binding

RhoGAPSH2

Figure 1.11: Proteins of the posterior P0 domain. Key protein domains and interactions
(grey dashed lines) of members of the posterior cortical domain in the one-cell
C. elegans embryo (P0).

1.4.1.3 PAR-4 & PAR-5

PAR-4 is a serine/threonine kinase, homologous to human LKB1 (Watts et al.,

1996). PAR-4 is present uniformly in the cytoplasm of oocytes and one-cell em-

bryos, as well as being uniformly cortical in the gonad, oocytes, and embryos

(Watts et al., 1996). Depletion of PAR-4 results in an asymmetric first cell divi-

sion, but loss of cell cycle asynchrony in the resulting daughter cells, AB and P1

(Watts et al., 1996). In contrast to other cell types, where PAR-4 has been shown to

form a core element of initial polarity (Bonaccorsi et al., 2007; Chien et al., 2013;

Martin and St Johnston, 2003), in the one-cell C. elegans embryo PAR-4 is required

for downstream polarity, including the asymmetric distribution of MEX-5 (Tenlen

et al., 2008), and cell cycle asynchrony in AB and P1 (Benkemoun et al., 2014).

PAR-5 is a 14-3-3 protein, which are known to act as regulatory scaffolds in

other systems (Morton et al., 2002; Tzivion et al., 2001). PAR-5 is found uniformly

at the cortex in one-cell embryos, and is required for the asymmetric distribution

of anterior and posterior PAR proteins, and downstream fate determinants (Morton

62



et al., 2002). Depletion of PAR-5 results in the uniform co-localisation of anterior

and posterior PARs on the cortex (Morton et al., 2002). The role of PAR-5 in al-

lowing asymmetric PAR domain maintenance is unclear, however PAR-5 has been

shown to regulate aPAR/pPAR domain sizes in a dose-dependent manner (Mikl and

Cowan, 2014), and is required for wild-type expression of CHIN-1 (Kumfer et al.,

2010).

1.4.1.4 Mechanisms ensuring distinct domain maintenance

The first insights into how the anterior and posterior PAR proteins maintain their

asymmetric and opposing cortical localisation were given by the observation that

depletion of anterior PAR proteins results in the uniform cortical localisation of

posterior PAR proteins, and vice versa (Boyd et al., 1996; Cuenca et al., 2003;

Etemad-Moghadam et al., 1995; Watts et al., 1996). These experiments suggested

that a reciprocal relationship between anterior and posterior PAR proteins may ex-

ist. That these interactions might involve phosphorylation was hinted at by the

identification of a kinase in both the anterior and posterior domain (PKC-3 in the

anterior, PAR-1 in the posterior), and later partially demonstrated by Hao et al.

(2006), who showed that PAR-2 is phosphorylated in vivo by PKC-3, possibly on

seven serine residues in the lipid binding domain of PAR-2, whose mutation to ei-

ther unphosphorylatable or phosphomimetic residues alters the cortical binding of

PAR-2. Motegi et al. (2011) subsequently showed that PAR-1 can indeed phospho-

rylate PAR-3, and that this is required for PAR-3 asymmetric cortical localisation in

the absence of cortical flows, and that PKC-3 can phosphorylate PAR-1, with this

also being necessary for PAR asymmetry (Motegi et al., 2011; Ramanujam et al.,

2018). PKC-3 has also been shown to phosphorylate LGL-1 (Hoege et al., 2010),

which is required for LGL-1 asymmetry. Cross-phosphorylation between anterior

and posterior PARs as a means to negatively regulate cortical association therefore

appears to be at the heart of asymmetric domain maintenance (see figure 1.12 for

summary), with multiple suggestions as to the precise effects of these reactions (see

below).

By analysing the dynamics of PAR proteins through various nuanced FRAP
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Figure 1.12: Cross-phosphorylation reactions between anterior and posterior PAR
proteins negatively regulate cortical association. Cross-phosphorylation re-
actions with direct supporting evidence in the C. elegans one-cell embryo.

experiments, Goehring et al. (2011a) ruled out the involvement of some kind of dif-

fusion barrier or active sorting mechanism (in which aPARs would preferentially

diffuse to towards the anterior, and pPARs to the posterior) in maintaining PAR

domains, and instead proposed that PAR domains are maintained by mutual antag-

onism between anterior and posterior PARs, where high concentrations of aPAR

cause pPARs to dissociate from the cortex, and high concentrations pPARs causing

aPARs to dissociate from the cortex, presumably by cross-phosphorylation. PAR

proteins would then recirculate through the cytoplasm, in which PAR proteins were

shown to diffuse rapidly (Goehring et al., 2011a).

This mutual antagonism model of domain maintenance was then simplified

and formalised mathematically, and shown to be able to reproduce many features

of PAR polarity in the C. elegans one-cell embryo by considering just one anterior

and one posterior complex, whose concentration-dependent activity at the cortex

increases the off rate of the opposing species (Goehring et al., 2011b). See figure

1.13.

While this model provides a sound theoretical basis for the maintenance of

distinct protein domains, its simplicity relative to the myriad of known PAR protein

interactions and dependencies strongly suggests that there is more to PAR domain

maintenance than simple mutual antagonism mediated via off rate regulation. Fur-

thermore, single molecule imaging methods have since uncovered that PAR-6 does

not asymmetrically dissociate from the cortex, as assumed in the mutual antago-

nism model (Goehring et al., 2011b), but is instead asymmetrically recruited to the

cortex, with association rates being higher in the anterior (Robin et al., 2014; Sailer
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Figure 1.13: Basic mutual antagonism model of PAR polarity maintenance. Anterior
(A) and posterior (P) PAR species can diffuse quickly in the cytoplasm (large
wiggly arrows), slowly on the cortex (small wiggly arrows), and transition
between cytoplasm and cortex (red and blue straight arrows). Opposing do-
mains are maintained by non-linear antagonism between anterior and poste-
rior species, which increases the off rate of the target species (black arrows).

et al., 2015).

Early evidence for two distinct anterior PAR complexes, PAR-6-PKC-3-PAR-3

and PAR-6-PKC-3-CDC-42 Beers and Kemphues (2006) paved the way for models

in which multiple behaviours of PAR proteins maintain opposing domains simul-

taneously. Kumfer et al. (2010) showed that while CHIN-1 is not necessary for

polarity, its presence at the posterior in wild-type embryos restricts active CDC-42

to the anterior, and Beatty et al. (2013) found that CHIN-1 negatively regulated an-

terior domain size. In addition, Sailer et al. (2015) found that while depletion of

PAR-1 and CHIN-1 individually did not abolish PAR-6 asymmetry, co-depletion

resulted in a uniform PAR-6 association rate and symmetric localisation, suggest-

ing that CHIN-1 and PAR-1 do indeed act redundantly to exclude anterior PARs

from the posterior. CHIN-1 is thought to be restricted to the posterior by the action

of PAR-6/PKC-3, which inhibits the formation of CHIN-1 oligomers at the cortex

(Sailer et al., 2015). See figure 1.14

More recently, separate roles for PAR-3 and CDC-42 have been proposed in

terms of regulating PKC-3 dynamics and activity. Rodriguez et al. (2017) presented

evidence for a model in which PAR-6/PKC-3 are loaded onto the cortex via PAR-3

oligomers, before transitioning to a complex with active CDC-42, which is capable

of antagonising posterior PARs. Consistent with this model, Wang et al. (2017)
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Figure 1.14: CDC-42/CHIN-1 polarity circuit. CHIN-1 can associate with the cortex and
then form oligomers. CHIN-1 oligomers promote the conversion of active
CDC-42 to inactive CDC-42 and dissociation from the cortex. CDC-42 asso-
ciated PKC-3 inhibits CHIN-1 oligomer formation. Adapted from Sailer et al.
(2015).

found that increasing or decreasing the fraction of active CDC-42 increased or de-

creased the amount of PAR-6/PKC-3 associated with CDC-42, respectively. This

model also accounts for the asymmetric cortical association rate of PAR-6/PKC-3,

as the cortical loading site (PAR-3) is asymmetric, initially becoming so due to cor-

tical flows (see 1.4.2). Interestingly, in this model the intrinsic cortical lifetime of

the PAR-6-PKC-3-CDC-42 complex limits its ability to invade the posterior com-

plex, with antagonism of PAR-3 by PAR-1 helping to restrict PAR-6/PKC-3 loading

to the anterior. (See figure 1.15.)
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Figure 1.15: PAR-6/PKC-3 association with PAR-3 and CDC-42. PAR-3 oligomers are
required for initial PAR-6/PKC-3 cortical loading. PAR-6/PKC-3 then trans-
fer to CDC-42, where PKC-3 is active and able to antagonise pPARs via phos-
phorylation, before the PAR-6-PKC-3-CDC-42 complex spontaneously dis-
sociates from the cortex. PAR-1 activity is thought to prevent PAR-3 cluster
formation at the posterior.
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Oligomerisation is important not only for PAR-3 and CHIN-1 (see above), but

also PAR-2. Arata et al. (2016) used single-molecule imaging to determine that

PAR-2 forms oligomers, and that the average size of these oligomers decreases

from anterior to posterior. As hypothesised previously, the dissociation rate of PAR-

2 was found to increase from posterior to anterior in a PKC-3-dependent manner,

with mutant PAR-2 phosphomimetic at 7 putative PKC-3 sites having higher disso-

ciation rates, all consistent with phosphorylation by PKC-3 increasing PAR-2 dis-

sociation from the cortex. Interestingly, the PAR-2 association rate was also found

to vary along the anterior-posterior axis, with the highest association occurring in

the posterior. Arata et al. (2016) suggest that the reason for this could be that direct

recruitment of cytoplasmic PAR-2 to cortical PAR-2 to form an oligomer may in-

crease association rates in regions of higher PAR-2 cortical density. Taken together,

the model proposed by Arata et al. (2016) is that in the posterior, PAR-2 is able to

form oligomers that are more stable at the cortex, and that cytoplasmic recruitment

of PAR-2 into oligomers also increases the association rate at the posterior. At the

anterior, phosphorylation of PAR-2 by PKC-3 prevents oligomer formation, thereby

increasing the cortical dissociation rate and decreasing the association rate at the an-

terior. This asymmetry of on and off rates then produces asymmetric PAR-2. (See

figure 1.16.)
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PKC-3 PAR-2 PAR-2PAR-2 PAR-2

PAR-2 PAR-2

PAR-2 PAR-2PAR-2 PAR-2
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Figure 1.16: PKC-3 regulated PAR-2 oligomerisation and exchange kinetics. PAR-2
association is increased by the presence of PAR-2 already at the cortex. PAR-
2 can then form oligomers that are more stably associated with the cortex. In
the anterior, phosphorylation of PAR-2 by PKC-3 inhibits PAR-2 oligomer
formation, and therefore increases off rate, and decrease on rate of PAR-2.

LGL-1 is not usually required to maintain PAR polarity in the one-cell em-
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bryo, however depletion of LGL-1 enhances the phenotype of weak par-2 loss-of-

function mutants (Beatty et al., 2010), and over-expression of LGL-1 can rescue

PAR-2 depletion (Beatty et al., 2010; Hoege et al., 2010), suggesting that LGL and

PAR-2 act redundantly in parallel pathways. Asymmetry of LGL-1 is PKC-3 depen-

dent (Beatty et al., 2010; Hoege et al., 2010), with phosphorylation at 3 conserved

aPKC sites being required for LGL-1 asymmetry (Hoege et al., 2010). One mech-

anism by which LGL-1 has been proposed to restrict aPARs to the anterior is via

its binding to PAR-6/PKC-3, followed by phosphorylation by PKC-3, causing the

entire PAR-6-PKC-3-LGL-1 complex to dissociate from the cortex (Hoege et al.,

2010). LGL-1 and PAR-2 have also been shown to redundantly inhibit anterior-to-

posterior cortical flows that occur after the pseudocleavage furrow has relaxed, and

thereby prevent anterior PARs spreading back towards the posterior (Sailer et al.,

2015).

The maintenance of distinct anterior and posterior PAR domains therefore ap-

pears to involve multiple overlapping and redundant mechanisms, with core mech-

anisms being phosphorylation of opposing species to regulate cytoplasmic-cortical

exchange kinetics.

1.4.2 Symmetry breaking and PAR asymmetry establishment in

the C. elegans one-cell embryo

While in Saccharomyces cerevisiae, polarity has been shown to be able to establish

spontaneously (Wu et al., 2015), there is no evidence that this can occur in the C.

elegans one-cell embryo. Instead, symmetry breaking is always associated with a

particular event or structure postulated to initiate the formation of opposing PAR

domains in a process termed symmetry breaking.

Before symmetry breaking in wild-type embryos, anterior PARs are localised

to the cortex, and posterior PARs to the cytoplasm (Guo and Kemphues, 1995;

Cuenca et al., 2003). All known symmetry breaking mechanisms are thought to

act locally by altering the balance of anterior versus posterior PAR antagonism,

so that posterior PARs can form a nascent domain, which can the expand and be

maintained via the mechanisms outlined in section 1.4.1.4.
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The primary mechanism by which symmetry breaking is achieved is through

the bulk flow of cortical material from anterior to posterior. This flow initiates at the

site of the cortex closest to the sperm-donated centrosome at the end of meiosis-II

(Cowan and Hyman, 2004; Cuenca et al., 2003), and is due to the onset of asymmet-

ric acto-myosin contractility (Munro et al., 2004). An important consequence is the

rapid transportation of cortical PAR-3 oligomers towards the anterior (Rodriguez

et al., 2017; Dickinson et al., 2017), which locally decreases aPAR concentration

at the posterior, allowing pPARs to load onto the cortex (see figure 1.17 A). Such

a mechanism of bulk flow and advection of PAR proteins has been shown to repro-

duce the dynamics of symmetry breaking in mathematical simulations (Goehring

et al., 2011b). The mechanism by which acto-myosin flow is triggered is not well

understood, however sperm-donated CYK-4 has been suggested to locally down-

regulate acto-myosin contractility in the posterior (Jenkins et al., 2006), and re-

cently centrosome-associated AIR-1 has been proposed as initiating cortical flows

(Klinkert et al., 2018; Kotak and Kapoor, 2018). LGL-1 has also been suggested

to inhibit myosin contractility in the posterior, thereby increasing myosin accumu-

lation and contractility in the anterior (Beatty et al., 2010), which is believed to

help drive anterior cortical flows and symmetry breaking and domain establishment

(Munro et al., 2004).

In the absence of cortical flows, a second microtubule-dependent pathway is

able to initiate symmetry breaking. PAR-2 is suggested to bind centrosomal astral

microtubules at the posterior, thereby locally protecting it from phosphorylation by

PKC-3, allowing it (and therefore PAR-1) to form a nascent domain at the posterior

(Motegi et al., 2011). (See figure 1.17 B.) Microtubules of the mitotic spindle have

also been proposed to allow symmetry breaking at the posterior in mutant embryos

arrested in meiosis-I (Wallenfang and Seydoux, 2000).

1.5 Temporal regulation of PAR networks

A key but little studied aspect of polarity mechanisms is how they are regulated

in time. Various PAR-polarised cell types are not constitutively polarised, but go
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Figure 1.17: Two modes of symmetry breaking in the C. elegans embryo. A) A local
signal (green) causes the initiation of anterior-directed cortical flows, trans-
porting aPARs (red) towards the anterior by advection, allowing pPARs (cyan)
to bind the cortex at the posterior. B) Centrosomal (yellow) astral micro-
tubules (orange) locally protect PAR-2 from PKC-3, allowing PAR-2 (cyan)
to bind to the cortex at the posterior.

through periods of being polarised or unpolarised (for example Drosophila neurob-

last, Saccharomyces cerevisiae, and cells of the C. elegans germline). How these

switches are controlled is not well understood.

1.5.1 PAR network activation in other model systems

1.5.1.1 Drosophila neuroblast

Drosophila neuroblasts (see section 1.2.3.1) polarise transiently during mitosis (Pre-

hoda, 2009). Activation of neuroblast polarity is thought to be under the control of

AuroraA kinase (AIR-1 in C. elegans), which is believed to be most active upon

entry into mitosis in Drosophila neuroblasts (Berdnik and Knoblich, 2002), as it is

in HeLa cells (Bischoff et al., 1998).

Wirtz-Peitz et al. (2008) found that the phosphorylation of Lgl by aPKC -

which is required for Lgl asymmetry (Betschinger et al., 2003) - is dependent upon

phosphorylation of Par-6. This phosphorylation of Par-6 occurs at a conserved site,

and is carried out by AuroraA. The model put forward by Wirtz-Peitz et al. (2008)

is that in its inactive state, aPKC is bound to Par-6 and Lgl5. Upon mitosis entry,

AuroraA phosphorylates Par-6, thereby activating aPKC and enabling it to phos-

phorylate Lgl causing it to dissociate from Par-6 and aPKC, in turn allowing Baz

(PAR-3 in C. elegans) to associate with Par-6 and aPKC. This Par-6-aPKC-Baz
5A similar complex has also been detected in C. elegans embryos (Hoege et al., 2010)
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complex has the ability to phosphorylate Numb and restrict its localisation to the

basal cortex, whereas the Par-6-aPKC-Lgl complex does not.

Taken together, a cell cycle input causes the reconfiguration of the Par complex

and activates a key antagonism mechanism. (See figure 1.18.)
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Figure 1.18: Activation of the Par complex by AuroraA in Drosophila neuroblasts.
Phosphorylation of Par-6 by AuroraA causing reconfiguration and activation
of the Par complex, enabling aPKC to phosphorylate Numb causing its asym-
metric localisation. Adapted from Wirtz-Peitz et al. (2008).

1.5.1.2 Saccharomyces cerevisiae

Formation of a stable polarity domain in Saccharomyces cerevisiae has also been

shown to be under cell cycle temporal control. Recruitment of active Cdc42 to

nascent cortical polarity domains is achieved by a Cdc-24-Bem1-PAK complex,

which binds active Cdc42 and catalyses the activation of more Cdc42, creating a

positive feedback cycle and growth of the Cdc42 domain (see section 1.2.3.3).

Witte et al. (2017) used optogenetic tools to locally recruit different members

of the polarity complex to the cortex at different times in the cell cycle (early or late

G1), and studied the impact on polarity domains of doing so. After the Start check-

point, when Cdk1 becomes activated, local cortical recruitment of either Bem1 or

Cdc24 causes local accumulation of Cdc42 at the cortex. However before Start local

recruitment of Cdc24 causes local Cdc42 accumulation, but not Bem1 accumula-

tion. These results suggest that the relationship between Bem1, Cdc24, and Cdc42

are different before and after Start.

By analysing competing polarity domains, it was shown that Cdc42 domains

are less stable before Start, becoming more stable after Start. In Cdk1-inhibited
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cells, polarity domains do not stabilise, linking Cdk1 activity to domain stability.

Furthermore, Cdk1 inhibition also prevented Bem1 accumulation in response to

local Cdc24 accumulation, suggesting that polarity domain stabilisation is linked to

Bem1 being present in the domain.

While not strictly regulating polarity onset as such, these results do suggest

that cell cycle input in the form of Cdk1 activity alters polarity protein interaction

dynamics through Bem1, thereby stabilising and reinforcing Cdc42 domains after

Start in order to ensure only one domain eventually remains. (See figure 1.19.)
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Figure 1.19: Cdk1-dependent stabilisation of Cdc42 domain via Bem1. Cdk1 activation
allows Bem1 to stabilise the Cdc42 complex, strengthening positive feedback
and ensuring the formation of a single polarity domain. Adapted from Witte
et al. (2017).

1.5.2 PAR network activation in the C. elegans embryo

How the C. elegans PAR system is activated in the one-cell embryo has not been ex-

tensively studied. The PAR proteins are maternally contributed, and already present

in the gonad and oocyte (Guo and Kemphues, 1995; Levitan et al., 1994; Hung and

Kemphues, 1999). At fertilisation the male centrosome is contributed to the oocyte,

meaning that the newly-fertilised zygote contains all of the components thought to

be required for symmetry breaking, and yet this usually only occurs some 30-60

minutes after fertilisation (depending on the temperature) (Ebnet, 2015).

Explanations of this time delay, and the mechanism of PAR network activa-

tion, have focused on the temporal regulation of symmetry breaking cues. Cowan

and Hyman (2006) found that symmetry breaking correlated with the recruitment

of various proteins to the male centrosome (SPD-2, AIR-1, γ-tubulin), and that de-
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pletion of Cdk-2 and cyclinE (cdk-2, cye-1) delayed this recruitment, and symmetry

breaking. Similarly, microtubule aster expansion was also shown to correlate with

symmetry breaking in embryos lacking cortical flows (Motegi et al., 2011; Tsai and

Ahringer, 2007).

However, symmetry breaking does not always correlate spatially with the male

centrosome (Wallenfang and Seydoux, 2000; Cowan and Hyman, 2006; Noatynska

et al., 2010; Klinkert et al., 2018), raising the possibility that the male centrosome

is not the only temporal regulator of PAR polarity.

One possibility is that not only must a symmetry breaking (SB) cue be activated

for polarity to be established, but the PAR network itself may need to be activated

in order to respond to symmetry breaking cues, and then be able to maintain asym-

metric PAR domains. Early observations that oocyte PAR localisations are inverted

with respect to their localisations immediately before symmetry breaking (oocyte:

aPARs cytoplasmic, pPARs cortical. pre-SB: aPARs cortical, pPARs cytoplasmic -

Guo and Kemphues (1995); Levitan et al. (1994)) suggest that some PAR network

reconfiguration occurs during the oocyte-to-embryo transition.

The nature or possible significance of this reconfiguration has not been well

studied, with there being no detailed description of relocalisation events. Schonegg

and Hyman (2006) claim that after fertilisation, anterior and posterior PAR proteins

colocalise on the cortex, before PAR-2 is removed from the cortex at anaphase-II of

maternal meiosis, thereby establishing the pre-symmetry breaking PAR localisation

configuration. In contrast, Hung and Kemphues (1999) observed that PAR-6 only

becomes cortical following the completion of meiosis-I, in embryos with at least

one visible polar body, which are now undergoing meiosis-II. (See figure 1.20.)

Recent evidence has directly linked a cell cycle regulator to PAR network con-

figuration and dynamics. Dickinson et al. (2017) found that activity of the cell cycle

regulator PLK-1 (Polo-like kinase) is required to disassemble PAR-3 oligomers dur-

ing maintenance phase of polarity, thereby preventing anterior-to-posterior cortical

flows from expanding the anterior domain back towards the posterior. The existence

or role of such regulation before symmetry breaking has not been explored.
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The aims of this project were to study the regulation of PAR network activation

in the C. elegans one-cell embryo, by describing and probing the behaviour before

symmetry breaking, testing the requirements of events or structures thought to be

important for symmetry breaking, and identifying key regulators of PAR network

activation.
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Figure 1.20: Pre-symmetry breaking localisation of PAR proteins according to pre-
vious studies. Schonegg and Hyman (2006) describe PAR-2 and PAR-6 as
co-localising at the cortex before symmetry breaking, until PAR-2 is removed
at anaphase-II. Hung and Kemphues (1999) describe PAR-6 as only becoming
cortical from anaphase-II (and do not study PAR-2).
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Chapter 2

Materials and Methods

2.1 General C. elegans maintenance

C. elegans strains were maintained at 20°C as per Brenner (1974), on nematode

growth media (NGM) seeded with OP50 bacteria (Stiernagle, 2006). Strains used

are listed in table 2.1.

2.2 Protein knockdown by feeding-mediated RNAi

RNAi by feeding was carried out similarly to the method described by Kamath

and Ahringer (2003). RNAi bacteria were struck out from frozen glycerol stocks

onto LB+Amp plates and grown overnight at 37°C. 2ml of LB + Amp was inocu-

lated with a single bacterial colony, and grown for 16 hours at 37°C in a shaking

incubator. IPTG-containing NGM plates (NGM, carbenicillin (25µ/ml), IPTG (1

mM)) were seeded with 120µl of overnight culture, and spread by vigorous lateral

shaking, and incubated at room temperature in darkness for 16 - 24 hours. For

par-3(RNAi) plates, 10µl of 1M IPTG was added to 2ml overnight culture before

seeding.

Animals of the appropriate stage for the length of RNAi treatment required (see

2.2) were picked onto unseeded NGM plates to remove adhering OP50 bacteria, and

then transferred onto RNAi plates.
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Strain Name Genotype Description Source
BOX241 par-6(mib25[par-6::mCherry-LoxP]) I PAR-6::mCherry Mike Boxem

HT1593 unc-119(ed3) III Unc

Caenorhabditis
Genetics
Centre
(CGC)

JH1541 unc-119(ed4);pJH7.03 [unc-119; pie-1:GFP:actin::pie-1
3UTR]

GFP::Actin, bombarded Geraldine Seydoux

JH1848 unc-119(ed3) III;axls1327[gfp::par-1] GFP::PAR-1 Geraldine Seydoux
KK1216 par-3(it298 [par-3::gfp]) III PAR-3::GFP Ken Kemphues
KK1248 par-6(it310[par-6::gfp]) I PAR-6::GFP Ken Kemphues
KK1262 par-1 (it324[par-1::gfp::par-1 exon 11a]) PAR-1::GFP Ken Kemphues
KK1273 par-2 (it328[gfp::par-2]) GFP::PAR-2, CRISPR Ken Kemphues
N2 wild type Bristol wild isolate CGC
NWG0011 unc-119(ed3) III;crkIs4[pie-1p-SFGFP::C1B + unc-

119(+)]
GFP::C1B This project

NWG0012 unc-119(ed3) III;crkIs5[pie-1p-SFGFP::C1B + unc-
119(+)]

GFP::C1B This project

NWG0014 unc-119(ed3) III; ddIs8 [GFP::par-6(cDNA); unc-
119(+)];fog-2(q71) V; ceh-18(mg57) X

GFP::PAR-6, fog-2(q71); ceh-18(mg57) This project

NWG0021 unc-119(ed3)III; ddIs31[pie-1p::mCherry::par-2;unc-
119(+)];[pie-1p-SFGFP::C1B::PKC-3wt + unc-119(+)]

GFP::C1B::PKC-3, bombarded; mCherry::PAR-2, bombarded Goehring lab

NWG0026 unc-119 (ed3) III; ddls31[pie-1p::mCherry::par-2;unc-
119(+)]; par-6(it310[par-6::gfp]) I

PAR-6::GFP, CRISPR; mCherry::PAR-2, bombarded Goehring lab

NWG0027 pkc-3(it309 [gfp::pkc-3]) II; unc-119(ed3)III; ddIs31[pie-
1p::mCherry::par-2;unc-119(+)]

GFP::PKC-3, CRISPR; mCherry::PAR-2, bombarded Goehring lab

NWG0028 par-3(it298 [par-3::gfp]) III;unc-
119(ed3)III;ddIs26[mCherry::T26E3.3;unc-199(+)]

PAR-3::GFP, CRISPR; mCherry::PAR-6, bombarded Goehring lab

NWG0049 unc-119 (ed3) III; ddls31[pie-1p::mCherry::par-2;unc-
119(+)]; par-6(it310[par-6::gfp]) I

GFP::C1B::PAR-2, bombarded This project

NWG0050 unc-119(ed3) III;crkIs13[pie-1p-SFGFP::C1B::PAR-2 +
unc-119(+)]

GFP::C1B::PAR-2 This project

NWG0051 axIs1731[pie-1p::mCherry::mex-5::pie-1 3’UTR]; unc-
119(ed3) III; axIs1731; ojIs23[pie-1p::GFP::C34B2.10]

GFP::SP12, bombarded; mCherry::MEX-5, bombarded Goehring lab

NWG0059 unc-119(ed3) III; crkIs12[pMex-5::mKate::delta-
PIP82::nmy-2utr + unc-119(+)]

mKate::PRBH This project

NWG0062 par-2(crk1[par-2(S241A)::gfp]*KK1273) GFP::PAR-2(S241A), CRISPR Goehring lab
NWG0091 par-2 (it315[mCherry::par-2]); pkc-3(it309 [gfp::pkc-3])

II
GFP::PKC-3, CRISPR; mCherry::PAR-2, CRISPR Goehring lab

NWG0095 crkSi2 [pNG20: mex-5p::PHplcd1::GBP::nmy-2UTR +
unc-119(+)]; him-5 (e1490) V.

PH::GBP male line This project

NWG0097 unc-119 (ed3) III; ddls31[pie-1p::mCherry::par-2;unc-
119(+)]; par-6(crk24[it310[par-6::gfp]]) I

PAR-6(S29A)::GFP, CRISPR; mCherry::PAR-2, bombarded This project

NWG0100 par-2 (it315[mCherry::par-2]); axEx73 [pie-1p::pie-
1::GFP + rol-6(su1006) + N2 genomic DNA]

mCherry::PAR-2, CRISPR; PIE-1::GFP, bombarded Goehring lab

NWG0103 pkc-3(it309 [gfp::pkc-3]) II; par-6(mib25[par-6::mCherry-
LoxP]) I

GFP::PKC-3, CRISPR; PAR-6::mCherry, CRISPR Goehring lab

NWG00105 it315[mCherry::par-2] III; fog-2(q71) V; ceh-18(mg57) X mCherry::PAR-2, fog-2(q71); ceh-18(mg57) This project
NWG0116 unc-119(ed3)III; ddIs31[pie-1p::mCherry::par-2;unc-

119(+)]; ruIs32[pAZ132: pie-1/GFP/histoneH2B]
mCherry::PAR-2, bombarded; Histone::GFP, bombarded Goehring lab

NWG0165 par-6(mib25[par-6::mCherry-LoxP]) I; par-2
(it328[gfp::par-2]) lon-1(e185)par-3(it71)/qC1dpy-
19(e1259)glp-1(q339)[qIs26] III

PAR-6::mCherry, CRISPR; GFP::PAR-2, CRIPSPR; balanced par-3(it71) mutant Goehring lab

TH110 unc-119(ed3)III;ddIs26[mCherry::T26E3.3;unc-199(+)] mCherry::PAR-6, bombarded Tony Hyman
TH129 unc-119(ed3)III;ddIs25[GFP::F58B6.3;unc-119(+)] GFP::PAR-2, bombarded Tony Hyman
TH159 unc-119(ed3)III;ddls46[WRM0625bA11 GLCherry::cdc-

42;Cbr-unc-119(+)]
cherry::CDC-42 Tony Hyman

TH411 unc-119(ed3)III; ddIs8[pie-1p::GFP::par-6(cDNA);
ddIs31[pie-1p::mCherry::par-2;unc-119(+)]

GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded Tony Hyman

WS5018 opIs295[cdc-42p::GFP::cdc-42(genomic)::cdc-42 3’UTR
+ unc-119(+)] II; cdc-42(gk388)

GFP::CDC-42 rescuing cdc-42 deletion CGC

Table 2.1: C. elegans strains used

Target Bacterial strain Sensitivity Source Typical treatment length
air-1 HT155 Amp Tet Ahringer library 16-24 hrs
cdk-1 HT155 Amp Tet Andy Golden 24 hrs
emb-27 HT155 Amp Tet Ahringer library 18-24 hrs
fog-1 HT155 Amp Tet Christian Eckmann from L1
lgl-1 HT155 Amp Tet Ahringer library 20 hrs
par-1 HT155 Amp Tet Ahringer library 48 hrs
par-3 HT155 Amp Tet Ahringer library 48 hrs
perm-1 HT155 Amp Tet Ahringer library 24 hrs
pkc-3 HT155 Amp Tet Ahringer library 24 hrs
plk-1 HT155 Amp Tet Ahringer library 24 hrs
vab-1 HT155 Amp Tet Ahringer library 24 hrs
Random control sequence HT155 Amp Tet Goehring lab 16-48 hrs

Table 2.2: RNAi strains used
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3g KH2PO4
6g Na2HPO4
5g NaCl
1ml MgSO4 (1M)
H2O to 1 litre

Table 2.3: M9 buffer

1.2g NaCl
20g peptone
25g agar
H2O to 1 litre
Autoclave, allow to cool to 55°C and add the following:
25ml KPO4 (1M, pH 6.0)
1ml MgSO4 (1M)
1ml cholesterol in ethanol (5mg/ml)

Table 2.4: Peptone plate media - for 1 litre

2.3 Biolistic bombardment of C. elegans

Biolistic bombardment of unc-119 HT1593 worms (see strain list 2.1) was carried

out using a Bio-Rad PDS-1000/HeTM Biolistic Particle Delivery System, largely

as per Isik and Berezikov (2013). HT1593 worms were first grown on 5x OP50-

seeded 9cm NGM plates (see section 2.1) until starved, and then washed off with

M9 buffer (table 2.3) onto 20x C600-seeded 9cm peptone plates and left to grow at

room temperature for several days until plates were covered in gravid adult worms

but not yet starved.

Once the HT1593 were ready for bombardment, worms were washed off pep-

tone plates with M9, and collected in a 250ml measuring cylinder well embedded in

ice, and the cylinder topped up with M9. To wash the worms of bacteria, they were

left to settle and the supernatant pipetted off, and replaced with fresh M9. This was

repeated three times, before transferring the worm pellet to a 50ml Falcon tube and

leaving to settle on ice again. Once settled, the supernatant was pipetted off leav-

ing approximately 2ml of M9 and worms, which was spread on a partially dried,

unseeded, 9cm NGM plate, and left on ice.

0.3-3µm gold particles were prepared for coating by first adding 30mg to a
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1.5ml tube, adding 1ml ethanol, and vortexing for 5 minutes. This was left to settle

for 15 minutes before centrifuging and discarding the supernatant. Gold particles

were washed three times with 1ml water and resuspended in 0.5ml 50% glycerol.

This gold stock was stored at 4°C until needed.

Gold stock prepared as above was coated with DNA construct by first vortexing

100µl of gold stock for 5 minutes, before adding 20µl DNA at minimum concentra-

tion of 1mg/ml. This solution was vortexed again before addition of 100µl CaCl2

(2.5M), vortexed again for 1 minute and 40µl spermadine (0.1M) added. DNA-

coated gold particles were then gently vortexed for 30 minutes, and washed with

300µl 70% ethanol, followed by a wash with 0.5ml 100% ethanol, and finally re-

suspended with 160µl 100% ethanol. Seven Bio-Rad macrocarriers (Bio-Rad cat

No. 1652335) were washed in 100% ethanol and let to dry, before 20µl of DNA-

coated gold suspension was pipetted onto each one and left to dry.

Before bombarding HT1593 worms, a dry-run bombardment was carried out

to purge lines of air. A 1100psi rupture disk (Bio-Rad, cat No. 1652329) was dipped

in 70% iso-propanol and assembled with the hepta adapter, as per the Bio-Rad

instructions (www.bio-rad.com/webroot/web/pdf/lsr/literature/M1652249.pdf ), be-

fore evacuating the bombardment chamber to 0.17 atm and beginning pressurisa-

tion of the system. Once the rupture disk had ruptured, the chamber vacuum was

released, and the hepta adapter removed.

In order to carry out the bombardment of HT1593 with DNA-coated beads, the

same procedure as above was carried, with the addition of the seven gold-loaded

macrocarriers loaded into the hepta adaptor, and with the HT1593 9cm plate placed

in the bombardment chamber with the lid removed, immobilised on the sample shelf

with double-sided tape.

After bombardment, the HT1593 plate was placed at 20°C and incubated for

one hour. Bombarded HT1593 were then washed off the plate with M9 buffer and

then distributed to 20x OP50-seeded 9cm plates and left at 20°C. After two weeks,

plates were screened for unc-rescued worms by placing a chunk of OP50-seeded

NGM agarose bacteria side up on each plate. Wild type worms, which are the first
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Guide #3 5’- /AltR1/rCrGrU rCrUrG rGrUrG rUrCrU rCrUrU rArCrG
rArUrG rUrUrU rUrArG rArGrC rUrArU rGrCrU /AltR2/ -3’

Guide #4 5’- /AltR1/rArUrA rCrCrA rArUrG rCrArU rUrCrU rGrCrG rUr-
CrG rUrUrU rUrArG rArGrC rUrArU rGrCrU /AltR2/ -3’

Table 2.5: Guide crRNA sequences for creating par-6(S29A) mutation

5’ CTTCAAGTCAAATCGAAATTTGATTCTGAATGGCGTCG
TTTCGCGATACCGATGCACTCAGCTTCGGGAGTTTCCTA
TGACGGTTTCCGGAGgtgatttttggccatttttagccgaaaaatcg 3’

Table 2.6: Repair template sequence for creating par-6(S29A) mutation

to crawl on to the food, were then picked off onto individual plates and assessed for

stability of rescue. Rescued worms from different plates were considered separate

lines.

2.4 Generation of par-6(S29A) mutant by CRISPR
The following was carried out in order to mutate serine 29 in C. elegans par-6 to

alanine, rendering it unphosphorylatable at the conserved putative AuroraA/AIR-1

target site (see section 8.3). This protocol uses injection of Cas9-sgRNA ribonucle-

oproteins, described for C. elegans by Cho et al. (2013).

Guide RNAs were identified using tools provided by Hsu et al. (2013) hosted

at crispr.mit.edu. The C. elegans par-6 sequence was submitted, and several guide

sequences near to the target site were identified. Two guide sequences were chosen

based on their close proximity to the target site; guides #3 and #4. These guides

(see table 2.5) were ordered from Integrated DNA Technologies as Alt-R crRNA.

The repair template (table 2.6) was ordered from Integrated DNA Technologies

as a gBlock. The repair template contains the desired changes to create the S29A

mutation, and is silently scrambled relative to the wildtype sequence to prevent

repaired sequences being targeted again.

crRNA guides were annealed with tracrRNA (Integrated DNA Technologies)

by combining 0.5µl tracrRNA (4µg/µl) with 2.8µl crRNA guide (100µM) and

2.7µl duplex buffer (IDT), and incubated at 95°C for 5 minutes.
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- 1µl tracrRNA/crRNA complex for par-2(S29A) guide #3
- 1µl tracrRNA/crRNA complex for par-2(S29A) guide #4
- 1µl tracrRNA/crRNA complex for dpy-10
- 1µl par-6(S29A) repair template gBlock (100µM)
- 0.5µl dpy-10 repair template (Goehring lab plasmid NH0127, 10µM)
- 13.5µl H2O
- 1µl Cas9 (10mg/ml - added last)

Table 2.7: CRISPR injection mix creating par-6(S29A) mutation

fwd 5’ GATATTTCCCACGAAAATTGTGC 3’
rev 5’ CGCTACTAACATCGTCATTTGTG 3’

Table 2.8: Primers sequences for PCR screening par-6(S29A) mutation

20µl of injection mixture (table 2.7) was prepared containing reagents for the

par-6(S29A) mutations in addition to a dpy-10 co-CRISPR marker (Arribere et al.,

2014). Before injection into NWG0026 animals (see strain list 2.1) the injection mix

was incubated for 10 minutes at 37°C, and centrifuged for 10 minutes at 13,000rpm.

21 animals were injected, with the broods of 16/21 containing a mixture of

wild-type, dumpy, and roller worms, indicating that CRISPR had occurred at the

dpy-10 co-CRISPR marker locus.

Roller animals were initially screened for the par-6(S29A) mutation by single

worm lysis PCR (He, 2011) with primers shown in table 2.8 and the product di-

gested with NruI, as successful repair and introduction of the S29A mutation also

introduced an NruI site.

Candidate lines that produced the digest pattern consistent with the par-

6(S29A) mutation having been introduced were then DNA sequenced to verify the

presence of the mutation, resulting in the creation of line NWG0097 (see strain list

2.1).

2.5 Live imaging of C. elegans oocytes and embryos
All in utero and midplane ex utero imaging was carried out on a custom Cairn

Research spinning disk confocal system, including Nikon Eclipse Ti body, Nikon

Apo 60x/1.40 oil objective, Crest Optics X-light spinning disk with 70µm spi-
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GFP channel mCherry channel
Excitation laser wavelength 488nm 561nm
Excitation laser power (% of max.) 15 40
Emission filter 525/50nm 630/75nm
Gain 1x 1x
Digitizer 10MHz 10MHz
EM gain 100 125
Exposure 40ms 100ms

Table 2.9: Standard GFP and mCherry channel spinning disk confocal imaging conditions

ral aperture, and Photometrics Evolve 512 Delta EMCCD camera, controlled by

MetaMorph® software.

All imaging was carried out with the sample at 18.5°C, achieved ei-

ther by room-wide temperature control, or a Solid State Cooling Systems

(www.sscooling.com) chiller and custom coolant-circulating objective collar.

2.5.1 in utero confocal imaging of oocytes and embryos

For in utero imaging, whole worms were mounted in M9 (table 2.3) with 0.1µm

beads between a 10% M9-agarose pad and coverslip, as previously described (Kim

et al., 2013a). 10% pads were produced by pouring molten 10% agarose (made

with M9) onto a hot aluminium block, and flattened with a piece of acrylic. Once

cooled, the acrylic was removed to reveal a sheet of agarose 0.5-1mm thick. ∼8mm-

diameter pads were produced by using a pen lid as a ’cookie cutter’, and the pads

stored in M9 at 4°C for several months.

To prepare a sample, a pad was removed from M9, dried briefly on tissue

paper, and placed on a microscopy slide. 3µl M9 with 0.1µm beads was pipetted

on top, and three young adult worms picked onto the pad, spaced well apart. A

22x22mm coverslip was gently placed on top, and the edges of the coverslip sealed

with molten VALAP wax mixture (1:1:1, Vaseline, lanolin, and paraffin wax).

The imaging conditions described in table 2.9 were used, and images acquired

every 30 seconds.
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- 8ml Schneider’s Drosophila medium (Gibco® Ref 21720-024)
- 1ml inulin (5mg/ml in H2O)
- 1ml polyvinylpyrrolidone (50mg/ml in Schneider’s Drosophila medium)
- 100µl BME vitamins (Sigma-Aldrich B6891-100ML)
- 100µl CD lipid concentrate (Gibco® Ref 11905-031)
- 50µl Pen-Strep

Filter sterilise and store at 4°C for up to one month.

Add 35µl heat-inactivated foetal calf serum to 65µl of the above. Use within one day.

Table 2.10: Recipe for 10ml Shelton’s Growth Medium

2.5.2 ex utero imaging of oocytes and embryos

Oocytes and embryos were dissected out of young adult worms (using two hypoder-

mic needles) into 10µl Shelton’s Growth Medium (table 2.10) containing 18.8µm

polystyrene beads (Polybead®, Polyscience, Inc. Cat #18329), and mounted be-

tween glass slide and 22x22mm coverslip. Excess media was wicked away using

filter paper, and the slide sealed with VALAP.

In order to relate the timing of events from in utero movies (where time was

expressed relative to ovulation) to ex utero movies (where the time of ovulation is

not known), the time of symmetry breaking of ex utero-imaged embryos was defined

as 56 minutes, which was the mean time of symmetry breaking relative to ovulation

of embryos imaged in utero. In this way, timing was always expressed relative to

ovulation (or the time of assumed ovulation).

2.5.2.1 Midplane confocal imaging

Samples were prepared for midplane imaging and mounted on the confocal system

as described above. Images were acquired every 15 seconds using low intensity

imaging conditions to prevent photobleaching and excessive photodamage of highly

sensitive early meiotic embryos and oocytes (see table 2.9).

Cortical protein levels were quantified from midplane confocal images as de-

scribed in Appendix A.
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2.5.2.2 Custom DIC-based autofocus

Accurate quantification of cortical PAR protein levels is dependent on imaging be-

ing carried out at a consistent plane within the embryo. However, thermal drift and

vibrations can caused the focal plane to move with respect to the sample. While

autofocus mechanisms are available on the system used (e.g. Nikon Perfect Focus,

and MetaMorph autofocus), neither autofocus mechanism functioned reliably using

the particular set-up of the microscope and sample used here.

In order to be able to accurately maintain the focal plane at the equator of

embryos, a custom autofocus mechanism was designed and implemented as part

of this project. Identification of the correct equatorial focal plane is achieved by

capturing a DIC z-stack through the sample (figure 2.1 A), and applying a Laplace

edge detection filter to each slice (figure 2.1 B). The local standard deviation in a

20x20 pixel box is calculated across the images, and the mean local standard devi-

ation calculated and plotted against the z-position of the slice (figure 2.1 C). Due

to the nature of DIC images and the particular nature of the sample, the equatorial

plane is identified by the plane with the lowest mean local standard deviation of the

Laplace-filtered image (figure 2.1 C, red dot).

Due to the significant limitations of the MetaMorph® scripting capabilities, a

combination of a custom MetaMorph® macro and custom Python script were used

to implement this method on the microscope. A MetaMorph® script (or journal)

acquires a DIC stack when an autofocus is to be performed, and saves it in a specific

directory, before running the Python script. The Python script then reads the DIC

stack, calculates the z-position of the equatorial plane as described, and saves this

as a text file in the same directory as the DIC stack. The MetaMorph® macro then

reads in this z-position and changes the focal plane accordingly.

By running this autofocus routine at every stage position approximately every 5

minutes, focal drift is eliminated, with minimal interruption to the imaging routine.

2.5.2.3 Cortical plane TIRF imaging

Near-TIRF cortical plane imaging was carried out on a custom Cairn Research

widefield/TIRF system, including Nikon Eclipse Ti body, Nikon Apo TIRF
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Figure 2.1: Custom DIC-based autofocus mechanism. A) A DIC z-stack through the
sample is taken. B) A Laplace filter is applied to each z-slice, and the mean
local standard deviation of a 20x20 pixel box calculated. C) The mean standard
deviation is plotted against z-position. The z-position in the trough of this curve
is identified, giving the z-position of the embryo equator.

100x/1.49 objective, iLas2 360°-TIRF illumination system, and Photometrics

Evolve 512 Delta EMCCD camera, controlled by MetaMorph® software. Sam-

ples were mounted in Shelton’s growth medium as for ex utero midplane imaging

(section 2.5.2.1).

PAR-3 cortical levels were quantified by calculating the mean pixel value

within a region of interest encompassing the cortex of the embryo.

2.6 Acute drug treatment
Acute exposure of embryos or oocytes to drugs was achieved using a simple flow

chamber, as illustrated in figure 2.2. Embryos or oocytes are dissected out in media

and beads as per normal ex utero imaging (section 2.5.2), with the addition of the

appropriate concentration of DMSO, and mounted between an 18x18mm coverslip
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and 24x60mm coverslip. Two sides are sealed with wax, and the assembly mounted

on the microscope stage as normal. (If embryos are being treated, they must first be

made permeable by treatment with perm-1(RNAi).)

Drug-containing media can be exchanged with the sample media by placing

∼20µl on one side of the small coverslip (slightly overlapping the edge), and drawn

through the sample by capillary action due to a piece of filter paper placed at the

other side. Adding a small drop of drug-containing media at the filter paper side

aids the initial flow, and can be used to stick the filter paper to the large slide. This

process can be repeated to wash in further drugs, or wash out drugs with drug-free

media.

Unless stated otherwise, 10µM CRT-90 was used for PKC-3 inhibition (Ro-

driguez et al., 2017) and 100µM phorbol-12-myristate-13-acetate (PMA - Sigma-

Aldrich Cat No. P1585-1MG) was used for C1b induced membrane targeting.

24 x 60mm coverslip

18 x 18mm coverslip

wax

filter paper

drug solution

Figure 2.2: Flow chamber for acute drug treatment. Simple flow chamber for the in-
troduction of drugs to the culture media. The sample is mounted in media
with polystyrene beads as spacers, between two coverslips to allow imaging
on an inverted system while maintaining access to the small coverslip. Two
edges are sealed with wax. When drug treatment is desired, a small drop of
drug-containing media is pipetted on one side of the coverslip, and filter paper
placed at the other to draw the media through by capillary action.
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2.7 Extrusion of spermatheca by laser ablation
Hermaphrodite worms were mounted as per normal in utero imaging (section 2.5.1).

A small region of the cuticle adjacent to the spermatheca was ablated using a 355nm

laser and Cairn Research iLas2 targeted illumination system hardware and software.
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Chapter 3

PAR protein relocalisation begins

before ovulation and occurs in a

stereotyped sequence

3.1 Introduction

In order to begin to study how the PAR system is activated in the C. elegans zy-

gote, a clear description of PAR localisation before symmetry breaking was sought.

As discussed in section 1.5.2, pPARs have previously been observed to localise

to the gonad and oocyte cortex (Guo and Kemphues, 1995; Levitan et al., 1994),

with aPARs being cytoplasmic at this stage (Hung and Kemphues, 1999). Imme-

diately before symmetry breaking, this localisation pattern is reversed, with aPARs

localised to the cortex, and pPARs in the cytoplasm (Guo and Kemphues, 1995;

Cuenca et al., 2003).

There is very limited published data on how the PAR proteins reconfigure be-

fore symmetry breaking. Hung and Kemphues (1999) described the localisation

changes of PAR-6 from oocyte to mitotic embryo using fixed samples and im-

munofluorescence, limiting the temporal resolution and accuracy, and quantitative

value of this description. Schonegg and Hyman (2006) imaged GFP::PAR-2 in live

embryos, but only beginning at meiosis II, potentially overlooking earlier events.

To be able to assess these localisation changes comprehensively from oocyte to
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mitotic embryo, a combination of in utero imaging of oocytes and embryos in whole

worms, and ex utero imaging of isolated embryos was used to assess the behaviour

of key polarity proteins (see Methods 2.5).

3.2 in utero imaging shows PAR localisation begins

before ovulation
C. elegans oocytes and embryos were imaged inside gravid adult hermaphrodites as

described in Methods 2.5.1.

3.2.1 in utero imaging of PAR-6 and PAR-2 in oocytes and em-

bryos

GFP::PAR-6 and mCherry::PAR-2 were imaged in oocytes and embryos in TH411

(see strain list 2.1) gravid adults. Figure 3.1 (top panel) shows an example oocyte

at 14 minutes before ovulation, with mCherry::PAR-2 localised to the cortex, and

GFP::PAR-6 in the cytoplasm. Autofluorescent cortical granules in the oocyte and

early meiotic embryo (Bembenek et al., 2007) also contribute to signal in the GFP

channel giving the impression of cortical GFP signal, however experiments de-

scribed later in sections 3.3.1 and 3.3.2 suggest that this signal is due to cortical

granule autofluorescence, not to PAR-6.

Approximately 5 minutes before ovulation, oocyte meiotic maturation begins

in which the oocyte resumes meiosis-I, having been arrested in diakinesis (Riddle

et al., 1997). At this time, the maternal pronuclear envelope breaks down, followed

by the rounding up of the oocyte (Riddle et al., 1997). Roughly coincident with

these events, PAR-2 is cleared from the oocyte cortex, resulting in the embryo cortex

being devoid of both PAR-2 and PAR-6 shortly after ovulation (figure 3.1 time point

-1.5 minutes and 0 minutes).

PAR-6 levels at the cortex appear to increase from approximately 30 minutes

after ovulation. For a brief 10 minute period at approximately 40 minutes post-

ovulation, PAR-2 levels increase at the cortex, while PAR-6 levels decrease, result-

ing in a transient (and usually partial) rearrangement of PAR-2 and PAR-6. Al-
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though the image at 43.0 minutes in figure 3.1 appears to show that PAR-2 is asym-

metrically distributed on the cortex, this effect is likely due to the nature of in utero

imaging, where the particular context of an embryo in the adult worm can affect the

illumination and emission uniformity. This uneven fluorescence can also be seen in

the GFP::PAR-6 channel at 43 minutes post-ovulation. Along with other in utero

examples, and ex utero imaging (section 3.3), in wild-type embryos, PAR proteins

were seen to be uniform before symmetry-breaking upon meiosis completion.

Following this transient rearrangement, PAR-6 levels increase again at the cor-

tex, with PAR-2 levels decreasing, followed approximately 10 minutes later by sym-

metry breaking, roughly 57 minutes after ovulation.

3.2.2 Timing of symmetry breaking relative to ovulation in

TH411 embryos

The time of symmetry breaking relative to ovulation was measured in TH411 em-

bryos at the standard imaging temperature of 18.5°C. Ovulation, defined here as the

time point at which the oocyte is midway through the spermatheca, was chosen as

a reference point due to it being easy to score in all C. elegans lines, in transmitted

or fluorescence channels.

At 18.5°C, the mean time of symmetry breaking was 56.2 minutes after ovula-

tion, with the range of timings spanning approximately 10 minutes (figure 3.2). At

20.0°C, symmetry breaking occurred on average 44.3 minutes post-ovulation, also

with a range of approximately 10 minutes (figure 3.2).

As discussed in Methods 2.5.2, in order for ex utero timecourses (in which the

time of ovulation is unknown) to be related to the timing of in utero data, the time

of symmetry breaking was set as 56 minutes for all embryos. Time labels were then

calculated forward and backwards from this point.

3.2.3 in utero imaging of PAR-1 in oocytes and embryos

GFP::PAR-1 was imaged in oocytes and embryos in JH1848 (see strain list 2.1).

Due to limited GFP::PAR-1 expression and the difficulties of in utero imaging, high

quality data was not acquired. However, it was possible to observe that PAR-1
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Figure 3.1: in utero PAR-6 and PAR-2 in strain TH411. GFP::PAR-6 and
mCherry::PAR-2 imaged in an embryo inside an adult hermaphrodite worm
(TH411 - GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded), from be-
fore ovulation through to maintenance phase. Note that cortical signal in GFP
channel prior to cortical granule exocytosis is due to granule autofluorescence
(see sections 3.3.1 and 3.3.2). Scale bar 10µm. n = 13.
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Figure 3.2: in utero timing of symmetry breaking in strain TH411. Timing of symme-
try breaking in TH411 embryos (GFP::PAR-6, bombarded; mCherry::PAR-2,
bombarded) at the standard imaging temperature for this project of 18.5°C and
20.0°C (showing individual embryos, mean, and SD). Symmetry breaking was
judged by playing movies backwards towards symmetry breaking, and judging
the point at which the first asymmetry was seen in PAR distribution.

localised to the cortex of oocytes (as previously described (Guo and Kemphues,

1995)), and that it is cleared from the oocyte cortex prior to ovulation similarly

to PAR-2 (figure 3.3). At symmetry breaking and into maintenance phase, PAR-1

was observed localising to a small region consistent with the presumptive position

of centrosomes. Although efforts were made to conduct experiments at a specific

temperature of 18.5°C (see Methods 2.5), JH1848 embryos polarised on average

39.2 minutes after ovulation, compared to 56.2 minutes for TH411 (see figure 3.2).

The reason for this difference is not known, however it may be that the imaging

temperature was not properly controlled during these experiments.

3.3 ex utero imaging and quantification highlights

dynamic behaviour of PARs during meiosis

Due to the various limitations of in utero imaging, ex utero live-imaging of dissected

embryos was carried out in order to gain a more quantitative description of PAR

localisation changes in the run-up to symmetry breaking. Images were acquired as

described in Methods section 2.5.2 and mid-plane images quantified as described in

Appendix A. TIRF images were quantified as described in Methods section 2.5.2.3.
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Figure 3.3: in utero PAR-1. GFP::PAR-1 images of an oocyte/embryo inside an adult
hermaphrodite worm (JH1848 - GFP::PAR-1, bombarded), from before ovula-
tion through to maintenance phase. Scale bar 10µm. n = 6.
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3.3.1 ex utero imaging and quantification of N2 control embryos

Before imaging and quantifying fluorescently-tagged PAR proteins, control images

were first analysed in order to assess the baseline cortical fluorescent levels due to

the autofluorescent background present in all embryos.

N2 embryos not expressing any fluorescent transgenes (see strain list 2.1) were

imaged as per Methods 2.5.2 and quantified as described in Appendix A in both the

GFP and cherry channels.

Figure 3.4 A shows the cortical fluorescence intensity reading in both the GFP

and mCherry channel, showing very low cortical intensity in the mCherry channel

from 30 minutes before symmetry breaking, through to symmetry breaking (at 56

minutes). The GFP channel also has a low reading from approximately 38 minutes

until symmetry breaking, however from 27 minutes to ∼38 minutes, the cortical

fluorescence signal is above zero, despite there being no fluorescent protein being

expressed by the embryo (highlighted by pink box, 3.4 A).

Examination of GFP channel images revealed autofluorescent globular struc-

tures near the cortex of meiosis-I embryos, which fused with the plasma membrane

in a polarised wave from anterior to posterior, completing this fusion at approxi-

mately the time of the first polarbody extrusion (figure 3.4 B, white arrowheads).

This description is consistent with these granules being cortical granules, found

in many oocytes and zygotes, and involved in egg shell formation in C. elegans

(Bembenek et al., 2007).

The fact that cortical granule exocytosis completion coincides with the time at

which GFP channel cortical signal decreases to ∼0, suggests that these granules are

responsible for the cortical fluorescence seen in meiosis-I N2 embryos. This signal

is therefore likely to influence the quantification of cortical protein amounts in the

GFP channel at these early time points. Since the mCherry channel does not suffer

from this problem, it would be preferable to image all proteins of interest tagged

with mCherry. However, this would limit imaging to single-colour lines, and is also

not possible given the strains currently available (with GFP being the traditional

”go-to” fluorescent tag).
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One benefit of cortical granule autofluorescence is that the exocytosis of these

granules occurs during anaphase-I of meiosis (Bembenek et al., 2007), thereby pro-

viding a useful cell cycle marker to act as a temporal reference point.

3.3.2 ex utero PAR-6 imaging

PAR-6 tagged at the endogenous locus with mCherry was imaged in strain BOX241

(see strain list 2.1). Figure 3.5 A shows the mean and standard deviation of corti-

cal fluorescence intensity of PAR-6::mCherry from before meiosis-I completion to

symmetry breaking. PAR-6 levels can be clearly seen to increase at the cortex until

∼40 minutes, followed by a 10-minute period where PAR-6 cortical levels decrease,

before increasing again until symmetry breaking occurs. This description is in good

agreement with that seen by in utero imaging of GFP::PAR-6 described in section

3.2.1.

Figure 3.5 B shows an example BOX241 embryo, displaying the same be-

haviour as that in 3.5 A. From 34 to 38 minutes, PAR-6 levels can be seen to increase

at the cortex while cortical granules are still visible due to their autofluorescence in

the GFP channel, demonstrating that PAR-6 begins to accumulate at the cortex be-

fore meiosis-I is complete. This data is also consistent with the oocyte and early

meiosis-I GFP channel signal in GFP::PAR-6-expressing embryos (for example as

in 3.2.1) being due to autofluorescence of cortical granules in the GFP channel.

3.3.3 ex utero PAR-2 imaging

PAR-2 tagged with GFP at the endogenous locus was imaged in strain KK1273

(see strain list 2.1). Figure 3.6 A shows the average cortical fluorescence inten-

sity of PAR-2 from before meiosis-I completion to symmetry breaking. Before

∼38 minutes, the cortical intensity is high (highlighted by pink box), likely due

to the autofluorescence of cortical granules (as discussed in section 3.3.1 and in

this section below). At approximately 48 minutes, PAR-2 cortical levels peak dur-

ing meiosis, before decreasing again slightly before symmetry breaking. This is in

agreement with in utero imaging of PAR-2 (section 3.2.1), however the magnitude

of these localisation changes does not appear as large.
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Figure 3.4: ex utero N2 imaging and quantification of cortical signal. A) Quantification
of cortical signal of GFP and mCherry channel of N2 embryos not expressing
any fluorescent protein. Mean and and SD. n = 5. B) Example N2 embryo
imaged from before meiosis-I until the first cell division. Scale bar 10µm.
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Figure 3.5: ex utero PAR-6::mCherry imaging and quantification of cortical signal.
A) Quantification of cortical signal of PAR-6 in BOX241 (PAR-6::mCherry,
CRISPR) embryos. Mean and SD. n = 7. B) Example BOX241 embryo imaged
from before meiosis-I until the first cell division. Scale bar 10µm.
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Figure 3.6 B shows an example KK1273 embryo from before meiosis-I com-

pletion to the first cell division. Cortical granules can be seen in the GFP/PAR-2

channel at 30 minutes, along with what appears to be a general cortical signal. By 36

minutes, both the cortical granules and the general cortical signal is gone. Careful

examination of individual embryos and their respective cortical signal quantifica-

tions revealed that the base of the drop in initial cortical fluorescence (figure 3.7 A,

black arrowhead) correlates well with the completion of cortical granule exocytosis

(figure 3.7 B and C). This data, and that of mCherry::PAR-2 imaging (including

sections 3.2.1 and 3.3.5) suggest that this initial signal is very likely an artefact of

cortical granule autofluorescence in the GFP channel.

3.3.4 ex utero PAR-1 imaging

PAR-1 tagged with GFP at the endogenous locus was imaged in strain KK1262

(see strain list 2.1). As with GFP::PAR-2 imaging, cortical fluorescence intensity

is initially high (figure 3.8 A (highlighted by pink box), and B, top panel), before

falling at ∼34 minutes, corresponding to meiosis-I and cortical granule exocytosis

completion (as discussed in section 3.3.3). Unlike for PAR-2 (see figure 3.6 A),

PAR-1 cortical levels remain low during meiosis, and do not detectably transiently

increase in cortical localisation at ∼45 minutes. These data are in agreement with

in utero imaging of PAR-1 (see section 3.3.4).

3.3.5 ex utero PAR-6 and PAR-2 imaging

In order to gain a quantitative description of the cortical localisation dynamics of

PAR-6 and PAR-2 relative to one another, PAR-6::GFP and mCherry::PAR-2 were

imaged and quantified in live ex utero embryos simultaneously in strain NWG0026

(see strain list 2.1) from meiosis-I completion (just after CGE completion) to sym-

metry breaking.

Figure 3.9 A shows the mean cortical levels of PAR-6 and PAR-2 before sym-

metry breaking. The same temporal pattern of cortical localisation changes as

described in sections 3.3.2 and 3.3.3 is evident. From ∼43 minutes, PAR-6 and

PAR-2 cortical localisation dynamics appear anti-correlated, as demonstrated by
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Figure 3.6: ex utero GFP::PAR-2 imaging and quantification of cortical signal. A)
Quantification of cortical signal of PAR-2 in KK1273 embryos (GFP::PAR-
2, CRISPR). Mean and SD. n = 13. B) Example KK1273 embryo imaged from
before meiosis-I until the first cell division. Scale bar 10µm.
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Figure 3.7: Correlation of cortical granule exocytosis completion and the drop in ini-
tial GFP channel fluorescence in GFP::PAR-2 embryos. A) Example quan-
tification of cortical signal of GFP::PAR-2 in one KK1273 embryo (GFP::PAR-
2, CRISPR), with the base of the initial drop in signal highlighted by black ar-
rowhead. B) Images of same embryo as in A before, during, and after cortical
granule exocytosis. Scale bar 10µm. C) Time of base of initial drop in corti-
cal signal versus CGE completion based on examining images, showing strong
correlation and a near y = x fit (y = 0.9562x + 1.733).
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Figure 3.8: ex utero PAR-1::GFP imaging and quantification of cortical signal. A)
Quantification of cortical signal of PAR-1 in KK1262 embryos (PAR-1::GFP,
CRISPR). Mean and SD. n = 8. B) Example KK1262 embryo imaged from
before meiosis-I until the first cell division. Scale bar 10µm.
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calculating a moving correlation coefficient between PAR-6 and PAR-2 along the

timecourse, which shows a predominantly negative correlation coefficient, except

at times when the gradient of both PAR-6 and PAR-2 is shallow (figure 3.9 B).
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Figure 3.9: ex utero PAR-6::GFP and mCherry::PAR-2 quantification of cortical sig-
nal. A) Quantification of cortical signal of PAR-6 and PAR-2 in NWG0026 em-
bryos (PAR-6::GFP, CRISPR; mCherry::PAR-2, bombarded). Mean and SD. n
= 4. Note that all embryos imaged had already completed cortical granule ex-
ocytosis before imaging was begun. B) Correlation coefficient of PAR-6 and
PAR-2 (from A) over a moving 225 second window.

3.3.6 ex utero PKC-3 and PAR-6 imaging

PKC-3 and PAR-6 (tagged at their endogenous loci with GFP and mCherry, respec-

tively) were simultaneously imaged in live embryos in strain NWH0103 (see strain

list 2.1) from before meiosis-I completion to symmetry breaking.

Figure 3.10 A shows the mean cortical fluorescence level quantification from

roughly 30 minutes to symmetry breaking (at 56 minutes). PAR-6::mCherry shows

the same behaviour as described in section 3.3.2. GFP::PKC-3 also shows the same

behaviour from ∼40 minutes, with the cortical intensity decreasing from ∼40 min-

utes to ∼48 minutes, before increasing again. Before 40 minutes, the cortical signal
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intensity deviated from PAR-6::mCherry (highlighted by pink box), very likely due

to autofluorescence of cortical granules in the GFP channel (discussed previously

in sections 3.3.1 and 3.3.3).

Figure 3.10 B shows the correlation coefficient of PKC-3 and PAR-6 in a mov-

ing window throughout the timecourse in 3.10 A. The similar behaviour of PKC-

3 and PAR-6 is confirmed by the high correlation coefficient from ∼40 minutes,

corresponding to the time at which cortical granule exocytosis is completed. The

behaviour described in figure 3.10 A & B can be seen in the example NWG0103

embryo shown in figure 3.10 C.

3.3.7 ex utero PAR-3 imaging

PAR-3 (tagged at the endogenous locus with GFP) was imaged in live embryos in

strain KK1216 (see strain list 2.1) from before meiosis-I completion to symmetry

breaking. Figure 3.11 A shows the quantification of cortical fluorescence intensity.

The cortical signal is initially high (due to autofluorescence of cortical granules,

highlighted by pink box - see sections 3.3.1 and 3.3.3), and is very low after the

completion of cortical granule exocytosis, before increasing slightly at ∼50 min-

utes.

Since the expression of PAR-3::GFP was very low in KK1216 embryos, PAR-

3::GFP embryos (strain NWG0028 - see strain list 2.1) were imaged by near-TIRF

microscopy in order to more sensitively assess PAR-3 cortical localisation dynam-

ics (see Methods 2.5.2.3). Figure 3.11 B shows the normalised cortical fluorescence

intensity from cortical plane TIRF images. As with midplane images, the signal is

initially high due to cortical granules, before increasing slightly from ∼40-50 min-

utes, before increasing more rapidly from ∼50 minutes, as detected from midplane

imaging and quantification. An example TIRF-imaged NWG0028 embryo is shown

in figure 3.11.

3.3.8 ex utero CDC-42 imaging

CDC-42 was imaged in live embryos from before meiosis-I completion to symme-

try breaking, tagged with either GFP or mCherry. Figure 3.12 A shows the cortical

102



20 30 40 50 60
0

500

1000

1500

2000

Time (minutes - relative to ovulation)

Co
rti

ca
l fl

uo
re

sc
en

ce
 le

ve
l (

AU
)

GFP::PKC-3
PAR-6::mCherry

20 30 40 50 60
-1.0

-0.5

0.0

0.5

1.0

1.5

Time (minutes - relative to ovulation)

Co
rre

la
tio

n
co

ef
fic

ie
nt

PAR-6 DICPKC-3

SB
56

 m
in

34
 m

in
37

 m
in

41
 m

in
48

 m
in

70
 m

in
85

 m
in

A B

C

Figure 3.10: ex utero GFP::PKC-3 and PAR-6::mCherry quantification of cortical sig-
nal. A) Quantification of cortical signal of PKC-3 and PAR-6 in NWG0103
embryos (GFP::PKC-3, CRISPR; PAR-6::mCherry, CRISPR). Mean and SD.
n = 11. B) Correlation coefficient of PKC-3 and PAR-6 (from A) over a mov-
ing 225 second window. C) Example NWG0103 embryo imaged from before
meiosis-I until the first cell division. Scale bar 10µm.
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Figure 3.11: ex utero PAR-3::GFP quantification of cortical signal. A) Quantification
of cortical signal of PAR-3 in KK1216 embryos (PAR-3::GFP, CRISPR) from
midplane confocal images (see Methods 2.5.2.1). Mean and SD. n = 10.
B) Quantification of cortical signal of PAR-3 in NWG0028 embryos (PAR-
3::GFP, CRISPR; mCherry::PAR-6, CRISPR) from cortical plane near-TIRF
images (see Methods 2.5.2.3). Mean and SD. n = 4. C) Example TIRF im-
ages of NWG0028 embryo imaged from before meiosis-I until the first cell
division. Scale bar 10µm.
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fluorescence level of GFP::CDC-42 quantified from images of WS5018 embryos

(see strain list 2.1). Initial cortical signal is high due to the effect of cortical gran-

ule autofluorescence (highlighted by pink box - see sections 3.3.1 and 3.3.3). After

completion of cortical granule exocytosis, cortical signal increase slightly until sym-

metry breaking at 56 minutes, with a transient very slight decrease at ∼52 minutes,

which is not noticeable by eye from raw images (figure 3.12 C).

Figure 3.12 B shows the cortical fluorescence level of mCherry::CDC-42 quan-

tified from images of WS5018 embryos (see strain list 2.1), showing very similar

dynamics as in A, again with a slight decrease in signal centred around 52 minutes.

Interestingly, although the dynamics of CDC-42 are reminiscent of the dy-

namics of PAR-6 and PKC-3 (sections 3.3.5 and 3.3.6), the timing of the transient

decrease in CDC-42 appears to consistently occur later than for PAR-6 and PKC-3.

3.4 Timing of peak meiotic PAR-2 cortical fluores-

cence level correlates with anaphase-II
As discussed in section 3.3.1, cortical granule exocytosis correlates with anaphase-I

of meiosis (Bembenek et al., 2007), providing a convenient cell cycle stage refer-

ence point to the description of meiotic PAR localisation changes, even when imag-

ing embryos not expressing a histone marker.

In order to further relate the localisation dynamics described in sections 3.2 and

3.3 to meiotic cell cycle events, PAR-2 was imaged and quantified as before (sec-

tions 3.3.3 and 3.3.5), while simultaneously acquiring z-stacks of histone H2B::GFP

as a marker for chromosomes using line NWG0116 (see strain list 2.1).

Anaphase-II onset (defined here as the first frame in which sister chromatids

can be seen to move away from each other) was chosen as a meiotic cell cycle refer-

ence due to it’s ease of scoring. Aligning individual PAR-2 cortical signal curves to

anaphase-II revealed that the peak meiotic PAR-2 cortical signal is coincident with

this stage (figure 3.13 A & C), demonstrated by the correlation between peak mei-

otic PAR-2 to symmetry breaking interval, and anaphase-II to symmetry breaking

interval (figure 3.13 B).
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Figure 3.12: ex utero GFP::CDC-42 and mCherry::CDC-42 quantification of cortical
signal. A) Quantification of cortical signal of GFP::CDC-42 in WS5018 em-
bryos (GFP::CDC-42, bombarded; cdc-42 deletion) from midplane confocal
images (see Methods 2.5.2.1). Mean and SD. n = 4. B) Quantification of cor-
tical signal of mCherry::CDC-42 in TH159 embryos (cherry::CDC-42, bom-
barded) from midplane confocal images (see Methods 2.5.2.1). Mean and SD.
n = 3. C) Example WS5018 embryo imaged from before meiosis-I until the
first cell division. Scale bar 10µm.
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Figure 3.13: Correlation of PAR-2 meiotic localisation dynamics and anaphase-II. A)
Quantification of cortical signal of mCherry::PAR-2 in individual NWG0116
embryos (mCherry::PAR-2, bombarded; Histone::GFP, bombarded), aligned
manually to anaphase-II onset judged from Histone::GFP z-stacks. Curves
spaced vertically for clarity. B) Time of peak meiotic PAR-2 cortical sig-
nal relative to symmetry breaking versus time between anaphase-II onset and
symmetry breaking. R squared = 0.7799. y = 1.07x + 0.1349. C) Images
of embryo represented by lowest curve in A, with dashed lines showing time
point. Scale bar 10µm.

3.5 Timing of cell cycle events relative to ovulation
In order to gain further insight into the timing of cell cycle events relative to ovu-

lation, in utero imaging and analysis of cell cycle event timing was carried out,

producing a time-line of cell cycle events relative to ovulation (figure 3.14). Onset

of anaphase-I and II was found to occur at ∼18 and 40 minutes, respectively. These

timings are somewhat earlier than the initiation of cortical granule exocytosis (said

to correlate with anaphase-I - Bembenek et al. (2007)), and the transient increase in

PAR-2 cortical levels (found to roughly to correlate with anaphase-II - 3.13).

The time of symmetry breaking in this dataset is also earlier relative to ovu-

lation than that measured previously (figure 3.2), suggesting that cell cycle pro-
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gression is accelerated in this dataset. While every effort was made to control the

factors that may influence the rate of cell cycle progression, it is likely that these

differences in timing are either due to environmental factors (e.g. temperature, me-

dia, etc) or embryo differences (e.g. strain). Rather than reading too much into

the specific timings and differences between strains and datasets, we conclude that

anaphase-I onset occurs at ∼20-30 minutes post-ovulation, and anaphase-II onset at

around ∼40-50 minutes post-ovulation, providing approximate timing of cell cycle

reference points.

-20 -10 0 10 20 30 40 50 60 70 80 90 10
0

Oocyte chromosome condensation
Oocyte NEBD

Anaphase-I onset
Anaphase-II onset

Pronuclear meeting
SB

Mitosis NEBD
Cytokinesis

Time relative to ovulation (minutes)

Figure 3.14: Timing of cell cycle events relative to ovulation in NWG116 embryos im-
aged in utero. Timing of cell-cycle events of in utero NWG116 embryos
(mCherry::PAR-2, bombarded; Histone::GFP, bombarded), determined either
from Histone::GFP z-stacks, mCherry cortical signal, or DIC. Imaging carried
out at 18.5°C.

3.6 Discussion
Figure 3.15 summarises the results of chapter 3, showing the uniform changes in

cortical localisation from oocyte to symmetry breaking. Before ovulation, posterior

PARs PAR-1 and PAR-2 are localised to the oocyte cortex, consistent with pre-

vious reports (Guo and Kemphues, 1995; Levitan et al., 1994). in utero imaging

uncovered that PAR-1 and PAR-2 are cleared from the oocyte cortex at around the

time of oocyte maturation (when the maternal pronuclear envelope breaks down

and the oocyte rounds up), a few minutes before ovulation. PAR-1 cortical levels

remain low during meiosis, only becoming localised to the cortex again at symmetry

breaking.
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Figure 3.15: Summary of PAR cortical localisation changes from ovulation to symme-
try breaking. Simplified and schematised overview of data from results chap-
ter 3, showing the changes in cortical amounts of PAR polarity proteins from
before ovulation (0 minutes) to symmetry breaking (56 minutes) at 18.5°C.

PAR-2 cortical levels also remain low for the majority of meiosis, however at

approximately the time of anaphase-II of meiosis (∼48 minutes), PAR-2 cortical

levels transiently increase, before decreasing again to a low cortical level before

symmetry breaking. In summary, the results presented here show that PAR-2 is ini-

tially cleared from the cortex at oocyte maturation, before essentially being removed

from the cortex again at anaphase-II, following a transient increase in cortical levels.

Schonegg and Hyman (2006) imaged live embryos from meiosis-II, and concluded

that this is the period at which PAR-2 is initially cleared from the cortex. The re-

sults presented here agree well with this description, however while Schonegg and

Hyman (2006) assumed that the anaphase-II clearance is the first and only PAR-2

clearance, according to the data of this project, it is in fact a second clearance of

PAR-2.

PAR-6 cortical levels were found to be low in oocytes and newly fertilised

embryos, with cortical levels increasing from approximately metaphase-I onwards,

slightly before cortical granule exocytosis begins (marking anaphase-I). PAR-6 lev-

els then increased up until symmetry breaking, with a transient decrease in cortical

signal centred around anaphase-II. Hung and Kemphues (1999) examined PAR-6
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localisation in oocytes and embryos by immunofluorescence in fixed whole worms,

and found that cortical signal was not visible in oocytes or newly fertilised embryos,

consistent with the results presented here. Hung and Kemphues (1999) state that

cortical PAR-6 levels were first detectable in embryos that had completed meiosis-

I, with only one polar body visible. Broadly speaking the results presented here are

consistent with those of Hung and Kemphues (1999). It is possible that the stain-

ing procedure and lower imaging sensitivity could account for why PAR-6 cortical

localisation was only seen in embryos that had completed meiosis-I by Hung and

Kemphues (1999), whereas it is was detected from before meiosis-I completion in

the experiments presented here. It is also not surprising that Hung and Kemphues

(1999) did not describe the transient decrease in PAR-6 cortical signal at around

anaphase-II, due to the limited time resolution and precision of images from fixed

samples.

The pre-symmetry breaking localisation dynamics of PKC-3 have not previ-

ously been described. Data from this project show identical (or at least very similar)

dynamics to that of PAR-6. PAR-6 and Atypical protein kinase C (PKC-3 in C. ele-

gans) have been shown to form a complex with PAR-6 (and PAR-3) in a variety of

different polarity contexts (reviewed by Macara (2004)), including in the C. elegans

embryo, where PAR-6 and PKC-3 have been shown to co-localise during polarity

establishment and maintenance (Wang et al., 2017), and their interaction required

for proper cell polarity (Li et al., 2010b). The very similar behaviour of PAR-6 and

PKC-3 before symmetry breaking would be consistent with these proteins being

members of the same complex even before polarity onset. Alternatively, PAR-6 and

PKC-3 may be independently localising to the cortex, but being similarly regulated

such that their localisation dynamics are coincident.

CDC-42 increases in cortical intensity from meiosis-II onwards. Quantifica-

tion of the cortical signal revealed a very subtle transient decrease in cortical signal

at ∼52 minutes, reminiscent of the behaviour of PAR-6 and PKC-3, but seeming to

occur at a later time in meiosis. Unfortunately (due to time constraints) CDC-42 and

PAR-6 or PKC-3 could not be imaged simultaneously in order to clarify whether
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CDC-42 really does have a distinct temporal localisation sequence to PAR-6 and

PKC-3, however examination of both GFP and mCherry-tagged CDC-42 showed

the same behaviour.

Given that CDC-42 has also been shown to form a complex with PAR-6 and

PKC-3 in polarised cells (Macara, 2004), including in C. elegans one-cell embryos

(Gotta et al., 2001), one might expect CDC-42 to follow a similar pre-symmetry

breaking localisation sequence as PAR-6 and PKC-3. The fact that it appears to

show a slightly different pattern suggests that the regulation of CDC-42 might be

different to PAR-6/PKC-3 before polarity onset. Alternatively, the distinct CDC-42

localisation sequence may be an artefact of some other difference between the C.

elegans lines imaged. Further experiments would be required to clarify this.

PAR-3 levels increase very slightly during meiosis (detectable only from TIRF

images), with a sharper rise in cortical localisation at ∼50 minutes (also detectable

from TIRF and midplane images). PAR-3 is required for the cortical localisation

and organisation of PAR-6 in C. elegans epithelial cells (Achilleos et al., 2010)

and the one-cell embryo (Li et al., 2010a; Rodriguez et al., 2017). That PAR-3

cortical localisation is increasing during meiosis as PAR-6/PKC-3 levels are also

increasing, would be consistent with PAR-3 being required for PAR-6 and PKC-

3 cortical association during this period. The fact that meiotic levels of cortical

PAR-3 are very low, with PAR-6 and PKC-3 being considerable higher, would be

consistent with PAR-3 functioning in a catalytic manner in allowing PAR-6/PKC-3

to associate with the cortex as postulated by Rodriguez et al. (2017).

The experiments described in this chapter have clarified several published ac-

counts of the pre-symmetry breaking PAR behaviour, as well as significantly ex-

panding this description.

In summary, the process of PAR relocalisation from the oocyte start (aPARs

cytoplasmic, pPARs cortical) begins before ovulation, with pPARs being cleared

from the cortex. Anterior PARs then begin to accumulate at the cortex from meiosis-

I onwards. A transient reversal of this general process occurs for PAR-6, PKC-3 and

PAR-2 at anaphase-II.
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This overview of the wild-type PAR localisation changes leading to symmetry

breaking offers several clues as to how the process of PAR network activation might

occur. First, although symmetry breaking occurs nearly one hour after ovulation,

the rearrangement of the PAR proteins begins before ovulation, suggesting that the

process of PAR network activation may begin well before symmetry breaking, and

could be related to oocyte maturation, ovulation, or fertilisation.

Second, broadly-speaking, aPARs and pPARs show similar dynamics, but the

timing of major events of pPARs and aPARs are different. pPARs are cleared from

the oocyte cortex before ovulation, while aPARs begin to accumulate at the cortex

from approximately 30 minutes after ovulation. The regulation or activation of

aPARs and pPARs may therefore be distinct.

Third, the correlated nature of PAR-6 and PKC-3 suggests that this aspect of

the mitotic, or active, PAR network may be evident before symmetry breaking has

occurred. Similarly, the anti-correlated behaviour of PAR-6/PKC-3 and PAR-2 is

suggestive of some kind of feedback between these two sets of proteins (which

antagonise one another when polarised (Boyd et al., 1996; Cuenca et al., 2003; Guo

and Kemphues, 1995; Tabuse et al., 1998)) during meiosis.
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Chapter 4

Reconfiguration and polarisation of

the PAR network does not require

meiotic cell-cycle progression

4.1 Introduction
Having described how the PAR proteins reconfigure from the oocyte configuration

to the pre-symmetry breaking configuration (chapter 3), this project aimed to iden-

tify key regulators of PAR system activation.

Rather than screen for individual protein regulators, the approach taken ini-

tially was to test the requirement of specific cell-cycle and developmental events in

activating the PAR network. Since symmetry-breaking usually occurs after meiosis-

II completion (Cuenca et al., 2003), the requirement of meiotic progression for PAR

reconfiguration and PAR domain formation was assessed.

4.2 Prophase-I-arrested emb-27(RNAi) embryos un-

dergo PAR reconfiguration and symmetry break-

ing
Experiments published by Wallenfang and Seydoux (2000) were repeated during

this project, with slight variations. Embryos were arrested at prophase-I by emb-
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27(RNAi) (see Methods 2.2) in various lines, demonstrating that prophase-I ar-

rested embryos form PAR-2 domains near the maternal DNA (figure 4.1 A.ii), show

asymmetric aPAR localisation (marked here by PAR-6 - figure 4.1 A.i), and asym-

metric PIE-1 (figure 4.1 A.iii). The requirement of aPAR activity for these ante-

rior PAR domains was tested by treating permeable embryos with PKC-3 kinase

inhibitor CRT-90 (Rodriguez et al. (2017), see Methods 2.6). Upon CRT-90 treat-

ment, PAR-2 domains dissolved, and PAR-2 became uniform, demonstrating that

anterior PAR-2 domains in prophase-I arrested embryos are dependent upon PKC-

3 kinase activity. This is a similar result to Wallenfang and Seydoux (2000), who

showed that anterior domains in prophase-I arrested embryos are dependent upon

PAR-3. The results presented here are all consistent with those of Wallenfang and

Seydoux (2000).

In order to measure the time of symmetry breaking relative to ovulation in

prophase-I arrested embryos, emb-27(RNAi) TH411 oocytes and embryos were

imaged in utero (see Methods 2.5.1). This revealed that PAR-2 is cleared from

the oocyte cortex as normal in emb-27(RNAi) embryos, followed by a ∼30 minute

period where neither PAR-2 or PAR-6 are strongly localised to the cortex (figure

4.2 A). PAR-2 then begins to localise uniformly to the cortex, followed ∼10 min-

utes later by PAR-6, which then leads to PAR-2 collapsing down to an asymmetric

domain at the anterior. This series of events is similar to the wild-type PAR recon-

figuration cycle (see chapter 3), with the difference that PAR-2 appears to become

cortical before PAR-6, resulting in an ”inverted” symmetry-breaking.

Figure 4.2 B shows the time of symmetry breaking relative to ovulation for

emb-27(RNAi) and wild-type embryos, showing that symmetry-breaking occurs

40-60 minutes after ovulation, relatively similarly to wild-type, albeit with more

variation.

4.3 cdk-1(RNAi) embryos form PAR-2 domains

Since prophase-I arrested embryos form PAR domains, a method to prevent em-

bryos from resuming meiosis altogether was sought, in order to test whether this is
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Figure 4.1: PAR polarity in emb-27(RNAi) embryos. A i) TH411 embryos (GFP::PAR-
6, bombarded; mCherry::PAR-2, bombarded. See strain list 2.1) depleted of
EMB-27 by RNAi form domains in PAR-2 and PAR-6. A ii) EMB-27 de-
pletion in NWG0116 embryos (mCherry::PAR-2, bombarded; Histone::GFP,
bombarded. See strain list 2.1) show PAR-2 localised near maternal DNA.
A iii) EMB-27 depletion in NWG0100 embryos (mCherry::PAR-2, CRISPR;
PIE-1::GFP, bombarded. See strain list 2.1) show PIE-1 asymmetry. B) Asym-
metry of PAR-2 in TH411 emb-27(RNAi) embryos is dependent on PKC-3
kinase activity, demonstrated by treatment of embryos with 10µM PKC-3 in-
hibitor CRT-90. DMSO n = 4, CRT-90 n = 5. Scale bars 10µm.
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Figure 4.2: PAR reconfiguration and symmetry breaking timing in emb-27(RNAi) em-
bryos. A) in utero montage of TH411 embryo (GFP::PAR-6, bombarded;
mCherry::PAR-2, bombarded) depleted of EMB-27 by RNAi from ovulation
to PAR domain formation. B) Timing of symmetry breaking in emb-27(RNAi)
embryos, as defined by the time at which PAR-2 first becomes asymmetric.
Scale bars 10µm.

required for PAR domain formation. According to Burrows et al. (2006), depletion

of the cell-cycle regulator CDK-1 by RNAi prevents oocyte maturation, indicated

by a build-up of one-cell embryos in the uterus of cdk-1(RNAi) hermaphrodites,

each with a single, large, intact, maternal pronucleus (as seen in immature oocytes).

in utero imaging of TH411 (see strain list 2.1) hermaphrodites treated with

cdk-1(RNAi) revealed one-cell embryos in the uterus, each with a large pronucleus,

consistent with results of Burrows et al. (2006) (figure 4.3 A). Furthermore, such

embryos were found to have clear PAR-2 cortical domains, near the maternal pronu-

cleus. PAR-6 was not obviously asymmetric in these embryos (figure 4.3 A & B).

Since PAR-6 was not obviously asymmetric in cdk-1(RNAi) embryos, the re-

quirement of aPAR activity was tested by treating permeable cdk-1(RNAi) embryos

with the PKC-3 inhibitor CRT-90 (Rodriguez et al. (2017), see Methods 2.6). Upon

treatment with CRT-90, the PAR-2 domain spreads and becomes uniform, indicating

PKC-3 activity is required for PAR-2 domain maintenance in cdk-1(RNAi) embryos

(figure 4.3 C).

Taken at face value, these experiments would be consistent with oocyte matu-
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ration not being required for PAR domain formation. However, closer examination

of ovulation of cdk-1(RNAi) oocytes appeared to show the maternal pro-nuclear en-

velope transiently breaking down, before reforming again (figure 4.3 D). This raises

the possibility that oocyte maturation may not be entirely blocked by cdk-1(RNAi),

as maternal NEBD is a marker of oocyte maturation (Kim et al., 2013b).

4.4 Discussion

The results of this chapter repeat and elaborate on those of Wallenfang and Sey-

doux (2000), demonstrating that although symmetry breaking usually correlates

with meiosis-II completion, meiosis progression beyond prophase-I is not required

for PAR domains to form and down stream polarity to be established in the form

of a PIE-1 gradient in the cytoplasm (Wallenfang and Seydoux (2000), figure 4.1

of this project). Wallenfang and Seydoux (2000) also showed that this asymmetry

is dependent upon PAR-1 and PAR-3, and this project has shown that PKC-3 ac-

tivity is also required for the maintenance of PAR domains in prophase-I arrested

embryos.

Additionally, the events leading to PAR domain formation were investigated

in prophase-I arrested embryos, revealing that the reconfiguration of the PARs is

broadly similar to in wild-type embryos, and occurs at approximately the same time

relative to ovulation, albeit with a greater range of timings (figure 4.2).

It is interesting to note that Sonneville and Gonczy (2004) showed that embryos

prevented or delayed from completing meiosis-II also form reversed PAR domains

(with pPARs at the maternal pole, and aPARs at the paternal pole), as in prophase-I

arrested embryos.

While Wallenfang and Seydoux (2000) and Sonneville and Gonczy (2004)

used these observations as evidence for their respective hypotheses regarding the

identity of the symmetry-breaking cue, these results - and those of this project -

were interpreted with regards to understanding PAR network activation, distinct

from the nature of the symmetry breaking cue. Regardless of the exact nature of

the symmetry-breaking cue, these results taken together demonstrate that the PAR
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Figure 4.3: cdk-1(RNAi) embryos form PAR-2 domains. A) in utero image of TH411
embryo (GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded) depleted of
CDK-1 by RNAi, showing one-cell embryos in the uterus, with clear PAR-2 do-
mains near the maternal pronucleus. B) ex utero TH411 cdk-1(RNAi) embryos.
n= 15. C) Treatment of permeable cdk-1(RNAi) embryos with 10µM PKC-3
kinase inhibitor CRT-90 demonstrates that these domains are dependent upon
PKC-3 activity. DMSO n = 6, CRT-90 n = 10. D) DIC montage of two cdk-
1(RNAi) embryos appearing to show the maternal pronucleus breaking down,
before reforming in the uterus, suggesting that oocyte maturation may not be
completely blocked by CDK-1 depletion. Scale bars 10µm.
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network is capable of responding to a cue and forming domains without meiotic

cell cycle progression beyond prophase-I. It was therefore reasoned that key reg-

ulatory or activating events are likely to occur before prophase-I, or occur via an

independent timing mechanism.

In an effort to further narrow down the window in which PAR network activa-

tion might be occurring, preventing oocyte maturation by CDK-1 depletion (Bur-

rows et al., 2006) was attempted. CDK-1-depleted oocytes are ovulated and ac-

cumulate in the uterus of hermaphrodite worms, and intriguingly still form PAR-2

domains, which are dependent upon PKC-3 activity (figure 4.3). This would appear

to suggest that oocyte maturation is also not required for PAR network activation,

however closer examination of such oocytes appears to show that contrary to the de-

scription of (Burrows et al., 2006), the maternal pronucleus may transiently break-

down during ovulation, which might suggest that some degree or aspects of oocyte

maturation are still occurring in these oocytes. With this doubt in mind, it would be

premature to declare that oocyte maturation is also not required for PAR network

activation. Other clues suggesting that some degree of oocyte maturation may be

occurring in CDK-1 depleted embryos include the fact that those shown by Bur-

rows et al. (2006), and most of those shown here (figure 4.3) appear to have adopted

the usual shape of one-cell embryos, consistent with them having at least partially

formed an eggshell, a process which begins after oocyte maturation and fertilisation

(Johnston and Dennis, 2012). Ideally more work would be done to characterise the

events occurring in cdk-1(RNAi) embryos.

However, based on these results, it appears that earlier events associated with

oocyte maturation, fertilisation, and/or ovulation, are critical in initiating the acti-

vation of the PAR network.
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Chapter 5

Sperm and fertilisation are not

required for polarisation of the PAR

network

5.1 Introduction

Symmetry breaking in the one-cell C. elegans embryo is primarily marked by a

flow of cortical material away from the posterior pole at the time of completion of

maternal meiosis (Hird and White, 1993), which causes the bulk transportation of

anterior PARs away from the posterior pole, freeing up space for posterior PARs to

form a nascent cortical domain (Goehring et al., 2011b).

That the sperm provides spatial information regulating symmetry breaking has

been known for over twenty years, with the sperm centrosomes already being sus-

pected as being associated with the spatial cue responsible for directing PAR do-

main formation (Hird and White, 1993; Goldstein and Hird, 1996). Since then, the

sperm pronucleus has been ruled out as the primary spatial cue (Sadler and Shakes,

2000), and it’s identity firmly narrowed down to being centrosome-related (Cowan

and Hyman, 2004). A secondary cue consisting of centrosome-organised astral

microtubules, is thought to aid PAR-2 (and therefore PAR-1) loading at the poste-

rior by locally protecting PAR-2 from phosphorylation by PKC-3, thereby allowing

symmetry breaking to occur even in the absence of the primary flow-triggering cue
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(Motegi et al., 2011).

As well as correlating spatially, centrosomal events have also been shown to

correlate temporally with symmetry breaking. Cowan and Hyman (2004) showed

that pericentriolar material components accumulate rapidly at symmetry breaking,

and Motegi et al. (2011) and Tsai and Ahringer (2007) showed that the centrosome-

nucleated microtubule aster expansion correlates with symmetry breaking.

Molecular details of the centrosome cue, and its multiple symmetry-breaking

mechanisms, are not understood. Whether the centrosome provides only a spatial

cue that directs the formation of PAR domains of an already active PAR network, or

whether the centrosome (or other sperm component) is also responsible for activat-

ing the PAR network, so that it is capable of responding to spatial cues and forming

cortical domains, is not understood. The possible requirement of sperm (and sperm-

donated components, including the paternal centrosome) on PAR domain formation

was therefore tested.

5.2 Oocytes of feminised animals do not mature or

form PAR domains
Mutations in fog-1 result in feminisation of the hermaphrodite gonad, leading to

fertile females that produce oocytes, but are lacking sperm (Barton and Kimble,

1990). TH411 hermaphrodites (see strain list 2.1) were feminised by fog-1(RNAi)

(see Methods 2.2) to produce female worms, and imaged. Figure 5.1 A shows the

gonad in a feminised animal, with immature oocyte packed into the gonad arm due

to a lack of ovulation, which is usually triggered by the presence of sperm (McCarter

et al., 1999a) via the major sperm protein (MSP) (Miller et al., 2001). In such

gonads, PAR-6 remains in the cytoplasm, and PAR-2 localised to the cortex, with

no sign of PAR domain formation. This suggests that the PAR system is not capable

of domain formation in immature oocytes, either due to a lack of an appropriate cue,

or because the PAR network is not active and capable of responding to such a cue,

or polarising spontaneously (which may, or may not, be possible).

In order to test whether embryos resulting from oocytes of fog-1(RNAi) fe-
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males are indeed capable of forming PAR domains at all, female animals were

mated with fog-1(RNAi) males, and the first cross-progeny imaged in utero. Em-

bryos as a result of fog-1(RNAi) oocytes fertilised by fog-1(RNAi) males form wild-

type PAR domains, consistent with fog-1(RNAi) not interfering with the PAR sys-

tem.

PAR-6 PAR-2

fog-1(RNAi)

PAR-2

fog-1 WTx

A

B

Figure 5.1: Oocytes of female animals remain in the gonad, do not mature, or form
PAR domains. A) in utero image of TH411 (GFP::PAR-6, bombarded;
mCherry::PAR-2, bombarded) embryo depleted of FOG-1 by RNAi showing
PAR-6 in the oocyte/gonad cytoplasm, and PAR-2 on the oocyte/gonad cortex.
n = 10. B) Fertilised embryo resulting from a TH129 (GFP::PAR-2, bom-
barded) fog-1(RNAi) female mated by a wild-type TH129 male. n = 2. Scale
bars 10µm.

5.3 Mimicking sperm signals allows oocytes to ma-

ture, ovulate, and form PAR domains, in the ab-

sence of sperm contributions
The wild-type transition from immature oocyte to polarised embryo includes many

events, including oocyte maturation, ovulation, fertilisation, and meiotic progres-

sion (Greenstein, 2005; Cuenca et al., 2003). To specifically test the role of sperm,
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while preserving the other processes to the maximum extent possible, sperm sig-

nals were genetically mimicked, allowing oocytes to mature, be ovulated, and make

some progress through meiosis, all in the absence of sperm and fertilisation. Co-

depletion of the MSP receptor VAB-1 and the gonad sheath protein CEH-18 relieves

their negative inhibition of oocyte maturation, allowing oocytes to be ovulated in the

absence of sperm (Miller et al. (2003), figure 5.2 A).

PAR-6 and PAR-2 were simultaneously imaged in oocytes and embryos in

utero, by crossing strains NWG0014 and NWG0105 (see strain list 2.1). Fe-

male animals of the F1 generation resulting from this cross were then treated with

vab-1(RNAi) to produce female worms expressing fluorescently-tagged PAR-6 and

PAR-2 in a genetic and RNAi background mimicking MSP sperm signals. Oocytes

were imaged in utero in unmated females.

Such oocytes were ovulated, and appeared to make some attempt to undergo

meiosis (figure 5.2 B). Surprisingly, these oocytes also showed a wild-type PAR re-

configuration, with PAR-2 being removed from the oocyte cortex before ovulation,

and PAR-6 gradually becoming cortical from ∼30 minutes post-ovulation. Remark-

ably, such oocytes were able to form PAR domains, with the example shown here

breaking symmetry at a wild-type time relative to ovulation (figure 5.2 B). While

multiple oocytes were seen to have asymmetric cortical PAR distributions, only

once was the moment of ovulation captured while imaging (due to a reduced ovu-

lation rate), allowing the time of symmetry breaking to be measured relative to

ovulation.

5.4 Discussion

As discussed in section 5.1, the sperm centrosome is thought to act as a symme-

try breaking cue via a primary cortical flow-triggering mechanism (Goehring et al.,

2011b), and a secondary PAR-2 protection mechanism (Motegi et al., 2011). How-

ever, whether the centrosome or any other sperm component also regulates acti-

vation of the PAR network more broadly is not known, as in all cases in which

the PAR system has been studied in C. elegans embryos, fertilisation had occurred
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Figure 5.2: Sperm contributions are not required for PAR reconfiguration or domain
formation. A) Schematic showing regulation of oocyte maturation by Eph
receptor proteintyrosine kinase VAB-1, and POU-class homeoprotein CEH-
18. B) in utero montage of oocyte in an unmated female animal in a genetic
background mimicking MSP sperm signals (NWG0014 x NWG0105 F1, vab-
1(RNAi)), from before ovulation to PAR domain formation. Symmetry break-
ing highlighted by white arrowhead. n = 5. Scale bar 10µm.
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(including early meiosis-I arrested embryos, discussed in chapter 4).

Unmated, feminised, C. elegans produced oocytes, but the absence of sperm

prevented these from being ovulated, causing a build-up of oocytes in the gonad

(figure 5.1). PAR-2 remained localised to the gonad and oocyte cortex, and PAR-6

to the cytoplasm, as in wild-type gonads. Given that oocytes in feminised worms

spend in the order of tens of hours in the gonad, whereas in wild-type worms ovu-

lation occurs approximately twice per hour (McCarter et al., 1999a), the finding

that immature oocyte trapped in the gonad do not undergo a PAR reconfiguration

cycle (as during the wild-type oocyte to embryo transition, section 3) or form PAR

domains, provides evidence for the PAR system not being able to reconfigure spon-

taneously, and suggests that the PAR system cannot form domains spontaneously

in the gonad. Alternatively it might be the case that only a specific cue is able to

initiate symmetry breaking, although the various descriptions of ectopic domain ori-

entations would suggest that there is not single symmetry-breaking cue (Wallenfang

and Seydoux, 2000; Noatynska et al., 2010). This result is consistent with the PAR

system being inactive in immature oocytes, and that some aspect of fertilisation - or

the events that fertilisation triggers - are necessary to activate the PAR system such

that it is capable of forming asymmetric PAR cortical domains.

The finding that oocytes of feminised worms, induced to ovulate by geneti-

cally mimicking sperm signals are capable of forming PAR domains, unambigu-

ously demonstrates that sperm contributions are not required for general activation

of the PAR network. Instead, sperm-donated components (most likely the centro-

some) act only as a symmetry-breaking cue. It is still possible that the centrosome

does not only spatially direction symmetry breaking, but also temporally controls

the timing of wild-type symmetry breaking, by the spatial cue only becoming ca-

pable of directing symmetry breaking of the polarity-competent PAR network at a

particular time, as suggested by Cowan and Hyman (2004) and Motegi et al. (2011).

Taken together with chapter 4, these results suggest that neither meiosis pro-

gression beyond prophase-I, nor sperm-donated components, are necessary for the

PAR network to become activated and form PAR domains, albeit with non-wildtype
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position relative to other cellular landmarks.
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Chapter 6

Oocyte maturation triggers PAR

network reconfiguration and

polarisation

6.1 Introduction
The results described in chapters 4 and 5 are consistent with neither meiosis pro-

gression beyond prophase-I, nor sperm-donated components, being necessary for

the PAR network to become activated and form asymmetric cortical PAR domains.

Chapter 5 also demonstrates that immature oocytes trapped in the gonad are not

capable of undergoing PAR reconfiguration or forming asymmetric PAR domains.

The two remaining processes that could be responsible for activation of the

PAR network, thereby allowing the PAR proteins to form asymmetric cortical do-

mains, are ovulation, and oocyte maturation (strictly-speaking the events prior to

prophase-I).

6.2 Ovulation is not required for PAR domain forma-

tion
A method to block ovulation but not alter any other processes was sought, in order

test whether ovulation per se is required for PAR network activation and PAR do-

main formation. Although various mutants have been characterised which reduce or
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prevent ovulation (Aroian and Sternberg, 1991; Iwasaki et al., 1996), this approach

was not taken due to the lack of temporal control, and risk of possible pleiotropic

effects.

Instead, the spermatheca (in which sperm are contained - Kimble and Hirsh

(1979); McCarter et al. (1997)) in hermaphrodite animals was acutely physically

disrupted by laser ablation (see Methods 2.7). A region of cuticle adjacent to the

spermatheca was ablated, locally rupturing the cuticle and causing partial spermath-

eca extrusion (figure 6.1 A). This treatment prevented further ovulation of oocytes,

and could be applied at any specific time as required.

GFP::PAR-6 and mCherry::PAR-2-expressing TH411 adult hermaphrodites

(see strain list 2.1) were immobilised and imaged as per Methods 2.5.1, and the

spermatheca ablated. Ablation of the spermatheca before the oocyte closest to the

spermatheca (the -1 oocyte) had matured does not prevent maturation and the clear-

ance of PAR-2 from the oocyte cortex, but ovulation is prevented and the oocyte

remains adjacent to the spermatheca in the gonad (figure 6.1 B). Following nu-

clear envelope breakdown (NEBD), PAR-6 gradually becomes cortical, similarly to

wild-type ovulated oocytes, with the oocyte in figure 6.1 B breaking symmetry at

approximately 95 minutes after NEBD.

Although the time of symmetry breaking in this case is delayed relative to wild-

type, this experiment does show that the movement of the -1 oocyte out of the gonad

and into the uterus is not required for PAR domains to form. Whether such oocytes

are fertilised is not clear, however the fact that the oocyte shown in figure 6.1 B

breaks symmetry on the side of the embryo away from the spermatheca may be an

indication that this oocyte was not fertilised, as the sperm would mostly likely enter

the spermatheca side of the oocyte. Symmetry breaking in this case was therefore

presumably similar to that of meiosis-arrested embryos, which break symmetry at

the maternal pole (Wallenfang and Seydoux, 2000; Sonneville and Gonczy, 2004).
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Figure 6.1: Ovulation is not required for PAR domain formation. A) Ablation of the
cuticle adjacent to the spermatheca causes partial spermatheca extrusion and
prevents ovulation. B) Ablation of the spermatheca of TH411 hermaphrodite
(GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded) before oocyte matu-
ration blocks ovulation, but does not prevent oocyte maturation or PAR domain
formation. n = 6. Scale bars 10µm.

6.3 Isolated oocytes that spontaneously mature form

cortical PAR domains

Rutledge et al. (2001) found that oocytes isolated from C. elegans hermaphrodites

before maturation had begun were capable of spontaneously undergoing maturation

with fertilisation not having occurred. The experiments described in chapters 4

and 5, and section 6.2 suggest that neither meiosis progression, fertilisation, nor

ovulation to the uterus are required for PAR domain formation, but that immature

oocytes are not capable of forming PAR domains. This leaves oocyte maturation as

contender for the key process involved in activating the PAR network, and as such

isolated oocytes that mature might be expected to form cortical PAR domains.

Oocytes were dissected out of gravid hermaphrodites as for ex utero imaging
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of embryos (Methods 2.5.2). As observed by Rutledge et al. (2001), not all iso-

lated oocytes imaged spontaneously matured. However, of those that did (and were

imaged for at least 60 minutes post-maturation), 12/15 formed asymmetric cortical

PAR domains. Figure 6.2 A shows two example oocytes of strain KK1273 (see

strain list 2.1) that were imaged in the same sample. The oocyte that matures spon-

taneously (figure 6.2 A.i) forms a clear PAR-2 domain, whereas the oocyte which

does not mature does not (figure 6.2 A.ii). Figure 6.2 B shows an oocyte from strain

NWG0026 (see strain list 2.1) showing the formation of a clear PAR-2 domain, with

moderate clearance of PAR-6 in the same area of the cortex.

To gain a more quantitative understanding of symmetry breaking in isolated

oocytes, NWG0026 isolated oocytes (expressing PAR-6::GFP and mCherry::PAR-

2, see strain list 2.1) that were positioned favourably had their cortical protein

amounts quantified up until symmetry breaking, as in chapter 3 (see Methods 2.5.2

and appendix A). Figure 6.3 A.i shows that before NEBD, GFP channel cortical sig-

nal decreases, as exocytosis of autofluorescent cortical granules occurs (see section

3.3.1). After maternal NEBD, cortical PAR-6 levels steadily increase until symme-

try breaking.

Cortical PAR-2 levels decrease before NEBD (figure 6.3 A.ii), as in wild-type

in utero oocytes (section 3.2.1). At ∼18 minutes, PAR-2 levels drop at the cortex

again, possibly due to the rising cortical levels of PAR-6. PAR-2 levels remain low

at the cortex until symmetry breaking.

Figure 6.3 B shows the timing of symmetry breaking in wild-type in utero

oocytes/embryos and in isolated spontaneously-maturing oocytes. While in utero

embryos break symmetry approximately 62 minutes after oocyte NEBD, isolated

oocytes break symmetry on average 44 minutes after NEBD, with a greater varia-

tion in timing. This is reminiscent of the timing of symmetry breaking in meiosis-

arrested emb-27(RNAi) embryos (see figure 4.2).
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Figure 6.2: Isolated oocytes that spontaneously mature form cortical PAR domains.
A i) Isolated KK1273 oocyte (GFP::PAR-2, CRISPR) that spontaneously ma-
tures and forms a PAR-2 domain. A ii) Isolated KK1273 oocyte imaged on
the same slide as A.i that does not mature or form a PAR-2 domain B) Iso-
lated NWG0026 oocyte (PAR-6::GFP, CRISPR; mCherry::PAR-2, bombarded)
that spontaneously matures and forms asymmetric PAR-2 and PAR-6 domains.
Scale bars 10µm.
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Figure 6.3: Quantification of isolated oocyte pre-symmetry breaking PAR reconfigu-
ration and timing of symmetry breaking. A i) Quantification of cortical
amounts of PAR-6::GFP in NWG0026 isolated oocytes (PAR-6::GFP, CRISPR;
mCherry::PAR-2, bombarded). Autofluorescence due to cortical granules high-
lighted by pink box. n = 3. A ii) Quantification of cortical amounts of
mCherry::PAR-2 in the same NWG0026 isolated oocytes as in A.i. n = 3.
B) Timing of symmetry breaking in in utero fertilised zygotes and isolated un-
fertilised oocytes, relative to maternal pronuclear NEBD. Points are individual
oocytes/embryos. Mean and SD marked by vertical bars.
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6.4 Meiosis-arrested isolated oocytes form cortical

PAR domains
Isolated oocytes that spontaneously mature without being fertilised appear to make

some attempt at meiosis, evident from DIC images showing invaginations at the

cortex consistent with an attempt to extrude a polar body, and the reformation of a

nuclear envelope (figure 6.2).

Experiments described in chapter 4 show that meiosis progression is not re-

quired for PAR domain formation, and experiments of this chapter and chapter 5

show that ovulation and fertilisation are not required. However, it is possible that

meiosis progression and fertilisation act redundantly to activate the PAR network,

such that either meiosis progression or fertilisation are required.

To test this, NWG0026 animals were treated with emb-27(RNAi) (as in chapter

4), and oocytes isolated and imaged. Such oocytes are able to spontaneously mature

(marked by NEBD), with nuclear material moving to the periphery of the cell, as in

fertilised emb-27(RNAi) embryos. Despite no further visible cell-cycle progression,

emb-27(RNAi) are still able to form asymmetric cortical PAR domains (figure 6.4

A), with timing similar to that of wild-type isolated oocytes and emb-27(RNAi)

fertilised embryos (figure 4.2).

6.5 Discussion
Chapters 4 and 5 suggest that meiosis progression and fertilisation are at least in-

dividually dispensable for the PAR network to become active and cortical PAR

domains to form. Since the gonad environment created by gonad sheath cells is

known to inhibit oocyte maturation in the absence of pro-maturation sperm signals

(Govindan et al., 2006), it is formally possible that the gonad environment might

also inhibit activation of the PAR network, with ovulation being required to relieve

this inhibition and allow symmetry breaking to occur. The results described in sec-

tion 6.2 show that this is not the case, as maturing (and possibly fertilised) oocytes

trapped in the gonad are still able to break symmetry.

The only remaining process which might be responsible for activation of the
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Figure 6.4: Meiosis-arrested isolated oocytes form cortical PAR domains. A)
emb-27(RNAi) isolated oocytes (NWG0026 - PAR-6::GFP, CRISPR;
mCherry::PAR-2, bombarded) can spontaneously mature and form asymmetric
cortical PAR domains. n = 4. Scale bar 10µm. B) Timing of symmetry break-
ing in wild-type in utero oocytes and isolated oocytes, versus emb-27(RNAi)
isolated oocytes, relative to maternal pronuclear NEBD. Points are individual
oocytes/embryos. Mean and SD marked by vertical bars.
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PAR network is oocyte maturation, which is usually triggered by signals derived

from the sperm (McCarter et al., 1999b; Miller et al., 2001), but can also occur

spontaneously when oocytes are dissected out of the gonad (Rutledge et al., 2001).

Surprisingly, isolated oocytes that spontaneously mature are able to form asym-

metric cortical PAR domains, preceded by a PAR reconfiguration cycle remarkably

similar to wild-type embryos, and with similar timings (see section 6.3). Isolated

oocytes prevented from making progress through meiosis beyond prophase-I are

also able to break symmetry (section 6.4), suggesting that fertilisation and meiosis

progression do not act redundantly to activate the PAR network, but rather that both

fertilisation and meiosis progression are dispensable for PAR network activation

and domain formation.

Taken together with chapters 4 and 5, oocyte maturation appears to be the

only cellular event required to trigger reconfiguration of the PAR proteins, which

appears to occur independently of cell cycle progression. That this early stage is

important is not completely surprising, given that this project identified that PAR

reconfiguration in preparation for symmetry breaking begins at oocyte maturation.

However, that oocyte maturation is the - or more conservatively a - key activation

event was not expected, since wild-type symmetry breaking correlates spatially and

temporally with the male centrosome and meiosis completion (Cuenca et al., 2003;

Cowan and Hyman, 2004). Interestingly, in no condition so far tested does symme-

try breaking occur within ∼30 minutes of oocyte maturation, suggesting that PAR

network activation has some intrinsic timescale. Further discussion on this topic is

found in chapters 8 and 9.
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Chapter 7

Anterior PAR protein cortical

association regulates network

activation

7.1 Introduction

The results of chapters 4, 5, and 6, point towards the PAR system being inactive

in immature oocytes, and becoming activated by oocyte maturation; however what

does this activation actually entail?

Figure 7.1 shows a simplified schematic of known network interactions in an

active PAR system in the polarised one-cell C. elegans embryo. Even with a rela-

tively simple network such as this, there are a number of ways that it could be ren-

dered inactive by the inactivation or removal of one or more of these interactions.

Alternatively, the modulation of an as yet unknown interaction could be responsible

for regulating the network such that it is inactive in immature oocyte, and active in

post-maturation oocytes and embryos.

This project aimed to characterise the network interactions of the PAR system

from immature oocyte through meiosis, in an attempt to uncover how the PAR net-

work differs in its inactive (immature oocyte) versus active (post-oocyte maturation)

configuration.
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Figure 7.1: Summary of wild-type PAR network interactions in mitotic one-cell C. ele-
gans embryo. The C. elegans PAR network is comprised of multiple known in-
teractions, including membrane-binding, intra-domain protein-protein and pos-
itive feedback, and inter-domain inhibition and antagonism, many of which are
strictly required for polarity. Adapted from Rodriguez et al. (2017).

7.2 pPAR antagonism is not responsible for keeping

PAR-6 in the gonad and oocyte cytoplasm

As discussed and shown in chapter 3, pPARs are localised to the gonad and oocyte

cortex (Guo and Kemphues, 1995; Levitan et al., 1994), with aPARs being cytoplas-

mic at this stage (Hung and Kemphues, 1999). How this configuration is maintained

is not known.

In the mitotic embryo, inactivation or removal of either aPARs or pPARs usu-

ally leads to the opposing PAR proteins becoming localised over the entire cor-

tex (Cuenca et al., 2003; Etemad-Moghadam et al., 1995; Kay and Hunter, 2001;

Tabuse et al., 1998; Watts et al., 1996). Knockdown of pPARs was carried out by

RNAi (see Methods 2.2), and the localisation of PAR-6 in the gonad examined.

Figure 7.2 shows that depletion of posterior PAR proteins does not result in

PAR-6 becoming localised to the gonad/oocyte cortex. This is in contrast to mitotic

embryos, and suggests that antagonism of aPARs by pPARs is not what prevents

aPARs from localising to the cortex in the gonad and oocytes. Instead, PAR-6 may

simply not be able to associate with the cortex in the gonad and immature oocytes.
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Figure 7.2: pPAR antagonism is not responsible for keeping PAR-6 in the gonad
and oocyte cytoplasm. Gonad images of wild-type of RNAi-treated TH411
(GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded. See strain list 2.1).
Wild-type (n = 13), par-2(RNAi) (n = 21), par-1(RNAi) (n = 31), lgl-1(RNAi)
(n = 11). Scale bar 10µm.

7.3 PKC-3 and PAR-6 are capable of associating in

oocyte
One possible reason for anterior PARs failing to localise to the cortex in the gonad

and oocytes, even in the absence of posterior PARs (section 7.2), is that the usual

aPAR-to-aPAR interactions (see figure 7.1) are not yet occurring at this stage.

To begin testing for these interactions, PKC-3 was ectopically localised to the

cortex by co-expression of GFP::PKC-3 with a membrane-bound GFP-binding pro-

tein, and the effect on PAR-6 observed. (Membrane-binding from rat plextrin ho-

mology domain PH-PLCd1(1-175), and GBP binding domain from Caussinus et al.

(2012), to create PH::GBP).

In the absence of PH::GBP, both PKC-3 and PAR-6 are cytoplasmic (7.3 A),
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however when co-expressed with PH::GBP, both PKC-3 and PAR-6 are localised

to the oocyte cortex (7.3 B). Since only PKC-3 is actively targeted to the cortex,

this suggests that PAR-6 is being recruited to the cortex via PKC-3, and therefore

PAR-6 and PKC-3 are capable of interacting in immature oocytes.
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Figure 7.3: PKC-3 and PAR-6 are capable of associating in oocyte. A) GFP::PKC-3
and mCherry::PAR-6-expressing hermaphrodites (NWG0103 - GFP::PKC-3,
CRISPR; PAR-6::mCherry, CRISPR. See strain list 2.1) were crossed with N2
males to produce F1 heterozygotes whose oocytes were imaged, showing both
PKC-3 and PAR-6 in the cytoplasm. n = 28. B) NWG0103 hermaphrodites
were crossed with PH::GBP-expressing males (NWG0095 - see strain list
2.1) to produce F1 animals heterozygous for gfp::pkc-3, mCherry::par-6, and
ph::gbp, and their oocytes imaged. 30/34 showed clear cortical localisation of
both PKC-3 and PAR-6. Scale bar 10µm.

7.4 Ectopic localisation of PKC-3 to the oocyte cortex

displaces PAR-2 to the cytoplasm
While section 7.2 suggests that PAR-6 cannot intrinsically bind to the cortex of the

gonad and oocytes, this does not necessarily mean aPARs would not be capable

of antagonising pPARs in this context if they were able to associate with the cor-

tex in oocytes. Put another way, membrane association and pPAR antagonism are

potentially independently regulated.

To test whether anterior PARs would be capable of antagonising posterior

PARs before oocyte maturation, if able to load onto the cortex, PKC-3 was ectopi-

cally localised to the membrane of immature oocytes using the C1B/phorbal ester
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system (developed in C. elegans as part of this project - see Appendix B), where a

protein of interest fused to a typical C1B domain from human PKCα can be induced

to localise to the membrane by treatment with phorbol ester.

Oocytes were isolated from animals expressing GFP::C1B::PKC-3 and

mCherry::PAR-2 (NWG0021 - see strain list 2.1), and treated with phorbol es-

ter (see Appendix B.3 and Methods 2.6).

Before addition of phorbol ester, PKC-3 was in the cytoplasm, and PAR-2

on the cortex, as expected (figure 7.4 A). After addition of phorbol ester, PKC-3

localised to the cortex, and PAR-2 cortical levels reduced (figure 7.4 B).
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Figure 7.4: Ectopic localisation of PKC-3 to the oocyte cortex displaces PAR-2 to the
cytoplasm. A) NWG0021 (GFP::C1B::PKC-3, bombarded; mCherry::PAR-2,
bombarded) before PMA wash-in. B) NWG0021 oocyte (as in A) after wash-
in of 100µM phorbol-12-myristate-13-acetate (PMA), showing PKC-3 on the
cortex, and reduced PAR-2 on the cortex. n = 12. Scale bar 10µm.

In contrast, wash in of DMSO alone had no effect on the localisation of either

PKC-3 or PAR-2 in oocytes (figure 7.5 A), nor did PMA treatment of oocytes from

animals expressing GFP::PKC-3 without the C1b domain (figure 7.5 C). Consistent

with the effect seen in figure 7.4 being due to antagonism of PKC-3 against PAR-

2, wash in of PMA with PKC-3 inhibitor CRT-90 (Rodriguez et al., 2017) caused

cortical localisation of PKC-3, but did not cause the removal of PAR-2 from the

cortex (figure 7.5 B).

These results suggest that PKC-3 is able to antagonise PAR-2 in immature

oocytes, if artificially brought to the cortex, suggesting that a lack of aPAR cortical
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association is what prevents aPARs antagonising pPARs at this stage.

7.5 aPAR antagonism keeps pPARs in cytoplasm

during meiosis
Having described the characteristic reconfiguration cycle of aPARs and pPARs

in the run-up to symmetry breaking (chapter 3), the mechanism behind the

anti-correlated behaviour of PKC-3 and PAR-2 during meiosis was investigated.

NWG0027 hermaphrodites expressing GFP::PKC-3 and mCherry::PAR-2 (see

strain list 2.1) were treated with pkc-3(RNAi) (see Methods 2.2), imaged during

meiosis, and cortical fluorescence levels quantified as in chapter 3.

When PKC-3 is depleted, PAR-2 levels linearly increase at the cortex from

approximately 37 minutes post-ovulation (figure 7.6 B), in contrast to wild-type

embryos in which PAR-2 levels increase at the cortex from 37 to 48 minutes, before

decreasing again (figure 7.6 A). This is consistent with PKC-3-mediated antagonism

preventing PAR-2 from becoming cortical during meiosis in wild-type embryos,

with PAR-2 only being able to begin to localise to the cortex as PKC-3/PAR-6

levels transiently decrease around anaphase-II at ∼48 minutes post-ovulation.

7.6 Clearance of PAR-2 from the oocyte cortex does

not depend on PKC-3, but does require phospho-

rylation
Figure 7.6 B shows that even in the absence of PKC-3, PAR-2 cortical levels are

still initially low after ovulation, and that PAR-2 cortical levels only being to in-

crease from ∼38 minutes after ovulation, even in a pkc-3(RNAi) background. This

suggests that the clearance of PAR-2 from the oocyte is independent of PKC-3.

To assess this more directly, PKC-3 was depleted, and PAR-2 imaged in utero

in oocytes and newly fertilised embryos (see Methods 2.5.1). In both wild-type and

pkc-3(RNAi) animals, PAR-2 was cleared from the oocyte in the transition from

immature oocyte to newly-fertilised zygote (figure 7.7), consistent with the results
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Figure 7.5: C1B::PKC-3 controls. A) NWG0021 (GFP::C1B::PKC-3, bombarded;
mCherry::PAR-2, bombarded) before and after DMSO wash in. n = 5. B)
NWG0021 before and after 100µM PMA + 10µM PKC-3-inhibitor CRT-90
wash in. n = 5. C) NWG0091 (GFP::PKC-3, CRISPR; mCherry::PAR-2,
CRISPR - see strain list 2.1) before and after 100µM PMA wash in. n = 10.
Scale bar 10µm.
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Figure 7.6: aPARs antagonism keeps pPARs in cytoplasm during meiosis. A) Quan-
tification of PKC-3 and PAR-2 cortical levels before symmetry breaking in
NWG0027 embryos (GFP::PKC-3, CRISPR; mCherry::PAR-2, bombarded).
n = 6. B) Quantification of PKC-3 and PAR-2 cortical levels before symmetry
breaking in pkc-3(RNAi) NWG0027 embryos. n = 6. Pink boxes highlight pe-
riod where GFP channel (PKC-3) quantification is affected by autofluorescent
cortical granules.

of section 7.5.

Curiously, mutation of a known PKC-3 phosphorylation site in PAR-2, S241

(Motegi et al., 2011) , to non-phosphorylatable alanine prevented this clearance

(figure 7.7), suggesting this initial clearance may be due to phosphorylation, but not

by PKC-3.

146



WT pkc-3(RNAi) par-2(S241A)

Be
fo

re
ov

ul
at

io
n

Af
te

r
ov

ul
at

io
n

Figure 7.7: Clearance of PAR-2 from the oocyte cortex does not depend on PKC-3,
but does require phosphorylation. GFP::PAR-2 in wild-type (strain KK1273,
GFP::PAR-2, CRISPR. n = 7), pkc-3(RNAi) (strain KK1273. n = 6), and par-
2(S241A) mutant (strain NWG0062, GFP::PAR-2(S241A), CRISPR. n = 9.
See strain list 2.1) before and after ovulation. Scale bar 10µm.

7.7 PAR-2-independent decrease in PAR-6/PKC-3

cortical levels at anaphase-II correlates with

changes in dynamics of the actin cortex and en-

doplasmic reticulum
Similarly to section 7.5, the dependency of meiotic PKC-3 localisation changes

on PAR-2 was tested by imaging and quantifying PKC-3 cortical intensity in par-

2(RNAi) embryos. Figure 7.8 shows that PKC-3 behaves the same in wild-type (A)

and par-2(RNAi) embryos (B). This result is consistent with gonad RNAi experi-

ments described in section 7.2, which showed that PAR-6 is unable to localise to

the gonad and oocyte cortex even in the absence of pPARs. Similarly, in PAR-2-

depleted meiotic embryos, PKC-3 levels at the cortex are still initially low, only

beginning to increase from approximately 30 minutes after ovulation.

Interestingly, PKC-3 levels still transiently decrease around the time of

anaphase-II, even in the absence of PAR-2 (figure 7.8 B), suggesting the decrease is

caused by something other than antagonism from pPARs.

Purely speculatively, actin was imaged by near-TIRF (see Methods 2.5.2.3) at

the cortex in meiotic embryos. This uncovered a surprising change in actin organisa-
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Figure 7.8: aPARs antagonism keeps pPARs in cytoplasm during meiosis. A) Quan-
tification of PKC-3 and PAR-2 cortical levels before symmetry breaking in
NWG0027 embryos (GFP::PKC-3, CRISPR; mCherry::PAR-2, bombarded).
n = 6. (Same data as in figure 7.6 A). B) Quantification of PKC-3 and PAR-2
cortical levels before symmetry breaking in par-2(RNAi) NWG0027 embryos.
n = 3. Pink boxes highlight period where GFP channel (PKC-3) quantification
is affected by autofluorescent cortical granules.

tion and dynamics at round the time of anaphase-II, when PAR-6 and PKC-3 levels

transiently decrease at the cortex. Figure 7.9 shows an example meiotic embryo,

with actin transitioning from a more diffuse and dynamic organisation, to a less dy-

namic, large, foci from ∼42 minutes, before returning to the diffuse organisation

after ∼47 minutes.

Endoplasmic reticulum (ER) dynamics were imaged during meiosis in

NWG0051 embryos (see strain list 2.1), using the ER-resident protein SP12 as

an ER label (Poteryaev et al., 2005). Again, the dynamics were significantly altered

at around the time of anaphase-II, with the ER becoming less dynamic, and larger

structures forming (figure 7.10), as previously seen by Poteryaev et al. (2005) dur-

ing meiosis-I and II, and mitotic anaphase, at which time changes in ER structure
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are at least partially controlled by the Rab GTPase, RAB-5 (Audhya et al., 2007).

While further investigation of these phenomena, and their link to aPAR dy-

namics, was not possible during this project, this data does suggest there may be a

link between PAR-6/PKC-3 and other possibly cell-wide effects or events, such as

cell-cycle regulation.
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Figure 7.9: Cortical actin organisation during meiosis. Near-TIRF images of
GFP::Actin (strain JH1541, GFP::Actin, bombarded - see strain list 2.1) dur-
ing meiosis, showing dramatic rearrangement of diffuse actin to large, less dy-
namic, foci at around the time of anaphase-II and the transient decrease in PAR-
6 and PKC-3 at the cortex. n = 5. Scale bar 10µm.
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Figure 7.10: Endoplasmic reticulum organisation during meiosis. Midplane images of
GFP::SP12, an endoplasmic reticulum-resident protein (strain NWG0051 -
GFP::SP12, bombarded; mCherry::MEX-5, bombarded .See strain list 2.1)
during meiosis, showing an increase in large structures and decrease in dy-
namics at around the time of anaphase-II and the transient decrease in PAR-6
and PKC-3 at the cortex. n = 3. Scale bar 10µm.
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7.8 PAR-2 can antagonise PAR-6 before symmetry

breaking
The results of sections 7.4 and 7.5 show that aPARs are capable of antagonising

pPARs in immature oocytes and meiotic embryos. To test whether pPARs are

also capable of antagonising aPARs before symmetry breaking, PAR-2 was ec-

topically recruited to the membrane in pre-symmetry breaking embryos using the

c1b/phorbol ester system (see Appendix B and figure 7.11 A). The GFP::C1b::PAR-

2 expressing line NWG0049 (see strain list 2.1) was created as per Appendix B, and

crossed with TH110 (mCherry::PAR-6). Due to rapid silencing of gfp::c1b::par-2,

perm-1(RNAi)-permeabilised embryos from F1 hermaphrodites were imaged and

acutely treated with the phorbol ester PMA in order to induce PAR-2 membrane

localisation.

Figure 7.11 B shows an example embryo before and after addition of PMA

to the sample media shortly before symmetry-breaking showing a clear increase in

cortical PAR-2 levels, with a corresponding decrease in the already modest cortical

levels of PAR-6. Figure 7.11 C shows the quantified cortical fluorescence levels of

the embryo shown in B.

Despite the modest cortical PAR-6 levels (due to PAR-6 levels having de-

creased at the cortex during the transient decrease around anaphase-II), PAR-2 re-

cruitment clearly reduces PAR-6 cortical levels, demonstrating that PAR-2 is able

to antagonise PAR-6 before symmetry breaking. While only one embryo was quan-

tified here, data collected by Goehring lab member Florent Peglion showed PAR-2

recruitment causing a decrease in PAR-6 levels in 6 out of 7 pre-symmetry breaking

embryos (figure 7.11 D), consistent with data collected as part of this project.

7.9 Discussion
While not a comprehensive analysis, the results of this chapter characterise key PAR

network interactions from immature oocyte to symmetry-breaking (summarised in

figure 7.12. Sections 7.4 and 7.5 show that aPARs are capable of antagonising

pPARs at all stages before symmetry breaking, including in immature oocytes. Sim-
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Figure 7.11: PAR-2 can antagonise PAR-6 before symmetry breaking. A) Schematic
representation of inducible membrane recruitment of PAR-2 using the
c1b/phorbol ester system. B) Pre-symmetry breaking embryo of F1
hermaphrodite resulting from cross of NWG0049 (GFP::C1B::PAR-2, bom-
barded) and TH110 (mCherry::PAR-6, bombarded. See strain list 2.1) before
and after treatment with 100µM PMA. Scale bar 10µm. C) Quantification
of cortical fluorescence intensity of same embryo as in B, showing increase
in PAR-2 cortical levels after PMA addition, and reduction in PAR-6 cortical
levels. White and black triangles corresponding to timepoints of images in B.
D) Example of data from Florent Peglion (Goehring lab), showing decrease
in PAR-6 cortical levels following PMA-induced recruitment of PAR-2 to the
cortex in pre-symmetry breaking embryo of F1 hermaphrodite resulting from
cross of NWG0049 and TH110 (see strain list 2.1) before and after treatment
with 100µM PMA. 6 out of 7 embryos showed this behaviour. Scale bar
10µm.
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Figure 7.12: Oocyte maturation-triggered aPAR cortical association activates the PAR
network. Summary of results from chapter 7. The PAR network in immature
oocytes is inactive due to anterior PARs not being able to localise to the cortex.
The network activates as oocyte maturation triggers gradual cortical associa-
tion of anterior PARs.

ilarly, pPARs are capable of antagonising aPARs before symmetry breaking has oc-

curred (section 7.8). Due to aPARs not being at the cortex in oocytes or meiosis-I

embryos, and aPARs undergoing a transient decrease in cortical levels at anaphase-

II, whether PAR-2 can antagonise aPARs at an even earlier stage could not be easily

tested. One possible way of testing whether pPARs are capable to antagonising

aPARs in oocytes is to cause the premature localisation of aPARs to the oocyte cor-

tex by depletion of AIR-1 (see chapter 8). The response of aPARs in oocytes to an

acute increase in pPAR levels could then be investigated using membrane-targeted

C1B::PAR-2, as was carried out during meiosis-II.

Together, these results suggest that it is not the activation of mutual antagonism

that regulates PAR cortical domain formation. Instead, gonad pPAR RNAi exper-

iments described in section 7.2 show that even in the absence of pPARs, PAR-6 is

not able to associate with the cortex, even though PAR-6 and PKC-3 can interact

at this stage (section 7.3). This intrinsic lack of cortex-binding ability in immature
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oocytes may therefore be a key reason why cortical PAR domains do not form in

immature oocytes. Section 7.7 shows that in the absence of PAR-2, PKC-3 levels

still only begin to increase at the cortex at around meiosis-I, consistent with oocyte

maturation triggering the gradual accumulation of PKC-3 (and PAR-6) at the cortex,

which may be a key step in the activation of the PAR network.

In light of the fact that aPARs cannot associate with the cortex before meiosis-

I, it is perhaps not surprising that the clearance of PAR-2 from the cortex during

oocyte maturation/ovulation does not depend on PKC-3 (section 7.6). What is sur-

prising is that mutation of a known PKC-3 phosphorylation site in PAR-2 to alanine

prevents PAR-2 from being cleared at this stage (and at all later stages (Motegi

et al., 2011)). This suggests that another unknown kinase is responsible for this

phosphorylation and clearance.

Another surprising finding is that the transient decrease in cortical PKC-3 (and

PAR-6) levels at the time of anaphase-II is not caused by PAR-2, and correlates not

only with anaphase-II, but also with dramatic changes in organisation of the actin

cortex and endoplasmic reticulum (section 7.7, Poteryaev et al. (2005); Audhya

et al. (2007)). While this has not been thoroughly explored here, it does suggest that

some more global phenomena occurring at this time is affecting multiple processes

across the cell, in the cytoplasm and at the cortex, perhaps due to the activity of

cell cycle regulators. Another possibility is that the energy demands of anaphase-II

channel ATP away from other processes, leading to a decrease in other dynamics,

which may directly or indirectly be affecting cortical PAR-6 and PKC-3 levels.

Giving plausibility to this hypothesis, the changes seen at anaphase-II in PARs,

actin, and ER, are very similar to those seen in embryos during anoxia (personal

communication, Joana Pinto (2017)), suggesting that oxygen or ATP levels may be

involved.
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Chapter 8

Regulation of aPAR cortical

association involves AIR-1 and

PLK-1

8.1 Introduction

Previous chapters have presented evidence for oocyte maturation triggering PAR-

6/PKC-3 cortical association, marking a key activation step of the PAR network.

The next question is how this change in aPAR cortical association is regulated, and

by what.

In C. elegans, the anterior PAR proteins PKC-3, PAR-6, PAR-3 and CDC-42

are all mutually required for their membrane localisation, and loss of any of these

four result in the remaining anterior PARs being found only in the cytoplasm, with

posterior PARs uniformly localised to the cortex (Etemad-Moghadam et al., 1995;

Gotta et al., 2001; Kay and Hunter, 2001; Schonegg and Hyman, 2006; Tabuse

et al., 1998; Watts et al., 1996). Additionally, two modes of PAR-6/PKC-3 cortical-

association have been proposed: one dependent upon PAR-3, and the other CDC-42

Beers and Kemphues (2006).

Since the results of this chapter were obtained, more details have been learned

about aPAR cortical association and its regulation. Rodriguez et al. (2017) postulate

that PAR-6 and PKC-3 localise to the cortex by first associating with cortical PAR-3
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oligomers in a PKC-3 activity-dependent manner, and then by being transferred to

CDC-42. Oligomerisation of PAR-3 is required for all but very low levels of cortical

association (Li et al., 2010a; Dickinson et al., 2017), and therefore that of PAR-6

and PKC-3, and that oligomerisation is negatively regulated by phosphorylation of

PAR-3 by C. elegans Polo-like kinase, PLK-1, linking aPAR cortical association to

cell-cycle progression (Dickinson et al., 2017).

8.2 Depletion of C. elegans Aurora A, AIR-1, causes

premature cortical localisation of PAR-6 to

oocyte cortices and disrupts symmetry breaking

The C. elegans homologue of cell-cycle regulator Aurora A, AIR-1 (Schumacher

et al., 1998), is known to be required for wild-type symmetry breaking in the one-

cell embryo, with AIR-1-depleted embryos not undergoing normal centrosome mat-

uration, and forming ectopic anterior PAR-2 domains (Cowan and Hyman, 2006;

Hannak et al., 2001; Noatynska et al., 2010; Klinkert et al., 2018; Kotak and Kapoor,

2018).

In addition to these spatial regulatory roles in C. elegans, Aurora A is thought

to regulate PAR polarity in Drosophila neuroblasts, phosphorylating Par-6 and caus-

ing a reconfiguration of a Par-6/aPKC/Lgl complex to a Par-6/aPKC/Bazooka com-

plex, capable of phosphorylating Numb and polarising the cell (Wirtz-Peitz et al.,

2008).

The role of AIR-1 in the C. elegans oocyte and embryo was re-investigated

by imaging PAR-6 and PAR-2 in utero in air-1(RNAi) adult hermaphrodites. As

expected from previous reports, depletion of AIR-1 caused symmetry-breaking de-

fects, with embryos either having one paternal pole PAR-2 domain (as in wild-type),

one maternal pole PAR-2 domain, or a PAR-2 domain at both poles (figure 8.1 A).

While the predominant phenotype reported in the literature is of bipolar embryos

(Noatynska et al., 2010; Klinkert et al., 2018; Kotak and Kapoor, 2018), my experi-

ments produced more varied phenotypes, with the distribution of defects depending
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on both the method of sample preparation, and the strain used. TH411 ex utero

embryos produced embryos mainly having a single maternal pole PAR-2 domain,

located at the opposite pole to that of wild-type embryos (figure 8.1 Bi), whereas ex

utero NWG116 embryos showed mainly bipolar PAR-2 domains (figure 8.1 Biii).

The reason for this difference was not explored, however one possibility is that the

relative amounts of PAR-2 and PAR-6 in embryos differs in these two lines. TH411

expresses both PAR-2 and PAR-6 from endogenous loci, as well as fluorescently

tagged PAR-2 and PAR-6 from exogenous loci, where as NWG116 expresses on

fluorescently tagged PAR-2 from an exogenous locus (see strain list 2.1). These

differences in genotype may lead to NWG116 expressing more PAR-2 relative to

PAR-6, altering its susceptibility to polarise, resulting in multiple PAR-2 domains.

It was also noticed that in the case of both TH411 and NWG116, imaging

embryos in utero increased the fraction of embryos breaking symmetry at only the

maternal pole (figure 8.1 Bii & iv). Again, the reason for this was not explored,

but one explanation is that ex utero embryos are rendered less healthy by being

removed from their native environment (the mother worm’s uterus) into artificial

media, resulting in a more severe phenotype, possibly due to osmosensitivity.

Strikingly, depletion of AIR-1 also caused PAR-6 to become localised to the

membrane prematurely, with cortical signal clearly evident in 29/29 maturing -1

oocytes (figure 8.2 A, -5 minutes). PAR-6 remained on the cortex of embryos

throughout meiosis, until becoming asymmetric at symmetry breaking.

Other aspects of the PAR reconfiguration cycle remained similar to wild-type,

with some subtle differences. Clearance of PAR-2 from the oocyte cortex before

ovulation still occurs, however this clearance is subtly asymmetric in comparison to

wild-type embryos, with PAR-2 clearing towards the spermatheca side of the oocyte

(figure 8.3).

The transient decrease in PAR-6 cortical levels at around anaphase-II (and con-

comitant increase in PAR-2 cortical levels - see figure 3.15 for summary), also

occurs in air-1(RNAi) embryos, but in a more asymmetric way. In air-1(RNAi)

embryos, symmetry breaking to form a stable domain is often preceded by the for-
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Figure 8.1: Imaging of air-1(RNAi) embryos, and analysis of symmetry breaking phe-
notypes. A) Depletion of AIR-1 in TH411 embryos (GFP::PAR-6, bombarded;
mCherry::PAR-2, bombarded) causes symmetry breaking defects, including in-
verted PAR domains with respect to the paternal/maternal poles, and bipolar
PAR-2 domains. Scale bar 10µm. B) Localisation of PAR-2 domains in air-
1(RNAi) embryos from strains TH411 (i & ii) and NWG116 (mCherry::PAR-
2, bombarded; Histone::GFP, bombarded) (iii & iv), either dissected out of
hermaphrodite worms (i & iii), or in utero (ii & iv).
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Figure 8.2: Depletion of AIR-1 causes premature localisation of PAR-6 to the -1 oocyte
cortex. A) in utero images of -1 oocyte/embryo from before oocyte maturation
to symmetry breaking. TH411 - GFP::PAR-6, bombarded; mCherry::PAR-2,
bombarded. n >20. Scale bar 10µm. B) Scheme of A, showing -1 oocyte
adjacent to spermatheca (pink).

mation of a transient PAR-2 domain at the maternal pole. In most cases this domain

recedes (sometimes completely) before a stable domain forms at the maternal pole

(figure 8.4 A & B), whereas in only two examples does posterior symmetry breaking

follow the formation of a transient maternal domain (figure 8.4 B).

Interestingly, transient symmetry breaking at the maternal pole occurs consis-

tently earlier than most stable symmetry breaking events (figure 8.4 B). Early stable

maternal domain formation is likely a result of early transient symmetry breaking

events maturing into a stable domain, rather than receding.

Since AIR-1 depleted C. elegans embryos have been reported to show cell cy-

cle timing defects (Schumacher et al., 1998), timing of symmetry breaking and cell

cycle events were measured in wild-type and air-1(RNAi) embryos. As shown in

figure 8.5 A, symmetry breaking occurred consistently earlier in AIR-1 depleted

embryos relative to ovulation, compared with wild-type embryos. Surprisingly,

meiotic and mitotic events also appeared accelerated relative to ovulation in AIR-1-
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Figure 8.3: Clearance of oocyte cortical PAR-2 before ovulation in wild type and air-
1(RNAi) oocytes. PAR-2 is still cleared from the oocyte cortex in AIR-1 de-
pleted oocytes, but appears to do so in a more asymmetric manner. TH411 -
GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded. Scale bar 10µm.
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Figure 8.4: Meiotic behaviour of PAR-6 and PAR-2 in air-1(RNAi) embryos. A) AIR-
1-depleted TH411 embryo (GFP::PAR-6, bombarded; mCherry::PAR-2, bom-
barded) showing formation of an anterior PAR-2 domain, the domain receding,
before expanding again. Scale bar 10µm. B) Timing and location of PAR-2
domain formation in air-1(RNAi) TH411 in utero embryos.

depleted embryos, giving rise to the possibility that the apparently premature sym-

metry breaking in air-1 embryos is due to cell cycle acceleration. While this likely

contributes to the early timing of symmetry breaking in air-1 embryos relative to

ovulation, analysis of symmetry breaking timing relative to the onset of anaphase-II

revealed that while wild-type embryos all polarised after anaphase-II onset, AIR-1-

depleted embryos polarised with a range of times, 9/18 of which doing so before

anaphase-II onset (figure 8.5 B). It was therefore concluded that AIR-1 depletion

causes premature symmetry breaking, not only relative to ovulation, but also rela-

tive to anaphase-II.

In order to test whether AIR-1-depletion can cause premature symmetry break-

ing via a cell cycle independent mechanism, the effect of depleting AIR-1 in

meiotically-arrested embryos was investigated. As discussed in chapter 4, emb-
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Figure 8.5: Cell cycle and symmetry breaking timing in wild-type and air-1(RNAi) em-
bryos. A) Timing of key cell cycle events and symmetry breaking in wild-type
and air-1(RNAi) in utero embryos B) Timing of symmetry breaking relative to
anaphase-II onset in wild-type and air-1(RNAi) in utero embryos. NWG116 -
mCherry::PAR-2, bombarded; Histone::GFP, bombarded.

27(RNAi) embryos arrest in early meiosis-I, but only polarise ∼40-60 minutes

post-ovulation. Depletion of AIR-1 and EMB-27 leads to meiotically-arrested em-

bryos which polarise on average 17 minutes earlier than control + emb-27(RNAi)

embryos (figure 8.6). This suggests that depletion of AIR-1 can cause premature

symmetry breaking even in the absence of cell-cycle progression.

AIR-1 depletion therefore appears to sensitise the PAR system to symmetry

breaking, allowing it to occur prematurely, and also to bias PAR-2 asymmetry to-

wards the maternal pole of embryos.
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Figure 8.6: Timing of symmetry breaking in emb-27, air-1 + emb-27, and air-
1(RNAi) embryos. Timing of symmetry breaking in RNAi-treated NWG116
(mCherry::PAR-2, bombarded; Histone::GFP, bombarded) in utero embryos.
Depletion of AIR-1 accelerates symmetry breaking relative to ovulation in
meiotically-arrested emb-27(RNAi) embryos.

8.3 Phosphorylation of the conserved Aurora A site

in PAR-6 is not responsible for preventing pre-

mature PAR-6 cortical localisation

The clear phenotype of AIR-1 depletion in addition to the previously described

centrosome-related phenotypes, raised the possibility of AIR-1 depletion impinging

more directly on PAR-6, rather than only via centrosome maturation. Therefore the

possible role of the conserved Aurora A site in PAR-6 of serine 29 (Wirtz-Peitz

et al., 2008) was investigated. Using CRISPR, serine 29 in PAR-6 was mutated to

alanine in strain NWG0026 to create strain NWG0097 (see strain list 2.1, Methods

2.4, and figure 8.7 A & B).

Somewhat surprisingly, par-6(S29A) animals were viable, and showed no ob-

vious phenotype. Unlike in air-1(RNAi) animals, PAR-6 was not prematurely lo-

calised to the cortex, and the meiotic and symmetry-breaking behaviour appeared

generally normal (figure 8.7 C).

While more subtle consequences cannot be ruled out, par-6(S29A) did not phe-

nocopy AIR-1 depletion and effect of the S29A mutation in PAR-6 was not studied

further.
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Figure 8.7: Meiotic behaviour of PAR-6 and PAR-2 in air-1(RNAi) embryos. A) Con-
served Aurora A phosphorylation site in C. elegans, Drosophila, and Homo
sapiens. Adapted from Wirtz-Peitz et al. (2008). B) Schematic of C. elegans
PAR-6 showing location of S29 putative Aurora A/AIR-1 site. C) ex utero
images of GFP::PAR-6 and mCherry::PAR-2 in wild type NWG0026 (PAR-
6::GFP, CRISPR; mCherry::PAR-2, bombarded) and par-6(S29A) NWG0097
embryos (PAR-6(S29A)::GFP, CRISPR; mCherry::PAR-2, bombarded). n =
12. Scale bar 10µm.

8.4 PLK-1 depletion causes premature cortical PAR-

6 and PAR-3 localisation, and PAR-2 domain for-

mation

Since the effect of Aurora A/AIR-1 depletion on PAR-6 does not seem to be due

to direct phosphorylation of PAR-6 by AIR-1 (section 8.3), alternative explanations

were sought. Aurora A is known to activate the cell-cycle regulator Polo-like Kinase

in other systems and in vitro (Macrek et al., 2008; Seki et al., 2008; Tavernier et al.,
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2015), therefore the effect of depleting C. elegans Polo-like Kinase, PLK-1, was

tested.

Depletion of PLK-1 by feeding RNAi (see Methods 2.2) also caused premature

cortical PAR-6 localisation (figure 8.8 B&C), as well as PAR-3 (figure 8.8 A). Like

in AIR-1-depleted oocytes, PAR-2 appears to clear the oocyte cortex prior to ovu-

lation asymmetrically, by collapsing into a domain, and then this domain shrinking

(figure 8.8 B).

The majority of oocytes depleted of PLK-1, however, were not ovulated during

the 90-minute period in which they were imaged, and did not undergo maternal

NEBD, consistent with previous reports (Chase et al., 2000). Instead, non-ovulated

oocytes accumulated PAR-6 at the cortex, causing PAR-2 to collapse into a stable

domain (figure 8.8 C).

8.5 Cortical association of aPARs and asymmetry of

PARs is PAR-3-dependent in air-1 and plk-1 em-

bryos
In order to assess whether aPAR cortical localisation and PAR asymmetry are also

dependent upon PAR-3 in air-1 and plk-1 embryos, cortical aPAR localisation was

scored in wild-type, air-1(RNAi), and plk-1(RNAi) one-cell embryos, whose moth-

ers were either heterozygous for PAR-3, or PAR-3 null. In all cases, the absence of

PAR-3 prevented both the cortical association of PAR-6 (and therefore presumably

PKC-3), as well as the asymmetry of PAR-2 and PAR-6 (figure 8.9). It was therefore

concluded that depletion of AIR-1 and PLK-1 does not circumvent the necessity for

PAR-3 for aPAR cortical localisation and PAR polarity in one-cell embryos.

8.6 Discussion
The results of this chapter have identified two regulators of the PAR reconfiguration

cycle, with depletion of both AIR-1 and PLK-1 causing premature localisation of

anterior PARs to the oocyte cortex. Therefore AIR-1 and PLK-1 act as negative reg-

ulators of aPAR cortical association, at least in the -1 oocyte, as cortical localisation
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Figure 8.8: PLK-1 depletion causes premature cortical PAR-6 and PAR-3 localisation,
and PAR-2 domain formation. A) in utero images of control and plk-1(RNAi)
NWG0028 (PAR-3::GFP, CRISPR; mCherry::PAR-6, bombarded) -1 oocytes,
showing 3 representative examples of PAR-3 localisation, with quantification of
fraction of oocytes showing cortical PAR-3. B) in utero image of plk-1(RNAi)
TH411 (GFP::PAR-6, bombarded; mCherry::PAR-2, bombarded) oocyte be-
fore ovulation, showing premature cortical localisation of PAR-6, and asym-
metric clearance of PAR-2. n = 2. C) in utero image of plk-1(RNAi) TH411
oocyte which is not ovulated and maintains a clear PAR-2 cortical domain. n =
8. Scale bars 10µm.
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Figure 8.9: Cortical association of aPARs and asymmetry of PARs is PAR-3-
dependent in air-1 and plk-1 embryos. Manual scoring of significant cor-
tical signal and cortical asymmetry of PAR-2 and PAR-6 in wild-type, air-
1(RNAi), and plk-1(RNAi) backgrounds, in the presence or absence of PAR-3
in strain NWG0165 (PAR-6::mCherry, CRISPR; GFP::PAR-2, CRIPSPR; bal-
anced par-3(it71) mutant. See strain list 2.1). The PAR-3 presence or absence
was achieved using a balanced par-3 mutation (it71), and picking roller adults
(par-3 null) or long adults (par-3 heterozygotes).

of aPARs in AIR-1 or PLK-1 was largely restricted to the maturing -1 oocyte.

Depletion of AIR-1 also caused symmetry-breaking defects, however the ex-

periments of this project found that PAR-2 domain formation mostly occurs at the

maternal pole (figure 8.1), rather than at both poles, as previously reported (Noatyn-

ska et al., 2010; Klinkert et al., 2018; Kotak and Kapoor, 2018). The reason for this

is probably due to strain differences (possibly due to differences in relative aPAR-

pPAR dosage), as well as the mode of sample mounting and therefore embryo sen-

sitivity.

Timing of symmetry breaking was also affected by AIR-1 depletion, causing

timing to be much more variable, but with a similar mean (figure 8.4). Interestingly,

as in emb-27(RNAi) embryos (chapter 4), no symmetry breaking was seen within

∼30 minutes of ovulation, suggesting that there is a minimum timescale of PAR ac-

tivation after oocyte maturation, possibly due to the period following the clearance

of PAR-2 from the oocyte cortex during oocyte maturation. Unfortunately this the-

ory could not be tested, as a method to prevent PAR-2 clearance while maintaining

its function was not found.
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AIR-1 depletion produced the more subtle phenotype of asymmetrising PAR-

2 in situations where it would otherwise be uniform - during clearance from the

oocyte, and at anaphase-II (section 8.2). This may be because the increased pres-

ence of cortical anterior PARs at these times in AIR-1 depleted oocytes and em-

bryos is sufficient to polarise PAR-2, if sometimes only transiently, before PAR-2

is cleared via an unknown mechanism (in the maturing oocyte), or aPAR levels in-

crease again, driving PAR-2 from the cortex (at anaphase-II). Interestingly, in some

cases the transient PAR-2 domain at anaphase-II shrank, but did not disappear com-

pletely, and then grew again, perhaps reflecting a PAR balance more in favour of

PAR-2 in these embryos. In other cases early PAR-2 asymmetry was maintained,

leading to premature symmetry breaking.

One model is that early cortical localisation of aPARs (caused by AIR-1 de-

pletion) prematurely activates the PAR system, meaning that the system is now

capable of breaking symmetry due to suspected anterior cues, e.g. meiotic spin-

dle microtubules (Wallenfang and Seydoux, 2000) or a chromatin-associated fac-

tor (Sonneville and Gonczy, 2004). These anterior meiotic cues might not usually

cause symmetry breaking in wild-type embryos due to the PAR system not yet be-

ing active at the time when these cues are capable of directing symmetry breaking.

Instead, the wild-type PAR system polarises in response to paternal centrosome-

related cues. This model is also supported by the fact that embryos arrested in

meiosis (see chapter 4) also break symmetry at the anterior, perhaps this time due

to a prolonging of the lifetime of anterior cues due to the cell cycle arrest, not due

to premature activation of the PAR system relative to the time ovulation. Com-

bining meiosis arrest with AIR-1 depletion leads to accelerated symmetry breaking

relative to that of meiosis arrested embryos (figure 8.6), supporting the notion that

symmetry breaking can be brought on by AIR-1 depletion independently from the

observed acceleration of the cell cycle of air-1(RNAi) embryos.

Since mutation of the conserved Aurora A/Air-1 site in PAR-6 does not phe-

nocopy AIR-1 depletion, but PLK-1 depletion does, it seems likely that the air-

1(RNAi) premature PAR-6 and PAR-3 (and presumably PKC-3) cortical localisa-
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tion phenotype is due to the effect of AIR-1 depletion on PLK-1 activity, namely

decreasing it (Macrek et al., 2008; Seki et al., 2008). The plk-1(RNAi) conditions

used here were sufficient to also block oocyte maturation and ovulation in most

cases. Surprisingly, PAR-2 is still able to polarise into a stable domain with a life-

time in the order of at least one hour, suggesting that the premature cortical aPAR

may be sufficient to drive PAR-2 asymmetry in these cases.

Since these experiments were carried out, Dickinson et al. (2017) published ev-

idence for PLK-1 negatively regulating PAR-3 oligomerisation by phosphorylation.

Importantly, PAR-3 oligomerisation is required for PAR-6 and PKC-3 cortical as-

sociation (Dickinson et al., 2017; Rodriguez et al., 2017), providing a link between

PLK-1 and aPAR cortical association. This project also demonstrated that even in

the absence of AIR-1 and PLK-1, PAR-3 is required for aPAR cortical association

and PAR asymmetry, consistent with PAR-3 linking AIR-1/PLK-1 activity to aPAR

cortical association, and therefore PAR network activity.

The evidence of this project and that of Dickinson et al. (2017) and Rodriguez

et al. (2017) support a model in which oocyte maturation decreases PLK-1 activity

against PAR-3, allowing PAR-3 to form oligomers and recruit PAR-6 and PKC-3

to the cortex, completing and activating the PAR network at an appropriate time,

preventing it from polarising in response to inappropriate cues (e.g. maternal pole

meiosis-associated cues), and allowing it to respond to the paternal centrosome cue.

Maintaining the PAR network in an inactive state until such time that the domi-

nant paternal cue is active ensures singularity of PAR domains, setting up a single

polarity axis.

While the interpretation of results here is that depletion of AIR-1 leads to po-

larity defects via its effect on PLK-1 activity, a direct link between AIR-1 and the

PAR system (other than a role in centrosome maturation), cannot be ruled out. Re-

cently Klinkert et al. (2018) proposed that global cortical AIR-1 generally inhibits

symmetry breaking, leading to bipolarity when depleted due to spontaneous sym-

metry breaking at embryo poles, and that AIR-1 also promotes symmetry breaking

at the paternal pole, where it is localised to the male centrosome. Interestingly, the

169



latter role is independent of normal centrosome maturation, suggesting that AIR-1

itself may act as the paternal symmetry-breaking cue. While Klinkert et al. (2018)

propose that depletion of AIR-1 uncovers an underlying tendency for symmetry

breaking to occur at embryo poles, due to the increased curvature, the finding of

this project that meiosis-arrested, AIR-1-depleted embryos polarise only at the ma-

ternal pole (in contrast to embryos in which only AIR-1 is depleted) conflicts with

this model. One explanation is that the strong meiotic cue at the maternal pole of

meiosis-arrested embryos dominates over a relatively weak curvature effect at the

paternal pole, leading to domain formation only at the maternal pole.

Kotak and Kapoor (2018) have also recently put forward the idea that AIR-1

globally inhibits cortical contractility, preventing spontaneous symmetry breaking

due to cortical flow, while also specifically directing cortical flow at the paternal

pole via the Rho GEF ECT-2, thereby ensuring singularity of symmetry breaking.

In light of the results of this project, it is possible that the global inhibitory role

of AIR-1 reported by Klinkert et al. (2018) and Kotak and Kapoor (2018) may in

part, or wholly, be due to AIR-1/PLK-1 negatively regulating aPAR cortical associ-

ation, and thereby preventing symmetry breaking and PAR domain formation.
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Chapter 9

Discussion

How polarity mechanisms are temporally regulated has largely been unexplored,

as research efforts have focused on the fundamental question of how spatial asym-

metries are produced. With the increasing understanding of how such networks

generate polarised cortical domains, not just in general terms, but including molec-

ular details, it is becoming possible to probe how such systems change over time,

including their activation.

The understanding of how the PAR network operates in the early C. elegans

embryo has increased in resolution from course-grained theories to an increasing

number of relatively detailed molecular interactions. However, how the PAR system

is temporally regulated is not well understood. Recent work has suggested that the

PAR network may be deactivated in P4 cells of the germline due to their small size

being incompatible with the parameters of the system (Hubatsch et al. (2018) -

manuscript in preparation).

Knowledge of how the system becomes activated is limited. Despite all of

the necessary components being present in the newly-fertilised zygote, symmetry

breaking only occurs 30-60 minutes later. Previous work has suggested that some

symmetry breaking cues may be under cell-cycle control, only becoming active

upon meiosis completion (Cowan and Hyman, 2004). However, whether or not

symmetry breaking cues are the key regulator of PAR network activation, or if the

network itself needs activating, was not known.

This thesis has shown that the PAR network in unfertilised immature oocytes
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is not active, and is incapable of forming asymmetric PAR domains, demonstrating

that the PAR network must be activated before symmetry breaking can occur. The

activation of the PAR network is triggered by oocyte maturation, and is indepen-

dent of further cell cycle progression, or fertilisation, highlighting the distinction

between network activation and activation of symmetry breaking cues (which are

usually contributed from sperm). aPAR cortical association was identified as a key

regulator of PAR network activity, with aPARs being incapable of associating with

the cortex in oocytes until ∼30 minutes after oocyte maturation, allowing asymmet-

ric domains to form if provided with a suitable symmetry breaking cue, which in

wild-type embryos is provided by the male centrosome. Finally, inhibition of aPAR

cortical association before oocyte maturation was found to be due to the cell-cycle

regulator PLK-1, linking the activation of the PAR network to cell-cycle control

during oocyte maturation and early meiosis. See figure ??.

9.1 The PAR network relocalisation cycle

To begin understanding how the PAR system is activated in the C. elegans embryo,

PAR proteins were imaged from oocyte to mitotic embryo, revealing a stereotyped

relocalisation sequence beginning before ovulation and fertilisation, and continuing

up until symmetry breaking (chapter 3). Interestingly, while the events described

here disagree with the interpretation of previous results (Schonegg and Hyman,

2006), they can be fully rationalised with the data presented, suggesting that previ-

ous descriptions were only incorrect by not being complete. The description of PAR

localisation presented here represents a significant increase in the understanding of

the early PAR behaviour in C. elegans, describing the localisation changes of most

polarity proteins from oocyte to embryo, a period little studied in the field.

In the oocyte, pPARs are localised to the cortex, with aPARs in the cytoplasm.

However in the run-up to symmetry breaking this localisation is reversed. It is not

clear why such an elaborate series of events needs to occur. Why could symmetry

breaking not occur from the oocyte configuration state, with aPARs locally load-

ing onto the cortex? One possibility is that aPARs and pPARs are specialised for
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their respective roles during symmetry breaking. For instance PAR-3 oligomeri-

sation allows it to be efficiently transported towards the anterior during symmetry

breaking, thereby creating an asymmetry in aPARs, and allowing pPARs to bind

the cortex at the posterior (Dickinson et al., 2017; Rodriguez et al., 2017). PAR-

2 also has additional mechanisms to aid it’s local loading at the posterior (Motegi

et al., 2011). Together, these specialisations may explain why symmetry breaking

occurs from the configuration which it does, although it is difficult to say whether

the specialisations are a cause or effect of this configuration.

Why could the PAR proteins not simply begin in the correct configuration for

symmetry breaking, thereby negating the need to reconfigure? One possibility is

that pPARs have additional roles at the cortex in the gonad. PAR-2 is a nematode-

specific protein, which may have gonad roles, and been co-opted into the PAR sys-

tem in nematodes. Interestingly, PAR-2 is expressed in male gonads, where it is

also localised to the cortex (this project - data not shown), suggesting it may have

additional gonad roles even when not required to polarise an embryo.

One surprising feature of the relocalisation cycle is that PAR-2 is cleared from

the oocyte cortex before ovulation, and in a PKC-3 independent manner (chapter 7).

This may seem unnecessary, since PKC-3 is able to remove PAR-2 when it becomes

cortical, however premature loading of aPARs while pPARs are cortical can lead to

symmetry breaking (chapter 8). Removing PAR-2 from the cortex before aPARs

begin to load may therefore prevent inappropriate early symmetry breaking which

may disrupt normal development.

The clearance of PAR-2 from the oocyte cortex may also be necessary to

change the state and behaviour of PAR-2, allowing it to play its role in the polari-

sation of the embryo. The clearance of PAR-2 - before it relocalises to the cortex

asymmetrically during symmetry breaking - is reminiscent of the behaviour of the

fate determinant scaffold Miranda in Drosophila neuroblasts (See section 1.2.3.1

for background). At interphase, Miranda is uniformly localised to the neuroblast

cortex, before being removed due to phosphorylation by aPKC upon mitosis entry

(Hannaford et al., 2018). This clearance is required for Miranda to transition to an
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actomyosin-dependent cortical binding mode, which is necessary for its asymmetric

distribution at the cortex (Hannaford et al., 2018).

The only method of preventing PAR-2 from being removed from the cortex at

ovulation found during this project was mutation of serine 241 of PAR-2 to alanine.

This mutation also disrupted asymmetry of PAR-2, however this serine is known

to be required for PAR-2 asymmetry, and therefore does not shed any light on the

role of PAR-2 oocyte clearance in itself. In order to study this further, it may be

worthwhile to screen for regulators of this clearance. Alternatively, a temporally

controllable way of preventing clearance of PAR-2 might be developed, for instance

by ectopically tethering PAR-2 to the cortex, before engineering its release during

meiosis. This might be achieved with the use of a membrane-tethered GFP-binding

protein, followed by its inducible degradation.

These two different modes of Miranda binding described above are also char-

acterised by different cortical dynamics measured by FRAP (Hannaford et al.,

2018). FRAP experiments were carried out on PAR-2 in the oocyte versus embryo,

but did not reveal any obvious differences in dynamics (data not shown). Biochem-

ical experiments aimed at immunoprecipitating PAR-2 from the gonad and embryo

in order to characterise phosphorylation state and binding partners were also at-

tempted, but were unsuccessful due to degradation of gonad PAR-2 in lysates. Fur-

ther optimisation may allow PAR-2 from the gonad and embryo to be compared in

order to ascertain whether there are any differences.

One feature of the reconfiguration cycle identified during this project which

was not fully explored is the PAR-2-independent decrease in aPAR cortical levels at

anaphase-II (chapters 3 & 7). Intriguingly, this was found to correlate with changes

in endoplasmic reticulum (ER) and cortical actomyosin structure and dynamics.

The link between anterior PAR cortical association and the actin cortex has been

variously described and studied (see Nance and Zallen (2011) for comprehensive

review). However, that there may be a wider mechanism, also affecting the endo-

plasmic reticulum, has not been explored. As discussed in chapter 7, the changes in

PAR protein localisation, cortex, and ER at anaphase-II appear similar to those that
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occur during anoxia (personal communication, Joana Pinto (2017)), suggesting that

a cell-wide phenomenon may be behind all of these changes, such as energy avail-

ability. Further exploration of this phenomenon may uncover unidentified interplay

between other cellular events and the PAR network.

9.2 Events required for PAR network reconfigura-

tion and activation
The dependency of symmetry breaking on oocyte maturation and ovulation (chapter

6), cell cycle progression (chapter 4), and fertilisation (chapter 5) were tested during

this project.

In line with previous reports (Wallenfang and Seydoux, 2000), meiosis pro-

gression beyond prophase-I was not required for PAR domains to form, despite

symmetry breaking usually occurring upon completion of meiosis-II (Cuenca et al.,

2003). Fertilisation was also completely dispensable for symmetry breaking, rul-

ing out the requirement of sperm-donated components or sperm entry site in glob-

ally activating the PAR network, and further highlighting that the PAR system

can polarise in response to multiple cues. The identity of the symmetry break-

ing cue in meiotically arrested embryos has previously been suggested as meiotic

spindle microtubules (Wallenfang and Seydoux, 2000), while it has also been sug-

gested that anterior PAR-2 patches correlate with the position of DNA in embryos

with disrupted centrosomes (Sonneville and Gonczy, 2004). Recently, centrosome-

associated AIR-1 has been proposed to promote unique symmetry-breaking in wild-

type embryos, with PAR-2 domains forming at regions of high cortex curvature in

the absence of AIR-1, due to cortical flow (Klinkert et al., 2018). The nature of the

symmetry-breaking cue was not explored during this project, however exploring the

mechanism of symmetry-breaking in different contexts could be of interest in un-

tangling the (possibly many) mechanisms by which symmetry breaking is directed.

Oocyte maturation was identified here as being required for PAR domain for-

mation, with spontaneously maturing oocytes undergoing a remarkably wild-type

reconfiguration cycle and domain formation. This finding highlights that early
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events are also necessary for PAR domain formation, and that events at the time

of symmetry breaking do not regulate all aspects of the network.

One question posed by this finding is, if oocyte maturation triggers activation

of the PAR network, and the PAR network is capable of breaking symmetry in

response to a meiotic spindle-associated cue, why do wild-type embryos not also

break symmetry at the anterior during meiosis, but instead apparently ignore the

meiotic cues at the anterior?

The model favoured here is that symmetry breaking requires an active PAR

network capable of responding to symmetry-breaking cues, and a cue of some sort.

Oocyte maturation triggers the activation and reconfiguration of the PAR network,

however this activation has a certain minimum time-scale. Consistent with this is

the observation that in none of the cases studied here did symmetry breaking occur

within approximately 20 minutes of ovulation. Therefore any cue present during

this activation period will not drive symmetry breaking. Cues after this period will

drive symmetry breaking.

In the wild-type system, meiosis-I is completed before the system is fully ac-

tive, as anterior PARs are usually only beginning to become cortical at this time,

thereby preventing symmetry breaking in response to the first meiotic spindle. Why

symmetry breaking does not usually occur in response to the second meiotic spindle

is less clear, however one possibility is that the transient decrease in aPAR cortical

levels associated with meiosis-II transiently reduces aPAR levels sufficiently to pre-

vent polarisation. Symmetry breaking can be brought forward by increasing the

stability of meiotic cues, by arresting embryos in meiosis-I. In this case, PAR net-

work activation occurs at the usual time, however as soon as the network is capable

of responding to cues, a persistent maternal meiotic cue is able to direct symmetry

breaking, leading to premature polarisation relative to wild-type embryos.

Premature symmetry breaking from anterior meiotic cues could also be

achieved if the PAR network is already active by the time that wild-type meiotic

cues are able to direct symmetry breaking. In support of this idea, AIR-1 (and

PLK-1) depletion causes the premature localisation of anterior PARs to the cortex
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(likely marking a key activation step - see section 9.3), as well as premature sym-

metry breaking at the anterior.

The PAR network in the C. elegans one-cell embryo is therefore under the

regulation of two separate mechanisms. First, the network is maintained in an ’off’

state in the gonad and oocytes, where aPARs are unable to associate with the cortex.

aPARs cortical localisation is only activated after oocyte maturation, and takes ap-

proximately 30 minutes until the network is fully active. This first layer of network

regulation sets the coarse timing of symmetry breaking, and prevents premature and

inappropriate symmetry breaking.

The second layer of regulation comes from activation of the symmetry break-

ing cue, which is usually under tight temporal control, at least in part via cell-cycle

regulation. This second regulatory mechanism sets the fine timing and geometry of

symmetry breaking.

These two mechanisms ensure that PAR polarity is robustly established with a

single, posteriorly located, pPAR domain, ensuring a unique and correctly oriented

polarity axis is established in the cell. Disrupting the normal coordination of PAR

network activation with cell cycle events allows the PAR system to break symmetry

in response to alternative cues, leading to aberrant polarity.

9.3 Mechanism and regulators of PAR network acti-

vation
The results of chapter 7 identified that aPAR cortical localisation is a key inter-

action lacking in immature oocytes, in which the PAR system is inactive. If the

aPAR complex is ectopically localised to the oocyte cortex, it is capable of remov-

ing pPARs, and pPARs are capable of removing aPARs before symmetry breaking.

Further experiments to identify whether pPARs are also able to antagonise aPARs

in the immature oocyte would help confirm that aPAR cortical localisation is the

key regulated interaction which acts as the PAR network’s on and off switch.

The finding that the only interaction of the PAR network tested here to not

be evident in oocytes is aPAR cortical association is at first somewhat surprising.
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However, regulating only one key interaction as a way to switch a system on and

off may provide a less complicated solution than regulating multiple interactions.

The cell-cycle regulators AIR-1 (AuroraA) and PLK-1 (Polo-like kinase) were

identified as negative regulators of aPAR cortical association, with depletion of ei-

ther leading to premature aPAR cortical localisation in maturing oocytes. Since

mutation of the conserved AuroraA phosphorylation site in par-6 did not cause

premature cortical localisation, and that depletion of AIR-1 and PLK-1 gave very

similar phenotypes, it seems more likely that the mechanism leading to prema-

ture aPAR cortical association in AIR-1-depleted animals acts via PLK-1, which

is known to be activated by AIR-1/AuroraA in other systems (Macrek et al., 2008;

Seki et al., 2008). Furthermore, PLK-1 has recently been shown to phosphorylate

PAR-3, thereby preventing its oligomerisation and cortical association (Dickinson

et al., 2017).

PLK-1 depletion not only causes premature cortical association of aPARs, but

also leads to symmetry breaking in the oocyte (section 8.4), further suggesting that

PAR network activation is primarily controlled by the regulation of aPAR cortical

association. However, PLK-1 depletion has other known phenotypes (Chase et al.,

2000; Rahman et al., 2015; Tavernier et al., 2015). In order to test whether pre-

mature cortical localisation of aPARs is sufficient to activate the PAR system, and

enable it to break symmetry in the oocyte, a more direct means to localise aPARs to

the cortex should be sought.

Localising PAR-6 and PKC-3 to the cortex using a membrane-tethered GFP-

binding protein was used to demonstrate PAR-6/PKC-3 interaction in the oocyte

(section 7.3), however there was no evidence that PKC-3 was active when localised

in this way, perhaps because cortical PAR-3 is required for PKC-3 activity, or that

the particular molecular arrangement achieved is not compatible with activity. Lo-

calising PAR-3 to the cortex using a membrane-tethered GFP-binding protein may

allow this to be tested. Dickinson et al. (2017) created unphosphorylatable PAR-3,

which cannot be prevented from oligomerising by PLK-1, and therefore would be

expected to be constitutively at the cortex. However, these mutations apparently
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also caused severe sterility, preventing these animals being examined (Dickinson

et al. (2017); D Dickinson (2018) - personal communication).

If PLK-1 activity negatively regulates aPAR cortical association, PLK-1 should

be active in immature -1 oocytes until meiosis-1 completion, when aPARs begin

to be detectable at the cortex. Verifying that this is indeed the temporal activity

profile of PLK-1 during this time would add further plausibility to this hypothesis.

There is currently no knowledge of PLK-1 activity during this time in the C. elegans

germline, however, CDK-1/cyclinB is known to activate PLK-1 (Tavernier et al.,

2015) in C. elegans, and cyclinB is thought to be active in maturing oocytes and

early embryos (Wang et al., 2013). It is also worth noting that AIR-1 or PLK-

1 depletion did not lead to premature aPAR cortical localisation throughout the

entire gonad, suggesting that additional mechanisms exist to prevent aPAR cortical

association in the remainder of the gonad.

While the idea that the air-1(RNAi) phenotype described in this project is in

fact due to its impact on PLK-1 activity is favoured here, AIR-1 itself has recently

been argued to have a role at the cortex in suppressing symmetry breaking via an

unknown mechanism (Klinkert et al., 2018), or by suppressing cortical contractility

(Kotak and Kapoor, 2018). It is possible that the global inhibitory role of AIR-1

described by Klinkert et al. (2018) and Kotak and Kapoor (2018) is in fact due to

the PLK-1 mechanism proposed here, or that AIR-1 both activates PLK-1 (thereby

inactivating the PAR system by preventing aPAR cortical association), and by sup-

pressing symmetry breaking via other mechanisms.

9.4 Summary

The findings of this thesis advance the understanding of how the PAR network is ac-

tivated in the one-cell C. elegans embryo, as well as clarifying previous descriptions

of PAR behaviour before symmetry breaking. Activation of the network is achieved

by the relief of inhibition (by PLK-1) of aPAR cortical association upon oocyte

maturation, producing a PAR network in which the interactions necessary for the

formation of opposing cortical domains are active. In combination with previous
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findings relating to the temporal control of symmetry breaking cues (Cowan and

Hyman, 2004), this leads to a model in which the PAR network is first activated,

and then influenced by symmetry breaking cues, providing a two-step activation

process ensuring tight control.
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Appendix A

Quantification of cortical protein

amounts from mid-plane images

A.1 Introduction

An accurate description of cortical PAR protein localisation requires a quantitative

measure of how much protein is localised to the cortex, if only in arbitrary units

(rather than molecules per area). For studying dynamic phenomena, imaging of

fluorescently-tagged proteins in live samples offers many advantages over imag-

ing fixed and stained samples, such as high temporal resolution and the elimination

of artefacts caused by the staining process (Walker-Daniels, 2012). However, live

imaging subjects samples to harmful phototoxicity, requiring gentle imaging con-

ditions to be used which may limit detection of low signals (Magidson and Khod-

jakov, 2013). Since the aims of this project were to obtain relatively high temporal

resolution data, live imaging methods were chosen to study PAR protein localisa-

tion.

One approach to produce a measure of cortical protein amounts is to attempt

to only detect and measure cortical protein to begin with, through acquiring images

where signal is only captured from the cortex, allowing for relatively straightfor-

ward quantification of such data. Two such techniques are confocal imaging of

only the embryo cortex (as in Goehring et al. (2011a)), and near-TIRF (as in Ro-

driguez et al. (2017)). Disadvantages of these techniques include that they capture
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data from only a small fraction of the embryo cortex (due to the shape of the em-

bryo. See figure A.1), and require precise and consistent focusing on the plane

of interest in order to avoid introducing focus-related intensity changes. Midplane

imaging is more robust to slight focal changes, but requires that the resulting images

by analysed in such a way as to produce a measure of the cortical protein amount.

Since the data for this project were to be acquired over relatively long time-scales

(where focal drift may become apparent), it was decided to acquire most images at

the embryo midplane.

coverslip

substrate (e.g. agarose, or glass slide)

midplane

cortical plane

embryo

Figure A.1: Midplane and cortical imaging planes

Numerous methods have been implemented in order to quantify cortical pro-

tein amounts in C. elegans one-cell embryos. Goehring et al. (2011a) manually

traced the embryo cortex, and computationally straightened a 25-pixel-wide region

around the traced cortex. At each pixel column of this straightened cortex, the

highest intensity group of pixels corresponding to 0.8µm subset of the cortex cross-

section was summed, thereby giving a measure of cortical protein amount at each

region of embryo cortex. The advantages of this method include it’s relative sim-

plicity, however this approach would be sensitive to changes in cytoplasmic amount,

especially at low cortical signal, as a highest intensity region will always be found

even if those pixels are not from the cortex.

Zhang et al. (2017) algorithmically located the cell cortex based on cortical

fluorescence, and took a wide region around this as the cortical measure, but did not
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take into account the cytoplasmic contribution to this signal, leaving this measure

sensitive to changes in cytoplasmic fluorescence.

Sailer et al. (2015) identified the cortex in images by searching from outside

the embryo to inside for the first pixel above a threshold cytoplasmic signal fraction.

A 300nm region around this position was then averaged, and divided by a region

2µm away, which was assumed to be cytoplasmic signal, giving a cortical measure

as a fraction of the cytoplasmic signal. This method of locating the cortex is likely

to only work robustly in embryos with a clear cortical signal, and may be inaccurate

if the cortical signal is low. In addition, the assumption that signal 2µm inside the

embryo from the cortex is only due to cytoplasmic signal is not necessarily valid, as

cortical signal may contribute to signal in this region due to scattering and out-of-

focus cortical fluorescence.

Blanchoud et al. (2015) algorithmically detected the cortex from DIC images

(as described by Blanchoud et al. (2010)), and extracted cortical signal by assuming

that signal from the cortex falls in a Gaussian distribution around the cortex cen-

tre, and that the background signal (all the signal across the embryo cortex, minus

the signal from the cortex) is approximated by an image with the cortical region

removed and replaced by linear interpolation. The advantage of this method is that

it isolates the cortical signal from all other signals, however the assumption that the

background signal can be approximated by linear interpolation from an image with

the cortex deleted is likely not accurate.

In order to overcome some of the shortcomings outlined above, this project

sought to develop a method of cortical signal extraction based on that first imple-

mented by Lars Hubatsch, and subsequently used by Rodriguez et al. (2017), in

which a background cortical profile (measured from embryos with no cortical pro-

tein signal) is subtracted from a cortical profile of an image of interest in order to

produce a profile comprised only of cortical signal.

Using this principle, a complete analysis pipeline with various improvements

was produced during this project, and used for all cortical protein quantifications

described in this thesis (with the exception of quantification of cortical-plane near-
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TIRF images).

A.2 Method

A.2.1 Straightening of C. elegans embryo cortices

Images of dissected embryos (acquired as per Methods 2.5.1) were compiled into

tif stacks from individual images using Fiji (Schindelin et al., 2012) and a custom

Fiji macro. The following steps were included in a custom Fiji macro to facilitate

the processing of multiple embryos. First, a segmented line region of interested

(ROI) was selected manually for one time point, starting at the posterior pole and

proceeding clockwise (figure A.2 A). Using this ROI, the entire timecourse stack

was then straightened using the Fiji tool straighten (Kocsis et al., 1991), to produce

a roughly straightened cortex for each time point (figure A.2.1 B).

The remainder of the analysis was carried out using custom MATLAB1 scripts.

A moving average with a width of 50 pixels was applied along the straightened cor-

tex. In order to straighten the cortex further, each of the moving average profiles was

smoothed using a Savitzky-Golay filter (Savitzky and Golay, 1964), and the steep-

est part of this filtered curve set to be x = 0 (figure A.2.1 C). This method robustly

straightened cortices (figure A.2 D i&ii), and decreased the standard deviation of the

collection of profiles that make up each time point (figure A.2 E i&ii). For quanti-

fying cortical amounts of unpolarised proteins (e.g. before symmetry breaking), all

of the curves representing the cortex at each time point were averaged, producing

one cortical profile for each time point. This curve was then linearly interpolated to

increase the x-resolution 10-fold.

A.2.2 Generation of background profile

In order to estimate the cortical fluorescence signal (see A.2.3), a suitable descrip-

tion of all fluorescence minus the cortical signal was generated. Rather than assume

what such a background cortical profile would look like (as in Blanchoud et al.

(2015)), cortical profiles were generated (as in A.2.1) for GFP and mCherry-tagged

proteins in conditions with all sources of fluorescence other than that from the cor-

1Mathworks®, Natick, United States
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Figure A.2: Straightening of embryo cortex A) Midplane image of embryo with manu-
ally defined cortex region of interest (ROI - yellow line). One ROI is sufficient
for an entire timecourse. B) Roughly straightened cortex based on ROI set as
in A. C) Refinement of roughly straightened cortex by application of a mov-
ing average along cortex, smoothening, and aligning to the steepest portion of
smoothed cortex. D i&ii) Example moving average curves before and after
straightening. E i&ii) As in D, showing mean and standard deviation.
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tex.

For GFP background curves, embryos expressing PAR-6::GFP at the endoge-

nous locus (KK1248, see strain list 2.1) were treated with par-3(RNAi) to prevent

PAR-6 from localising to the cortex (Rodriguez et al., 2017). Embryos were imaged

throughout meiosis and mitosis, and processed at various time points to generate

cortical profiles. These were then averaged and interpolated 10-fold to produce a

background cortical profile (see figure A.3 A).

For mCherry background curves, embryos expressing PAR-6::mCherry at the

endogenous locus (BOX241, see strain list 2.1) were treated with par-3(RNAi), and

processed as for GFP background curves (figure A.3 B).
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Figure A.3: GFP and cherry background curves A) GFP background cortical profile. B)
mCherry background cortical profile.

A.2.3 Extraction of cortical signal

ex utero embryo images to be analysed were acquired with the same conditions as in

A.2.2. (See also Methods 2.5.2). Images were compiled into stacks and straightened
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as in A.2.1. Using custom MATLAB scripts, at each time point, the cortical profile

to be analysed was fitted with the appropriate background curve (GFP or mCherry),

plus a single Gaussian to fit any cortical signal, using the non-linear least squares

method (figure A.4 A). In doing so, the appropriate position of the background

curve was found, regardless of if there was detectable cortical signal or not, as the

Gaussian component is fitted to any cortical signal, preventing the background curve

from being inappropriately fitted (figure A.4 B). The fitted background profile was

then subtracted from the cortical profile to reveal the cortical signal in the analysed

profile (figure A.4 C&E). This was then integrated at each time point to give a

single value representing the average cortical fluorescence intensity across the entire

cortex (figure A.4 D).

A.3 Discussion
Although the most appropriate quantification method is likely to be highly depen-

dent on the specific data being analysed, the method developed here has several

advantages over previously described approaches. Firstly, rather than simply mea-

suring pixel intensities in the cortical region of the embryo, whose values are likely

contributed to from cytoplasmic fluorescent protein, autofluorescence, media fluo-

rescence, and camera noise, an experimentally determined description of all these

contributions is subtracted from the cortical profile being analysed. This is partic-

ularly valuable when attempting to quantify very low cortical signals, where the

cortical profile may deviate only slightly from the background profile.

Secondly, due to the fact that the background profile plus Gaussian is fitted

to the profile being analysed by allowing some freedom in the x axis, extremely

precise straightening of the cortex is not required. The cortex straightening pipeline

is therefore relatively straightforward, requiring only one manually-defined ROI

per embryo timecourse, followed by straightening based on the maximum slope

of the smoothed profiles. This has the advantage of being easy to implement, and

relatively fast.
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Figure A.4: Extraction of cortical signal through fitting and subtraction of back-
ground profile A) Example fit of background cortical profile plus Gaussian to
experimental cortex profile. B) Background profile and Gaussian components
of fit in A. C) Experimental curve in A with background curve component of fit
subtracted. D) Example timecourse showing mean cortical fluorescence inten-
sity over time. E) As in D, before integration (showing cortical signal profiles
at each time point).
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Appendix B

Inducible membrane targeting of

proteins in C. elegans embryos

B.1 Introduction

The ability to inducibly localise specific proteins to structures (including organelles

and other proteins) provides a powerful set of tools for probing molecular inter-

actions and pathways (Stanton et al., 2018). Ectopically localising specific PAR

proteins to the plasma membrane would enable their impact at the membrane to be

assessed in situations where they would not naturally be localised to the membrane,

or to alter their membrane localisation dynamics.

One method of recruiting specific proteins to the plasma membrane is by cre-

ating a fusion of the protein of interest and a typical C1B domain from human

PKCα , as demonstrated by Lekomtsev et al. (2012). Upon addition of phorbol es-

ter (e.g. 12-O-Tetradecanoylphorbol-13-acetate ,TPA) to the culture medium, the

C1B-tagged protein translocates to the plasma membrane. Lekomtsev et al. (2012)

replaced the C1 domain of MgcRacGAP with a human PKCα C1B domain and

found that treating mitotic cells with TPA caused translocation of MgcRacGAPr-

C1B to the plasma membrane, enabling more than 60% of cells to complete cytoki-

nesis, whereas only 20% of DMSO-treated cells completed cytokinesis, demon-

strating that C1B-localised proteins are able to function somewhat like their wild-

type counterparts.
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The C1B-fusion method of membrane localisation has the potential advantage

over protein-protein chemically induced dimerisation systems, in that only one fu-

sion protein must be generated. For example, using the FRB/FKBP Rapamycin

inducible dimerisation system (Derose et al., 2018) to target a protein of interest

to the plasma membrane would entail producing a membrane-bound FRB fusion

protein, as well as an FKBP fusion with the protein of interest. While this approach

has since been demonstrated as a membrane-targeting method in C. elegans em-

bryos and gonads (Mangal. S, Zielich. J, Lambie. EJ, 2018) - albeit with limited

success - the C1B-fusion approach was selected for its simplicity and track record.

Prior to the start of this PhD project, Nathan Goehring designed and had man-

ufactured a C. elegans codon-optimised C1B sequence cloned into vector pUC57.

During this project, this sequence was then cloned into vectors suitable for introduc-

tion and expression in the C. elegans germline, used to create transgenic C. elegans

lines, and tested for its ability to inducibly localise proteins of interest to the plasma

membrane.

B.2 Methods and Results

The c1b::linker sequence was cloned out of the pUC57 vector and into pTH699 (a

gift from the laboratory of Anthony Hyman), resulting in plasmid pJR0004 (fig-

ure B.1). This plasmids puts the gfp::c1b sequence under the regulation of the

promoter and 5’ and 3’ untranslated regions of the gene pie-1, well known for its

germline expression profile and commonly used to express transgenes in the C. el-

egans germline (Merritt and Seydoux, 2016).

pJR0004 was bombarded into HT1593 as described in Methods section 2.3,

resulting in the production of two separate stable unc-rescued lines, NWG0011 and

NWG0012 (see strain list, Methods 2.1), indicating that the transgenic construct

had been successfully introduced (figure B.2 A). The response to the presence of

phorbol ester was tested by treating NWG0012 embryos with perm-1(RNAi) (see

Methods 2.2) to render them permeable and allow intracellular exposure to drugs

added to the culture media (Carvalho et al., 2011) (see also Methods 2.6).
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Figure B.1: Design of C1B membrane-targeting construct. A) Schematic representa-
tion of C1B-membrane targeting system. Intracellular phorbol ester induces
C1B-tagged protein to localise to the plasma membrane. B) Map of c1b do-
main plasmid manufactured by Genscript. C) Map of C. elegans germline-
expressing gfp::c1b plasmid.
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Lekomtsev et al. (2012) treated HeLa cells with either 2.5nM PMA, or 30nM

PDB. A range of concentrations increasing from approximately these values was

tested, by dissecting embryos in to phorbol ester-containing media and incubating

for approximately 10 minutes. PDB treatment did not result in detectable cortical

enrichment of GFP at any concentration tested, whereas at 10 and 100µM PMA,

a slight enrichment of GFP at the cortex was detected (figure B.2 B), especially at

100µM, in which patchy cortical GFP signal was clearly visible. Very slight cortical

signal was also detected at 10µM PMA at the interface of cells AB and P1 at the

two-cell stage (figure B.2 B, black arrowhead).

A powerful aspect of chemically-induced proximity/localisation systems, is

the ability to acutely cause relocalisation of the target protein, thereby enabling ex-

periments to be conducted with temporal specificity. The kinetics of GFP::C1B

recruitment upon acute addition of phorbol ester (PMA) were tested by mounting

embryos in media not containing PMA, and then flowing in PMA-containing me-

dia, as described in Methods section 2.6. DMSO and 10µM PMA wash-in did

not result in GFP cortical enrichment, whereas 100µM and 200µM PMA wash-in

showed clear cortical enrichment (figure B.3 B). By three minutes after addition of

200µM PMA, embryos showed cortical GPF enrichment, however by 15 minutes

the cortical signal becomes markedly reduced.

B.3 Discussion

The C1B membrane localisation system results in rapid recruitment of tagged pro-

tein to the plasma membrane of PMA-treated, permeabilised C. elegans embryos.

Recruitment occurs within approximately 3 minutes of treatment with PMA, with

strong localisation persisting for approximately 15 minutes. The initial delay of re-

cruitment may reflect the time required for PMA to diffuse through to the interior of

the embryo from the media. The reason for the relatively short time during which

C1B-tagged protein is strongly recruited to the plasma membrane is not known,

however it may explain why only modest recruitment was seen after embryos were

dissected in phorbol ester-containg media and incubated for 10 minutes (as in figure
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Figure B.2: Initial assessment of GFP::C1B membrane-targeting. A) Comparison of
signal in GFP channel of N2 embryos versus NWG0011 and NWG0012,
the later two of which show modest cytoplasmic GFP expression. B) perm-
1(RNAi) NWG0012 embryos after 10 minute incubations with different
concentrations of phorbol esters PDB (phorbol 12, 13-dibutyrate) or PMA
(phorbol-12-myristate-13-acetate, also known as TPA). All scale bars 10µm.
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B.2).

Following this proof-of-principle, the method was adapted for PKC-3

membrane-targeting by Florent Peglion in the Goehring lab, leading to a publi-

cation on which I am co-author (Rodriguez et al., 2017).
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Appendix C

Towards producing an in vivo PKC-3

activity sensor

C.1 Introduction

Imaging of conventionally fluorescently-labelled proteins in live samples provides

valuable spatial and intensity information about proteins of interest. However, infor-

mation regarding the specific state of the protein of interest is not given, for example

the protein’s particular conformation, binding partners (unless the binding partners

are also labelled and image), or activity of it’s function(s).

Of particular interest in relation to the C. elegans PAR polarity network is the

ability to ascertain the degree of kinase activity of the anterior PAR kinase PKC-3,

and posterior PAR kinase PAR-1, since this activity is thought to contribute to the

cross-talk interactions between aPARs and pPARs, allowing opposing protein do-

mains to be maintained (Beatty et al., 2010; Guo and Kemphues, 1995; Hao et al.,

2006; Hoege et al., 2010; Hurov et al., 2004; Motegi et al., 2011). While the activity

of PAR kinases can be potentially inferred by the localisation of their known sub-

strates, interpretation of such data is complicated by the fact that aPAR and pPAR

substrates may themselves influence the activity of their respective kinases (Ra-

manujam et al., 2018). A method to read out the activity of PAR kinases without

such complications would therefore be beneficial.

Numerous methods of in vivo kinase sensor have been implemented, including
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FRET-based methods (reviewed by Oldach and Zhang (2014)), or substrate moni-

toring methods, whereby activity of a kinase is deduced by observable changes in

known substrate behaviour. For exampe, Durandau et al. (2015) produced mitogen-

activated protein kinase (MAPK) activity sensors in budding yeast by creating syn-

thetic substrates that relocalise from the nucleus to cytoplasm upon phosphorylation

by MAPKs. One advantage of this type of approach over FRET-based methods is

that FRET-based methods require high signal-to-noise of acquired images, which

may be difficult to achieve in in vivo single-cell settings with the desired spatio-

temporal resolution (Leavesley and Rich, 2014).

Since more is known about atypical protein kinase C (aPKC) consensus target

sites and substrates, it was decided to initially focus on attempting to produce a

C. elegans PKC-3 kinase activity sensor. Bailey and Prehoda (2015) investigated

aPKC-3 substrates, and identified basic and hydrophobic (BH) regions, capable of

directly binding phospholipid membranes. Furthermore, they found that the BH

motifs of aPKC-3 substrates Lgl, Mira, and Numb contained aPKC phosphorylation

sites, and that phosphorylation of these sites in short BH motif peptides caused

their removal from the cortex, and dubbed such sequences phospho-regulated basic

and hydrophobic (PRBH) motifs. Bailey and Prehoda (2015) then searched for

novel PRBH motifs, showing that PRBH motifs identified in Homo sapiens protein

MPP7 (a MAGUK-p55 family member, involved in epithelial polarity and tight

junction formation - Stucke et al. (2007)) and Drosophila PIP82 (a light-responsive

protein involved in signal transduction in photoreceptors - Suri et al. (1998)) were

also sensitive to aPKC activity, being cortical in the absence of aPKC, but largely

cytoplasmic or nuclear in the presence of aPKC, thereby providing a readout of

aPKC activity. These two PRBH sequences were chosen for testing in C. elegans.

C.2 Methods and Results

MPP7 and PIP82 PRBH motifs from Bailey and Prehoda (2015) were codon opti-

mised to a codon adaptation index (CAI) of 0.8 (Redemann et al., 2011), ordered

as gBlocks from Integrated DNA Technologies (IDT), and cloned into a suitable C.
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elegans germline expression vector to produce N-terminal mKate fusion proteins

under the mex-5 promoter and nmy-2 5’ UTR (plasmids pJR0011 and pJR0012.

See figure C.1).

HT1593 animals were bombarded with Plasmids pJR0011 and pJR0012

(see Methods 2.3). Bombardment of pJR0011 did not produce any stable unc-

rescued animals, however bombardment of pJR0012 produced a stable unc-

rescued line (NWG0059, see strain list 2.1). In oocytes and one-cell embryos,

mKate::PRBH(PIP82) was observed only very weakly at the cortex, becoming more

cortical in two, three, and four-cell embryos. mKate signal was also observed in nu-

clei (figure C.2 A).

Treatment of perm-1(RNAi) permeabilised embryos with the drug CRT-90

inhibits PKC-3 (Rodriguez et al., 2017). CRT-90 treatment of permeabilised

NWG0059 induced a symmetric first cell division consistent with PKC-3 lack of

PKC-3 activity (Tabuse et al., 1998), but did not cause any obvious change in

mKate::PRBH localisation, as would be expected if mKate::PRBH membrane affin-

ity were being altered by phosphorylation by PKC-3 (figure C.2 B).

C.3 Discussion

The PRBH motif of Drosophila PIP82 does not appear to act as a localisation-based

PKC-3 kinase activity sensor, in that its behaviour does not show detectable changes

in wild-type versus PKC-3-inhibited embryos. There are many potential reasons for

this, but one obvious problem is that the mKate::PRBH does not localise strongly

to the cortex, even in the absence of PKC-3 activity. This could be due to the PRBH

motif alone not having sufficient membrane affinity in C. elgans embryos. One

possible solution is to attempt to increase the membrane affinity of the peptide by

using multiple PRBH domains in tandem, or using a combination of PRBH motifs

and other weak, generic, lipid-binding domains. The correct balance of general

membrane affinity and PKC-3 sensitivity would have to be found, in order for the

construct to still respond to phosphorylation by PKC-3.

A further possible cause of the weak membrane binding, even in PKC-3-
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VPSKHFQERRLALRRPEILVQPLKVSNRKSSGFRKSFRLSRKDKKTNKS
MYECKKSDQYDTADVPTYEEVTPYRRQTNEKYRLVVLVGPVGVGLNE

5’ CCATCCAAGCACTTCCAAGAGCGTCGTCTCGCCCTCCGTCGCCCAGAGATTCTCG
TCCAGCCACTCAAGGTCAGCAACCGTAAGTCCTCCGGATTCCGTAAGTCCTTCCGCC
TCTCCCGCAAGGACAAAAAGACCAACAAGTCCATGTACGAATGCAAGAAGTCCGACC
AATACGACACCGCCGACGTCCCAACCTACGAGGAGGTCACCCCGTACCGTCGTCAAA
CCAACGAAAAGTACCGTCTCGTCGTCCTCGTCGGACCGGTCGGAGTGGGACTCAAC
GAG 3’

MPP7 PRBH amino acid sequence

MPP7 PRBH DNA sequence, codon optimised to CAI 0.8

ETTKTAENADENNASRKLSIRQNIKRLRKSIKRPSKIKSKAAAPVPDSDEE

5’ GAGACAACCAAGACCGCCGAGAACGCCGACGAGAACAACGCCTCCCGTAAGCT
CTCCATCAGGCAAAACATCAAGCGTCTCCGTAAGTCCATCAAGCGTCCATCCAAG
ATCAAGTCCAAGGCCGCCGCCCCAGTCCCAGACTCCGACGAGGAG 3’

PIP82 PRBH amino acid sequence

PIP82 PRBH DNA sequence, codon optimised to CAI 0.8

NMY-2 3' UTR 2135..2582

PRBH (PIP82) 1952..2104

mKate2 1082..1927

mex-5p 425..1081
CB-unc-119 3'UTR 1..284

AmpR 4799..5458

CB-unc-119 promoter 7708..8695

pJR0012 (PIP82 PRBH)

9541 bp

PRBH (MPP7) 1952..2236

mKate2 1082..1927

mex-5p 425..1081
CB-unc-119 3'UTR 1..284

NMY-2 3' UTR 2267..2714

AmpR 4931..5590

CB-unc-119 promoter 7840..8827

pJR0011 (MPP7 PRBH)

9673 bp

A

B

C

D

Figure C.1: Construction of PRBH PKC-3 sensor plasmids A) Drosophila PIP82 PRBH
amino acid sequence, and C. elegans-codon optimised DNA sequence. B)
Homo sapiens MPP7 PRBH amino acid sequence, and C. elegans-codon op-
timised DNA sequence. B & C) PIP82 and MPP7 mKate::PRBH transgene
plasmids for introduction into C. elegans.
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Figure C.2: Testing of PIP82 PRBH as a PKC-3 activity sensor A) mKate::PIP82-PRBH
localisation in wild-type NWG0059 embryos. B) mKate::PIP82-PRBH lo-
calisation in PKC-3 kinase inhibited NWG0059 embryo, showing no visible
change in sensor behaviour.

inhibited embryos, is that other kinases are phosphorylating the PRBH motif,

thereby reducing it’s membrane affinity even when PKC-3 is inhibited. One method

of testing this hypothesis would be to mutate serine residues in the motif to alanine,

rendering them non-phosphorylatable by any kinase, and determine whether or not

such a PRBH motif is capable of driving mKate to the membrane.

An additional complication of the PRBH motif of PIP82 is it’s relatively strong

nuclear localisation (figure C.2). Interestingly, the PIP82 PRBH sequence contains

a putative importin-α-dependent nuclear localisation sequence of IRQNIKRLRKS

(Kosugi et al., 2009). Nuclear import may be interfering with membrane-binding,

as well as sequestering protein to the nucleus, preventing the construct acting as a

PKC-3 sensor.

Future efforts to generate a PAR network-independent PKC-3 kinase activ-

ity sensor might look to systematically study the behaviour of PRBH motifs in
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C. elegans, including how membrane localisation is affected by multiple tan-

dem PRBH motifs, and how membrane affinity could be improved by including

generic membrane-binding motifs along side PRBH motifs. An alternative ap-

proach would be to introduce a known PKC-3 substrate from a different system,

such as Drosophila Miranda (Atwood and Prehoda, 2009; Hannaford et al., 2018;

Wirtz-Peitz et al., 2008).
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Appendix D

Abbreviations

CGE Cortical granule exocytosis

ER Endoplasmic reticulum

PAR partitioning-defective

aPAR(s) Anterior PAR protein(s)

pPAR(s) Posterior PAR protein(s)

NEBD Nuclear envelope breakdown

SB Symmetry breaking

RNAi Ribonucleic acid interference

ROI Region of interest

PMA/TPA phorbol-12-myristate-13-acetate
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Appendix E

Colophon

This thesis was set in the Times Roman typeface using LATEX and BibTEX, com-

posed in TeXstudio. The template used was available at the time of writing at

https://www.sharelatex.com/templates/thesis/university-college-london-thesis .
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