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Abstract 

Asymmetric cell division is crucial for embryonic development and stem cell lineages. In 
the one-cell C. elegans embryo, a contractile cortical actomyosin network contributes to 
asymmetric division by segregating PAR proteins to discrete cortical domains. The ante-
rior-posterior (AP) polarity established in this manner is maintained thereafter and 
translated into mechanisms that lead to asymmetric spindle positioning during mitosis, 
thus ensuring proper segregation of cell fate determinants and fate specification of the 
daughter cells.  

  Here, performing cortical live imaging using confocal spinning disk microscopy, 
we discovered that the plasma membrane lipid phosphatidylinositol 4,5-bisphosphate 
(PtdIns(4,5)P2; PIP2) forms polarized dynamic structures at the cell membrane of C. ele-
gans zygotes, which distribute in a PAR-dependent manner along the AP embryonic axis. 
PIP2 cortical structures overlap with filamentous actin (F-actin), and coincide with the 
actin regulators RHO-1, CDC-42 as well as ECT-2. Particle image velocimetry analysis re-
vealed that PIP2 and F-actin cortical movements are coupled, with PIP2 structures mov-
ing slightly ahead of polymerizing F-actin bundles. Importantly, we established that the 
formation of PIP2 cortical structure depends on F-actin and their movement on actin 
polymerization. Conversely, we found that decreasing or increasing the level of PIP2 re-
sults in severe F-actin disorganization, revealing interdependence between these com-
ponents. Moreover, increasing or decreasing the levels of PIP2 revealed that the for-
mation of CDC-42 and RHO-1 cortical structures depends on PIP2, while PIP2 structures 
formation is mostly independent of RHO-1 and CDC-42. Furthermore, we uncovered 
that PIP2 and F-actin regulate the sizing of PAR cortical domains during the establish-
ment and maintenance phases of polarization. Overall, our work establishes that a lipid 
membrane component, PIP2, modulates actin organization and cell polarity in C. elegans 
embryos. 

 Furthermore, we found that the force generation mediators GPR-1 and LIN-5, as 
well as the negative force regulators CSNK-1 and GPB-1, distribute in cortical structures. 
While CSNK-1 and GPB-1 form elongated cortical structures during pseudocleavage 
overlapping with PIP2 cortical structures, GPR-1 and LIN-5 form mostly cortical foci not 
overlapping with GPB-1 and PIP2 cortical structures. The formation of GPB-1 cortical 
structures is independent of GPR-1 and vice versa. However, the formation and locali-
zation of GPB-1 cortical structures depends on PIP2. Overexpressing GPR-1 increases the 
formation of GPR-1 cortical structures and PIP2/GPB-1 cortical structures, which overlap 
in large part. CSNK-1 regulates PPK-1 localization to the embryo posterior and is required 
for the formation of PIP2 cortical structures on the anterior side.  
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 Overall, this work reveals that many important players of asymmetric cell division 
in the one-cell stage C. elegans embryo distribute unevenly on the cortex in dynamic 
and polarized elongated structures and foci. Moreover, for the first time, the contribu-
tion of a plasma membrane lipid, PIP2, to proper AP polarity establishment and mainte-
nance is demonstrated. 

 

Key words: Development, C. elegans embryo, Asymmetric cell division,  

Phosphoinositides, PIP2, Actin, Polarity, Spindle positioning 
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Zusammenfassung 

Asymmetrische Zellteilung ist für die Entwicklung von Embryonen und für Stammzellli-
nien von entscheidender Bedeutung. Im einzelligen C. elegans Embryo trägt ein kontrak-
tiles Aktin-Myosin-Netzwerk zur asymmetrischen Zellteilung bei, indem es PAR Proteine 
in diskrete kortikale Bereiche trennt. Nachdem die Polarität entlang der anterior-poste-
rior (AP) Achse etabliert wurde, wird diese aufrecht erhalten und in Mechanismen über-
setzt, welche während der Mitose zu einer asymmetrischen Positionierung der Spindel 
führen. Die exakte Positionierung der mitotischen Spindel ist ausschaggebend für die 
korrekte Trennung von Determinanten des Zellschicksals und die richtige Spezifikation 
der Tochterzellen. 

Wir zeigen mittels konfokaler Spinning-Disk-Echtzeit-Mikroskopie, dass das Plas-
mamembranlipid Phosphatidylinositol 4,5-Bisphosphat (PtdIns(4,5)P2; PIP2) polarisierte 
dynamische Strukturen an der Zellmembran von C. elegans Embryonen bildet. Diese 
Structuren verteilen sich PAR-abhängig entlang der embryonalen AP Achse. Kortikale 
PIP2-Strukturen überlappen teilweise mit filamentösem Aktin (F-Aktin) und vollständig 
mit den Aktinregulatoren RHO-1, CDC-42 sowie ECT-2. Eine „Particle Image Velocimetry“ 
Analyse ergab, dass die kortikalen Bewegungen von PIP2 und F-Aktin gekoppelt sind. Au-
ßerdem bewegen sich PIP2-Strukturen etwas vor polymerisierenden F-aktin-Bündeln. 
Wir konnten zeigen, dass die Bildung von kortikalen PIP2-Strukturen von F-Aktin und de-
ren Bewegung von der Aktinpolymerisation abhängt. Umgekehrt haben wir festgestellt, 
dass eine Verringerung oder Erhöhung der gesamten zellulären Menge von PIP2 zu einer 
schweren F-Aktin-Desorganisation führt, was die wechselseitige Abhängigkeit zwischen 
diesen beiden Komponenten belegt. Ebenfalls zeigten eine verringerte oder erhöhte 
PIP2 Menge, dass die Bildung von kortikalen CDC-42- und RHO-1-Strukturen von PIP2 ab-
hängt, während die Bildung von PIP2-Strukturen weitgehend unabhängig von RHO-1 und 
CDC-42 ist. Darüber hinaus haben wir entdeckt, dass PIP2 und F-Aktin die Dimensionie-
rung von kortikalen PAR Bereichen während der Etablierung und Erhaltung der Polarisa-
tion regulieren. Zusammenfassend zeigt diese Arbeit, dass eine Lipidmembrankompo-
nente, PIP2, die Organisation des kortikalen F-Aktin Cytoskeletts  und die Zellpolarität in 
C. elegans Embryonen moduliert. 

 Außerdem haben wir festgestellt, dass die Krafterzeugungsmediatoren GPR-1 
und LIN-5 sowie die negativen Kraftregulatoren CSNK-1 und GPB-1 ebenfalls in kortika-
len Strukturen verteilt sind. Während CSNK-1 und GPB-1 eher längliche kortikale Struk-
turen während der Pseudospaltungsphase bilden, welche mit kortikalen PIP2-Strukturen 
überlappen, formen GPR-1 und LIN-5 hauptsächlich kleine kortikale Foki, die nicht mit 
kortikalen GPB-1- und PIP2-Strukturen überlappen. Die Bildung von kortikalen GPB-1-
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Strukturen ist unabhängig von GPR-1 und umgekehrt. Die Bildung und Lokalisierung von 
kortikalen GPB-1-Strukturen hängt jedoch von PIP2 ab. Eine Überexpression von GPR-1 
erhöht die Bildung von kortikalen GPR-1-Strukturen sowie GPB-1-Strukturen, welche 
größtenteils überlappen. Darüber hinaus reguliert CSNK-1 die Lokalisierung von PPK-1 
zu kortikalen Strukturen auf der anterioren Seite und die Bildung von kortikaler PIP2-
Strukturen. 

 Insgesamt zeigt diese Arbeit, dass viele wichtige Akteure der asymmetrischen 
Zellteilung im einzelligen Stadium des C. elegans Embryo ungleichmäßig auf dem Zell-
kortex verteilt sind und dynamische und polarisierte länglichen Strukturen und Foki bil-
den. Darüber hinaus wird zum ersten Mal der Beitrag eines Plasmamembranlipids, PIP2, 
zu einer korrekten Bildung und Erhaltung der AP-Polarität gezeigt. 

 

Stichwörter: Entwicklung, C. elegans Embryo, Asymmetrische Zellteilung,  

Phosphoinositide, PIP2, Aktin, Polarität, Spindelpositionierung 
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 Asymmetric cell division 

 Types and common characteristics of asymmetric cell division 

Asymmetric cell division is essential for stem cell lineages and the development of mul-
ticellular organisms. Asymmetric cell division is defined as any division that gives rise to 
two daughter cells with different fates, which includes differences in size, morphology, 
gene expression pattern, protein, RNA, organelle content or different cell progeny num-
bers in subsequent divisions (reviewed in Vertii et al., 2018). A particularly drastic exam-
ple of asymmetric cell division occurs during polar body extrusion in metazoan oocytes, 
when the oocyte itself retains almost all of the cellular contents. Such dramatic asym-
metry is achieved by asymmetric spindle positioning (Azoury et al., 2011; reviewed in Yi 
and Li, 2012).  

The mechanisms of asymmetric cell division have been studied in a wide range 
of organisms from bacteria, yeast, worms (Caenorhabditis elegans), flies (Drosophila 
melanogaster) to mammals. Two principle mechanisms exist, one extrinsic and one in-
trinsic, which result in asymmetric division (reviewed in Horvitz and Herskowitz, 1992). 
In the extrinsic mechanism, the two daughter cells are initially equal, but then interact 
with different environments, which induces different fates. Intrinsically determined cell 
division occurs cell-autonomously, whereby cell intrinsic factors lead to the polarization 
of the cell (reviewed in Knoblich, 2010; Nung Jan and Yeh Jan, 1998). While intrinsically 
determined asymmetric cell divisions follow a precise developmental program, extrinsi-
cally caused divisions have more flexibility (reviewed in Knoblich, 2008). Intrinsically de-
termined asymmetric cell division can be divided into four major steps (Figure 1) (re-
viewed in Gönczy, 2008). First, the symmetry of the cell is broken, after which the cell 
polarizes; then, fate determinants are segregated and, lastly, the mitotic spindle is 
aligned so that fate determinants are partitioned correctly into the two daughter cells 
upon division. Altogether, this sequence of events ensures that the two daughter cells 
have different fates (reviewed in Gönczy, 2008).  
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Figure 1: Major steps of an intrinsically determined asymmetric cell division.  The four major steps that 
lead to an asymmetric cell division governing two daughter cells with different fates are (1) symmetry 
breaking, (2) polarity establishment, (3) fate determinants segregation and (4) positioning of the spindle 
in such a way that fate determinants are properly partitioned to daughter cells. 

 

 The history of studying asymmetric cell division 

The hypothesis that a cell can divide into two daughter cells that differ from one 
another was postulated for the first time upon studies of leech cell lineages more than 
a century ago (Whitman, 1878). This hypothesis was supported shortly thereafter by 
studying muscle development of the ascidian Styela partita (Conklin, 1905; reviewed in 
Horvitz and Herskowitz, 1992). But only decades later, further breakthroughs led to the 
identification of fundamental mechanisms governing intrinsically determined cell divi-
sion.  These were for example the discovery of Numb, a general regulator of asymmetric 
cell division functioning in organisms from flies to mice (Rhyu et al., 1994; reviewed in 
Knoblich, 2010), or the identification of the par (partitioning defective) genes during 
asymmetric cell division of early C. elegans embryos (Kemphues et al., 1988). Originally, 
mostly unicellular organisms such as bacteria, algae, and yeast have been used to study 
the mechanisms of asymmetric cell division (reviewed in Horvitz and Herskowitz, 1992). 
However, most mechanisms in yeast turned out not to be conserved in metazoans, such 
that Drosophila melanogaster and Caenorhabditis elegans became the main model or-
ganisms of choice to study asymmetric cell division in metazoan organisms. Indeed, mo-
lecular players and pathways in these organisms turned out to be well conserved 
throughout metazoan evolution (reviewed in Gönczy, 2008; Neumüller and Knoblich, 
2009). To summarize, the first indications for the existence of asymmetric cell division 
were discovered more than a century ago, whereas the underlying mechanisms were 
found more recently to be well conserved from worms and flies to vertebrates. 
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 Asymmetric cell division in development 

Asymmetric cell division contributes to the diversity of cell types in multicellular organ-
isms. The C. elegans embryo is one of the best studied model systems for understanding 
how cells with different fates are generated in developing systems through intrinsically 
determined asymmetric division (detailed description see: 1.2.2, page 8) (reviewed in 
Gönczy, 2008). In Drosophila, one well-studied cell type undergoing asymmetric division 
are sensory organ precursor (SOP) cells in the peripheral nervous system that are the 
founders cells of external sensory (ES) organs (Figure 2) (reviewed in Gönczy, 2008; 
Knoblich, 2008; Neumüller and Knoblich, 2009). To generate the different cell types of 
the ES organs, SOP cells undergo three rounds of intrinsically determined asymmetric 
cell division. The first division gives rise to an anterior pIIa and a posterior pIIb cell. The 
pIIb cell divides into an apical pIIb cell and a basal glial cell that undergoes apoptosis. 
The two inner (neuron and sheath) and outer (hair and socket) cells of the organ are 
formed by terminal division of the pIIa and pIIIb cells, respectively (reviewed in Gönczy, 
2008; Knoblich, 2008; Neumüller and Knoblich, 2009).  

 

Figure 2: Asymmetric division of Drosophila SOP cells to form ES or-
gans. Drosophila sensory organ precursor (SOP) cells undergo three 
rounds of asymmetric cell division (right) to form the different cell types 
of external sensory (ES) organs (left) (Neumüller and Knoblich, 2009) 
Copyright © 2009 by Cold Spring Harbor Laboratory Press.  

 

Mechanisms of asymmetric cell division learnt from C. elegans and D. melanogaster 
show a partial conservation in many mammalian tissues, as for example in the cerebral 
cortex and the hematopoietic system (reviewed in Gönczy, 2008; Knoblich, 2008).  As 
many examples of asymmetric cell divisions, also during development, are studied in 
stem cells, further examples and underlying mechanisms are described in the following 
section.  
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 Asymmetric cell division in stem cells 

Stem cells divide asymmetrically to give rise to a self-renewing stem cell and to a differ-
entiating daughter cell. Drosophila neuroblasts are a well-studied example of stem cells 
undergoing an intrinsically determined asymmetric division and Drosophila ovarian stem 
cells one for an extrinsic division (reviewed in Knoblich, 2008). Drosophila neuroblasts 
divide several times in a stem-cell like manner. Each round of division gives rise to a large 
cell that retains the neuroblast stem-cell characteristics and a small cell called a ganglion 
mother cell (GMC) that differentiates further into neurons (reviewed in Knoblich, 2008). 
Unlike Drosophila neuroblasts, Drosophila ovarian stem cells in the reproductive system 
keep their stem-cell like behavior through diffusible signals obtained from surrounding 
cells (reviewed in Knoblich, 2008). The contact of the stem cell with this so-called stem 
cell niche is essential to maintain its ability to self-renew. During division, the mitotic 
spindle is oriented so that only one daughter cell stays in contact with the stem cell 
niche, while the other one loses this contact. The daughter cell that lost contact with the 
stem cell niche will differentiate in subsequent rounds of cell division, which will even-
tually lead to the formation of an oocyte (reviewed in Gönczy, 2008; Knoblich, 2008). As 
in Drosophila, asymmetric cell division is also a key feature of mammalian stem cells and 
evidence for asymmetrically dividing stem cells exists in the skin, muscle, gut, hemato-
poietic system, mammary glands and the developing brain (reviewed in Knoblich, 2008; 
Knoblich, 2010). Here, also stem cell niches have been identified, but the underlying 
mechanisms are less clear in general than in Drosophila. A well-studied model is neuro-
genesis in the mouse forebrain. Brain progenitors use their polarized surrounding to di-
vide into an identical copy of themselves and into a daughter cell that will differentiate 
into a neuron (reviewed in Knoblich, 2008; Knoblich, 2010). Overall, asymmetric cell di-
vision is essential for stem cell lineages.  

 In the hematopoietic system, stem cell lineages are well established, but the un-
derlying mechanisms of asymmetric cell divisions leading to these lineages are less 
clearly understood. Hematopoietic stem cells often reside in the vicinity of osteoblasts 
and endothelial cells of blood vessels, which thus have been suggested to act as a stem 
cell niche (Kiel et al., 2005). However, intrinsically determined aspects of asymmetric 
cell division also exist in the hematopoietic system (Schroeder, 2007; Wu et al., 2007a). 
One example are fetal hematopoietic stem cells that were shown to divide into one self-
renewing and one differentiating cell in an intrinsic manner in vitro (Bowie et al., 2007; 
Zon, 2008). In later stages of hematopoiesis, T-lymphocytes upon encountering an anti-
gen also undergo an asymmetric cell division to divide into one effector T-cell and one 
memory T-cell that keeps certain stem cell-like characteristics (Chang et al., 2007). In-
terestingly, the asymmetric division of T-lymphocytes provides another example where 
asymmetric cell division in vertebrates has a strong conservation of mechanisms with 
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Drosophila neuroblasts (Verbist et al., 2016). In both systems, the Par3 complex is in-
volved in translating cell polarization into the correct segregation of fate determinants. 
Moreover,  a complex containing the protein inscuteable dictates proper spindle posi-
tioning (Oliaro et al., 2010; Schober et al., 1999). Moreover, the transcription factor MYC 
is a regulator of proper asymmetric cell division in both systems (reviewed in Li et al., 
2014). Overall, while the mechanisms underlying asymmetric cell divisions of stem cells 
are well understood for example in Drosophila neuroblasts, this is less the case for the 
hematopoietic system. However, a strong conservation between Drosophila neuroblasts 
and T-lymphocytes exists.  

 Asymmetric cell division and cancer 

One important finding in recent decades is the connection between defective asymmet-
ric cell division and tumorigenesis. Several genes, including lgl and dlg, which were found 
in a genetic screen for tumor formation in Drosophila (Gateff, 1978; Gateff, 1994), were 
later found to be key regulators of asymmetric cell division (Ohshiro et al., 2000; Peng 
et al., 2000). Furthermore, mutations in or overexpression of several other proteins in-
volved in asymmetric cell division lead to tumor formation in Drosophila and mammary 
stem cells (Tosoni et al., 2015; reviewed in Knoblich, 2010). Altogether, these findings 
establish defective asymmetric cell division as a possible cause of tumorigenesis (re-
viewed in Knoblich, 2010). Moreover, key regulators of asymmetric cell division act as 
tumor suppressors (reviewed in Knoblich, 2010). One example for this was provided by 
mutants of Aurora A kinase (reviewed in Goldenson and Crispino, 2015; Marumoto et 
al., 2005). In Drosophila neuroblasts, Aurora A was established to act as a tumor sup-
pressor (Lee et al., 2006; Wang et al., 2006) in contrast to its role as an oncogene in 
mammals (reviewed in Giet et al., 2005). Overall, in Drosophila, mutations in neuronal 
stem cells that lead to defective asymmetric cell division eventually give rise to tumors, 
with the whole process recapitulating several aspects of mammalian tumor formation 
(reviewed in Neumüller and Knoblich, 2009). Thus, Drosophila is a well-suited model to 
dissect tumor formation upon defective asymmetric cell division in stem cell lineages 
(reviewed in Neumüller and Knoblich, 2009). As described above, Drosophila neuro-
blasts divide into one self-renewing neuroblast that continues to proliferate, and one 
GMC cell that performs one terminal division into two neurons. All neuroblasts stop to 
proliferate in the pupal stage (Figure 3 A) (reviewed in Knoblich, 2008). Neuroblasts lack-
ing regulators of asymmetric cell division functioning as tumor suppressors do not lose 
their ability to divide asymmetrically into one neuroblast and one GMC cell (reviewed in 
Knoblich, 2008). However, the GMC cell does not undergo a terminal division into two 
neurons, but instead continues to proliferate like a neuroblast (Figure 3 B). Thus, in this 
specific case, it is not defective cell polarity but instead defective cell-fate specification 
that leads to tumorigenesis (reviewed in Gönczy, 2008; Knoblich, 2008). Moreover, neu-
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roblasts deriving from GMCs due to defective cell-fate specification do not stop prolif-
erating (Figure 3 B). Hence, defects in asymmetric cell division have given rise to an im-
mortal neuroblast-like cell type that does not exist in wild type  (reviewed in Neumüller 
and Knoblich, 2009). Another connection between asymmetric cell division and cells 
adopting a stem cell-like character was found in human mammary stem cells. Here, 
Numb is partitioned into the daughter cell that retains the stem cell character where it 
stabilizes the key tumor suppressor protein p53 (Tosoni et al., 2015). In this way, asym-
metric divisions act as tumor suppressors and might hinder the formation of putative 
tumor stem cells (reviewed in Vertii et al., 2018). Overall, it is now well established that 
defective asymmetric cell division can lead to tumorigenesis, but the underlying mech-
anisms are not entirely clear in most cases.  

 

Figure 3: Defective asymmetric cell division can lead to tumorigenesis in 
Drosophila neuroblasts. (A) Drosophila neuroblasts usually divide into one 
renewing neuroblast (red) and one GMC (green) that undergoes one more 
terminal division into two neurons. During pupal stages all neuroblasts stop 
proliferating. (B) Defects during asymmetric cell division can result in GMC 
cells that keep proliferating like neuroblasts and in addition are immortalized, 
thus showing characteristics of tumor stem cells (reviewed in Knoblich, 2008). 
Reprinted by permission from Elsevier, Cell, Mechanisms of Asymmetric Stem 
Cell Division, Knoblich JA, 2008; © 2008 Elsevier Inc. 

 

In addition to Drosophila neuroblasts, faulty asymmetric cell division is also in-
volved in tumorigenesis in vertebrates. Glioma is a well-described example where de-
fective asymmetric cell division leads to tumor formation (reviewed in Lewis and Pe-
tritsch, 2013). During gliogenesis, non-neuronal glia cells derive from neuronal stem 
cells. Glia cells then further differentiate into function-specialized glial lineages such as 
astrocytes and oligodendrocytes (reviewed in Gómez-López et al., 2014; Lewis and Pe-
tritsch, 2013). Oligodendrocyte precursor cells are characterized by the expression of 
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specific markers such as platelet derived growth factor receptor PDGFR alpha, neu-
ral/glial antigen 2 (NG2), and Oligo2. An oligodendrocyte precursor cell divides asym-
metrically into one oligodendrocyte and another oligodendrocyte precursor (reviewed 
in Gómez-López et al., 2014; Lewis and Petritsch, 2013). During this division, epidermal 
growth factor receptor EGFR and EGF-dependent signaling is asymmetrically localized 
into the new oligodendrocyte precursor cell, which is driven by NG2 (Sugiarto et al., 
2011). If NG2 positive oligodendrocyte precursor cells lose their potential to divide 
asymmetrically and EGFR signaling is constitutively active in all daughter cells, oligoden-
droglioma tumor formation takes place in the mouse (Sugiarto et al., 2011). Consistent 
with this result, in human glioma cells from patient tumors, the removal of the growth 
factors EGF and bFGF leads to an increase in asymmetric cell divisions (Lathia et al., 
2011). Another example of a tumor suppressor role of asymmetric cell division was re-
ported in estrogen receptor-positive (ER1) breast cancer cell. Here, estrogen inhibits 
asymmetric cell division, and upon inhibition of the estrogen receptor signaling path-
way, the cells regain their ability to divide asymmetrically, which shifts them from a fast-
dividing to a slow-dividing population (Dey-Guha et al., 2011; Russo et al., 2010). In sum-
mary, dissecting the mechanisms of asymmetric cell division is essential to understand 
the defects leading to tumorigenesis and the formation of putative cancer stem cells.  

 

 Asymmetric cell division in the early  embryo 

 C. elegans as a model system for asymmetric cell division 

The C. elegans embryo has proven to be a very powerful model to study metazoan cell 
division. Most of the genes and pathways that regulate cell division in the embryo are 
well conserved and paradigms found in the worm can thus be applied to higher organ-
isms including humans (reviewed in Oegema, 2006; Pintard and Bowerman, 2018). 
Moreover, C. elegans offers many practical advantages that facilitate the dissection of 
mechanisms of cell division. It is easy to cultivate in the laboratory, has a large brood 
size and a short life cycle, making it very useful for fast genetics (reviewed in Pintard and 
Bowerman, 2018). Moreover, the worm and its embryos are transparent and the one-
cell stage C. elegans embryo is very large (50 x 30 μm), undergoing a fast cell cycle of 
approximately 20 minutes duration (reviewed in Pintard and Bowerman, 2018). To-
gether, this makes the embryo a great tool for observing processes of cell division by 
live cell imaging (Gönczy et al., 1999). In addition, the syncytial gonad of C. elegans per-
mits the usage of RNA interference to generate embryos depleted of maternally ex-
pressed proteins and thus to study the requirement of these proteins during cell divi-
sions in the early embryo (Fire et al., 1991; Fire et al., 1998; Fraser et al., 2000; Gönczy 
et al., 2000; Guo and Kemphues, 1995; Kamath et al., 2001; Piano et al., 2000). Genome 
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wide RNAi screens have been conducted, which showed that approximately 2500 of the 
20000 genes in the C. elegans genome are needed for embryo production and viability. 
Out of these 2500 genes, around 600 genes are essential for cell divisions in the early 
embryo as shown by phenotypic profiling using live imaging (Kamath and Ahringer, 
2003; Sönnichsen et al., 2005). Moreover, genome editing can be performed in C. ele-
gans in a targeted manner using CRISPR/Cas-9 (Paix et al., 2016; reviewed in Dickinson 
and Goldstein, 2016). All information available about C. elegans has been compiled in a 
database called WormBase2 (Harris et al., 2010; Lee et al., 2018). To summarize, lessons 
learnt from the model organism C. elegans have proven to be widely applicable and use-
ful do dissect fundamental biological processes, including asymmetric cell division.  

 

 Overview of events during asymmetric division in the one-cell 
stage C. elegans embryo 

The one-cell stage C. elegans undergoes an intrinsically determined asymmetric division 
and this system has proven to be an excellent model to study the mechanisms of this 
process (see 1.2.1) (reviewed in Pacquelet, 2017; Rose and Gönczy, 2014). The first 
asymmetric division of the one-cell stage C. elegans embryo can be divided into the four 
typical steps that characterize an intrinsically determined asymmetric cell division gen-
erally (see 1.1.1) (reviewed in Pacquelet, 2017; Rose and Gönczy, 2014). The four steps 
are as follows: first, after fertilization, the symmetry of the embryo is broken, second, 
the embryo establishes and maintains polarization along the longitudinal axis, third, fate 
determinants are segregated and, fourth, the spindle is asymmetrically positioning. 
These four steps result in the asymmetric division of the one-cell stage zygote (P0) into 
two daughter cells with different fates, the larger anterior blastomere (AB) and the 
smaller posterior blastomere (P1) (reviewed in Pacquelet, 2017; Rose and Gönczy, 2014). 
Altogether, the early embryo undergoes five asymmetric divisions leading to six founder 
cells: AB, MS, E, C, D, and P4, which then further differentiate into the different tissues 
of the adult worm (reviewed in Pacquelet, 2017; Rose and Gönczy, 2014). In the follow-
ing sections, the steps of symmetry breaking, polarity establishment, polarity mainte-
nance, and asymmetric spindle positioning in the one-cell stage embryo are explained 
in further detail, as those steps are important for the content of this thesis (Figure 4). 

                                                      
2 www.wormbase.org 
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Figure 4: Important events during the first asymmetric cell division of the one-cell stage C. elegans em-
bryo (middle plane). After fertilization, the symmetry of the zygote is broken in the vicinity of the male 
pronucleus (green arrow) and an anterior (orange) – posterior (green) polarity is established and thereaf-
ter maintained. During mitosis, the spindle is asymmetrically positioning and the zygote will divide into 
two daughter cells with different sizes and fates. 

 

 Symmetry breaking 

Oocytes in C. elegans are fertilized in the spermatheca, almost invariably at the pole 
opposite from where the oocyte nucleus is located. The side of fertilization will usually 
be the future posterior pole and thus defines the anterior-posterior (AP) axis (Albertson, 
1984; Goldstein and Hird, 1996). Shortly after fertilization, the embryo surface exhibits 
uniform contractions of the cortical actomyosin network located underneath the plasma 
membrane (Munro et al., 2004) (Figure 5, (1) symmetry breaking). These contractions 
are driven by non-muscle myosin 2 (NMY-2), which is enriched at the cortex shortly be-
fore the end of meiosis and forms a dynamic network of filaments and dense foci (Munro 
et al., 2004). When meiosis is completed, the sperm-derived centrosomes move close 
to the future posterior side of the cortex. This somehow leads to the clearance of ECT-2 
and RHO-1 from this location, causing foci of NMY-2 to move rapidly away from there, 
as well and enriching on the anterior aide, which thus stays contractile while the poste-
rior becomes non-contractile (Bienkowska and Cowan, 2012; Motegi and Sugimoto, 
2006; Munro et al., 2004) (see 1.2.4 for further description). Anterior contractions cul-
minate in a single constriction, called the pseudocleavage furrow (Hill and Strome, 1988; 
Rose et al., 1995) (Figure 5, (3) polarity maintenance). NMY-2 activity is regulated by the 
regulatory myosin light chain MLC-4 (Shelton et al., 1999). Early experiments showed 
already that cortical flows directed towards the anterior depend on F-actin but not on 
microtubules (Hird and White, 1993). The forces that NMY-2 generates lead to an ante-
rior-directed cortical flow, which is transmitted to the cytoplasm where they generate a 
counter flow to the posterior (Goldstein and Hird, 1996; Hird and White, 1993; Ni-
wayama et al., 2011). Position- and direction- dependent laser ablation experiments 
showed that cortical tension is anisotropic and strongest orthogonal to the AP axis. To-
gether with modeling of cortical mechanics, these experiments revealed that the anisot-
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ropy in cortical tension can be explained by cortical viscosity, which together with a gra-
dient in actomyosin contractility can drive the long-ranged flow towards the anterior 
(Mayer et al., 2010). Overall, after meiosis, sperm-derived centrosomes cause an NMY-
2-driven anterior-directed cortical flow away from the cortical area in their vicinity.  

 What is the cue that drives symmetry breaking of the C. elegans zygote? Alt-
hough the exact nature of this cue is not clear yet, centrosomes have been shown to be 
key for breaking symmetry (Cowan and Hyman, 2004). This was established by laser ab-
lation experiments physically removing the centrosome, as well as by the depletion of 
SPD-5 and SPD-2, which are essential centrosome components (Cowan and Hyman, 
2004). Depletion of centrosomes completely abolished polarization and actomyosin cor-
tical flows (Cowan and Hyman, 2004). These findings have been supported by later stud-
ies. Normally the centrosomes move closer to the cortex when polarity is initiated. If the 
distance of the centrosomes to the cortex is increased, polarity initiation is delayed 
(Bienkowska and Cowan, 2012). Defects in polarization were also observed in mutants 
in which the centrosomes remains far from the cortex, and these defects can be rescued 
by bringing the centrosomes back close to the cortex (Fortin et al., 2010; Lyczak et al., 
2006; McCloskey and Kemphues, 2012). In contrast to the centrosome, symmetry break-
ing is independent of microtubules and the sperm pronucleus (Cowan and Hyman, 2004; 
Sadler and Shakes, 2000; Sonneville and Gönczy, 2004). Together, the centrosome and 
its closeness to the cortex are somewhat key to break symmetry.   

 

 Polarity establishment 

Centrosomes induce the local disappearance in their vicinity of cortical ECT-2, a guanine 
nucleotide exchange factor (GEF) for RHO-1 (Bienkowska and Cowan, 2012; Cowan and 
Hyman, 2004; Motegi and Sugimoto, 2006). This results in local inactivation of the Rho 
GTPase RHO-1 and cortical flows away from this region, towards the future embryo an-
terior (Figure 5, (2) polarity establishment) (Bienkowska and Cowan, 2012; Cowan and 
Hyman, 2004; Motegi and Sugimoto, 2006). Both RHO-1 and ECT-2 are needed for MLC-
4 phosphorylation and thus regulate NMY-2 contractility (Jenkins et al., 2006; Motegi 
and Sugimoto, 2006). How do centrosomes induce the local disappearance of ECT-2 in 
their vicinity and thus break symmetry and allow the onset of polarity establishment? It 
was proposed that the paternally contributed RhoGAP CYK-4 inhibits RHO-1 activity in 
the vicinity of centrosomes (Jenkins et al., 2006). However, during cytokinesis, CYK-4 
was shown to also bind ECT-2 and activate RHO-1, and mutating the GAP domain of CYK-
4 has no effect on polarization (Canman et al., 2008; Tse et al., 2012; Zhang and Glotzer, 
2015). Together, the exact pathways through which centrosomes trigger polarization 
remain to be determined.  
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Further players involved in the formation of the actomyosin network and cortical 
contractility include NOP-1, a serine rich protein, PAR-4, a serine-threonine kinase, and 
the anillin ANI-1, a scaffolding protein (Fievet et al., 2013; Chartier et al., 2011; (Chartier 
et al., 2011; Maddox et al., 2005; Rose et al., 1995; Tse et al., 2012). NOP-1 contributes 
to proper cortical contractility possibly through activating RHO-1, maybe upstream of 
ECT-2 (Fievet et al., 2013; Rose et al., 1995; Tse et al., 2012). PAR-4 promotes proper 
cortical actomyosin flows by correctly localizing the anillin ANI-2, whereas the anillin 
ANI-1 is needed for proper cortical contractility by regulating the formation of NMY-2 
foci (Chartier et al., 2011; Maddox et al., 2005; Tse et al., 2012).  Moreover, negative 
regulators of RHO-1 and thus of actomyosin contractility were uncovered. These are the 
RhoGAPs RGA-3 and RGA-4, whose depletion leads to cortical hypercontractility and for-
mation of a much small anterior domain compared to wild type embryos (Schmutz et 
al., 2007; Schonegg et al., 2007), and the TAO kinase KIN-18 (Spiga et al., 2013). In addi-
tion to the regulators described above, in an systematic RNAi screen, further genes es-
sential for proper actomyosin flows were identified, including the ezrin erm-1, which 
remain to be characterized further (Fievet et al., 2013). Overall, while cortical flows lead-
ing to polarity establishment mainly depend on ECT-2 and RHO-1, numerous additional 
regulators have been characterized.  

The anterior-directed actomyosin flow promotes PAR polarity establishment 
(Chartier et al., 2011; Cuenca et al., 2003; Fievet et al., 2013; Guo and Kemphues, 1996; 
Jenkins et al., 2006; Motegi and Sugimoto, 2006; Munro et al., 2004; Schonegg et al., 
2007; Spiga et al., 2013). Directly after fertilization, both anterior and posterior PAR pro-
teins localize throughout the entire cortex. At meiosis II, only anterior PAR proteins re-
main at the cortex, while posterior PAR proteins become cytoplasmic. As anterior PAR 
proteins are segregated towards the anterior side by actomyosin flows, posterior PAR 
proteins returns to the posterior cortical area that is now devoid of anterior PAR pro-
teins (Boyd et al., 1996; Cuenca et al., 2003; Etemad-Moghadam et al., 1995; Hung and 
Kemphues, 1999; Munro et al., 2004). The diffusive properties of cortical anterior PAR 
proteins are such that actomyosin flows can induce their redistribution by advection 
(reviewed in Goehring and Grill, 2013). The RHO GTPase CDC-42 is essential to remove 
PAR-2 from the cortex and localize PAR-6 to the cortex during meiosis II (Schonegg et 
al., 2007). Finally, the PDZ domain containing proteins PAR-3 and PAR-6, as well as atyp-
ical protein kinase C-like 3 (PCK-3), are localized to the anterior side (Cuenca et al., 2003; 
Etemad-Moghadam et al., 1995; Hung and Kemphues, 1999; Tabuse et al., 1998; Watts 
et al., 1996). Moreover, the serine-threonine kinase PAR-1, the RING domain containing 
protein PAR-2, and Lethal Giant Larvae-like 1 (LGL-1) occupy the expanding posterior 
cortical domain (Beatty et al., 2010; Boyd et al., 1996; Cuenca et al., 2003; Guo and Kem-
phues, 1995).  CDC-42 is also segregated to the anterior, where it stabilizes the actomy-
osin network and promotes PAR-6 association with the cortex (Kumfer et al., 2010; 
Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006). Together, anterior-directed 
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cortical flows polarize the embryo by segregating PAR-3, PAR-6 and PCK-3 to the ante-
rior, which allows occupancy of the expanding posterior domain by PAR-1, PAR-2, and 
LGL-1.  

The par genes (partitioning defective genes) were found in a screen to identify 
regulators of asymmetric cell division in early C. elegans embryos (Kemphues et al., 
1988). In the absence of one of the anterior PAR proteins, PAR-3, PAR-6 or PCK-3, the 
posterior PAR proteins PAR-1 and PAR-2 distribute throughout the entire cortex, the 
embryo divides symmetrically and both daughter cells behave like P1 cells (Boyd et al., 
1996; Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Hung and Kemphues, 
1999; Kemphues et al., 1988; Tabuse et al., 1998). The opposite scenario takes place 
upon depletion of PAR-2. Then, PAR-3, PAR-6 and PKC-3 distribute throughout the entire 
cortex, the embryo divides symmetrically as well, but both daughter cells behave like AB 
cells (Boyd et al., 1996; Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Hung 
and Kemphues, 1999; Kemphues et al., 1988; Tabuse et al., 1998). How exactly PAR pro-
teins interact with and attach to the cortex is not entirely clear. Some PAR proteins might 
bind to the membrane through interaction with phospholipids. In C. elegans, this was 
shown for PAR-2  (Motegi et al., 2011). Moreover, human PAR-1, PAR-3, and CDC-42, as 
well as  Drosophila PAR-3, also interact with phospholipids (Horikoshi et al., 2011; John-
son et al., 2012; Krahn et al., 2010; Moravcevic et al., 2010; Wu et al., 2007b). Moreover, 
PAR proteins interact with and recruit each other to the cortex. Thus, PAR-2 recruits 
PAR-1 through direct interaction (Motegi et al., 2011). PAR-6, PAR-3 and PKC-3 form a 
complex, and PAR-3 is needed for cortical recruitment of PAR-6 and PKC-3, while PAR-6 
and PKC-3 are required to localize each other (Hung and Kemphues, 1999; Li et al., 2010; 
Tabuse et al., 1998). However, PAR-6 colocalizes only partially with PAR-3 on the cortex, 
and a second population of PAR-6 exists, which is localized to the cortex by CDC-42, with 
which it directly interacts (Beers and Kemphues, 2006; Gotta et al., 2001; Robin et al., 
2014). Moreover, PAR-3 forms clusters in a PCK-3-, CDC-42-, and actomyosin contractil-
ity-dependent manner, which is essential for proper polarity (Rodriguez et al., 2017; 
Wang et al., 2017). In addition to being established through actomyosin contractility, 
PAR polarity can be established in C. elegans zygotes through a partially redundant path-
way, whereby microtubules nucleated from centrosomes bind and protect PAR-2 from 
PKC-3-mediated phosphorylation (Motegi et al., 2011). As phosphorylation of PAR-2 by 
PKC-3 prevents cortical localization of PAR-2, the interaction with microtubules allows 
PAR-2 association with phospholipids at the embryo posterior. Thereafter, PAR-2 re-
cruits PAR-1, which then phosphorylates PAR-3 and thus excludes it from the posterior 
cortex (Hao et al., 2006; Motegi et al., 2011). Overall, PAR proteins interact with each 
other and the plasma membrane. Moreover, AP polarity can be established either 
through an actomyosin flow dependent or PAR-2 dependent pathway.  
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Figure 5: Important events during the first asymmetric cell division of the C. elegans embryo (middle 
plane and cortical plane, as indicated). (1) Symmetry breaking (2) polarity establishment, (3) polarity 
maintenance and (4) asymmetric spindle positioning shown in the middle plane (top) and cortical plane 
(bottom). After symmetry breaking (green arrow), the actomyosin network (actin: dark green, myosin: 
cyan) contracts towards the anterior side of the embryo (left) and takes anterior PAR proteins (orange) 
and the RhoGTPase CDC-42 with it. The posterior side of the embryo (right) gets occupied with previously 
cytoplasmic posterior PAR proteins (light green). Note that F-actin undergoes a morphological transition 
from a meshwork of microfilaments to an accumulations of foci during the first cell cycle (Velarde et al., 
2007). Cortical contractions and the localization of the actomyosin network are regulated by the Rho 
GTPase RHO-1 and its GEF ECT-2 during the polarity establishment phase, as well as by the Rho GTPase 
CDC-42 during the polarity maintenance phase.  

 

Except for PAR-2, which appears to be present only in nematodes, all other PAR 
proteins are highly conserved regulators of polarity across metazoans (Sailer et al., 2015; 
reviewed in Neumüller and Knoblich, 2009). In Drosophila neuroblasts and SOP cells, 
polarity is set up by the PAR-3 homolog Bazooka, PAR-6, and the PKC-3 homolog aPKC. 
In neuroblasts, the Bazooka/PAR-6/aPKC complex is localized at the apical site, whereas 
in SOP cells, it resides at the posterior side (Kuchinke et al., 1998; Petronczki and 
Knoblich, 2001; Wodarz et al., 2000; Rolls et al., 2003; reviewed in Neumüller and 
Knoblich, 2009). In Drosophila, Slmb, a E3 ubiquitin ligase, might play an analogous role 
to PAR-2 in C. elegans  (Morais-de-Sa et al., 2014; Skwarek et al., 2014). Slmb also re-
cruits PAR-1 to the posterior and is needed for polarity establishment in the Drosophila 
oocyte (Morais-de-Sa et al., 2014; Skwarek et al., 2014). Moreover, depletion of Slmb 
inhibits ectopic localization of the PAR-6/aPKC complex to the posterior and the Slmb 
depletion phenotype can be rescued by overexpression of Lgl (Morais-de-Sa et al., 2014; 
Skwarek et al., 2014). Other examples where PAR proteins are conserved are mamma-
lian endothelial cells, Xenopus oocytes, and ascidian embryonic cells. Also in these cases, 
homologues of the PAR-3/PAR-6/PCK-3/CDC-42 complex are asymmetrically distributed 
and regulate cell polarity (Izumi et al., 1998; Joberty et al., 2000; Lin et al., 2000; Nakaya 
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et al., 2000; Patalano et al., 2006). To explain one of these examples in more detail, in 
mammalian epithelial cells, which are partitioned into three distinct domains, namely 
apical, basolateral, and junctional, Cdc-42, Par-6/aPKC are enriched at the apical do-
main, Par-3 at the junctional domain, and Par-1 and Lgl at the basolateral domain (re-
viewed in Rodriguez-Boulan and Macara, 2014). Although more complex, the molecular 
mechanisms underlying PAR polarity in mammalian epithelial cells are very analogous 
to those in C. elegans, emphasizing again the high conservation of the PAR protein ma-
chinery (reviewed in Lang and Munro, 2017). The fact that mechanisms of polarity es-
tablishment during development are well conserved from the early C. elegans embryo 
to early mammalian embryos became also evident in a recent study in the early mouse 
embryo (Zhu et al., 2017). It has been known since a  long time that the mouse embryo 
breaks symmetry at the 8-cell stage, leading to the establishment of apical and basolat-
eral domains (Ziomek and Johnson, 1980). However, the underlying mechanisms were 
only discovered recently. As in C. elegans, in the mouse embryo, after symmetry is bro-
ken, an actomyosin network becomes asymmetrically segregated to the apical side, and 
this is essential for the apical localization of the PAR protein complex and thus for proper 
polarity establishment (Zhu et al., 2017). The apical domain becomes enriched with the 
PAR-3/PAR-6/aPKC PAR protein complex (Vinot et al., 2005), and is essential for proper 
lineage specification (Korotkevich et al., 2017). To summarize, PAR proteins are central 
regulators of cell polarity conserved from C. elegans and Drosophila to mammals.   

 

 Polarity maintenance  

After polarity establishment, the second phase of polarization of the one-cell stage C. 
elegans embryo starts, in which the established polarity has to be maintained (Figure 5, 
(3) polarity maintenance) (Cuenca et al., 2003). Mechanisms leading to their mutual ex-
clusion are crucial and no physical barrier exists between anterior and posterior PAR 
domains (Cuenca et al., 2003; Goehring et al., 2011). These mechanisms include a mu-
tually antagonistic negative feedback between anterior and posterior PAR proteins, 
which includes a local self-amplifying feedback-loop and long-range inhibition between 
the domains (reviewed in Goehring and Grill, 2013). PAR-1 and PAR-2 are excluded from 
the anterior domain n by phosphorylation through PKC-3 and vice versa, since PAR-1 
phosphorylates PAR-3 and thus excludes it from the posterior domain (Hao et al., 2006; 
Motegi et al., 2011). Moreover, PKC-3 is essential for the posterior localization of LGL-1. 
LGL-1 itself supports PAR-2 in restricting anterior PAR proteins to the anterior (Beatty et 
al., 2010; Hoege et al., 2010). PAR-2 also prevents NMY-2 from spreading towards the 
posterior side in a CDC-42 dependent manner (Munro et al., 2004; Small and Dawes, 
2017). CDC-42 plays further important roles during polarity maintenance. Thus, CDC-42 
interacts with PAR-6 and restricts its localization to the anterior (Aceto et al., 2006; Gotta 
et al., 2001; Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006). Vice versa, PAR-
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6 is essential for the anterior localization of active CDC-42 (Aceto et al., 2006; Kumfer et 
al., 2010). Moreover, CDC-42 functions as an actomyosin regulator as it is required to 
maintain the localization of the actomyosin network at the anterior after polarity is es-
tablished (Motegi and Sugimoto, 2006). CDC-42 is inhibited by the RhoGAP CHIN-1 and 
activated by the RhoGEF CGEF-1. CHIN-1 is excluded from the anterior by anterior PAR 
proteins (Kumfer et al., 2010; Sailer et al., 2015). Interestingly, polarity defects resulting 
from improper polarity establishment can be corrected during the polarity maintenance 
phase and also later during cytokinesis (Schenk et al., 2010; Schonegg et al., 2007; Spiga 
et al., 2013). In contrast to the established role of the actomyosin regulator CDC-42 and 
the mutual exclusion mechanisms of PAR proteins, the role of F-actin during polarity 
maintenance is somewhat controversial. Some studies show that disruption of the acto-
myosin network can destabilize already formed PAR polarity domains (Liu et al., 2010a; 
Severson and Bowerman, 2003). By contrast, others show that the maintenance of PAR 
polarity domains is independent of the actomyosin network (Goehring et al., 2011; Hill 
and Strome, 1990). Together, the mutual exclusion of anterior and posterior PAR do-
mains is key for maintaining cell polarity, and polarity defects can be corrected until the 
very end of the first cell cycle. These facts likely contribute to the robustness of the first 
asymmetric cell division of the C. elegans zygote (reviewed in Pacquelet, 2017).  

 

 Asymmetric spindle positioning 

The established and maintained AP polarity is then translated into proper positioning of 
centrosomes and the mitotic spindle (Figure 5, (4) asymmetric spindle positioning) (re-
viewed in Gönczy and Rose, 2005; McNally, 2013; Rose and Gönczy, 2014). Correct spin-
dle positioning is essential to properly coordinate the placement of the cleavage furrow 
with segregation of cell fate determinants, together ensuring proper cell fate specifica-
tion after asymmetric division (reviewed in Gönczy and Rose, 2005; McNally, 2013; Rose 
and Gönczy, 2014). Proper anaphase spindle positioning depends on the positioning of 
centrosomes before mitotic entry and of the spindle poles during mitosis. After fertili-
zation, centrosomes are positioned at the posterior, attached to the male pronucleus 
(reviewed in Gönczy and Rose, 2005; McNally, 2013; Rose and Gönczy, 2014). Then, the 
centrosome-pronucleus complex migrates towards the anterior and meets the female 
pronucleus still in the posterior half of the embryo. Thereafter, the pronuclei with the 
attached centrosomes center in the middle of the embryo and rotate by 90° in a process 
called centration/rotation that positions the two centrosomes along the AP axis (re-
viewed in Gönczy and Rose, 2005; McNally, 2013; Rose and Gönczy, 2014). Upon mitotic 
entry, the spindle assembles in the center of the embryo and then gets positioned to-
wards the posterior during metaphase and anaphase, with the posterior pole undergo-
ing transverse oscillations during anaphase (reviewed in Gönczy and Rose, 2005; 
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McNally, 2013; Rose and Gönczy, 2014). The mechanisms lying behind proper centro-
some and spindle pole positioning are described in the following sections.  

 Centrosomes and spindle poles are positioned by pulling forces generated 
through molecular motors connected to astral microtubules emanating from centro-
somes and spindle poles (reviewed in Gönczy and Rose, 2005; McNally, 2013; Rose and 
Gönczy, 2014). During centration/rotation, pulling forces were proposed to be microtu-
bule length dependent, with stronger forces acting on longer microtubules (Kimura and 
Kimura, 2011). These forces are generated by the minus-end directed molecular motor 
dynein, which is  distributed throughout the cytoplasm (Gönczy et al., 1999). Pulling 
forces during asymmetric spindle positioning in mitosis are exerted by cortical forces 
generated by dynein attached to the cortex (Figure 6) (Grill et al., 2001; Grill et al., 2003; 
Labbé et al., 2004). This was established by elegant laser ablation experiments severing 
the spindle (Grill et al., 2001) or fragmenting the spindle poles (Grill et al., 2003). Spindle 
poles or fragments liberated by the laser ablation move all the way to the cortex and 
this happens with higher velocity on the posterior side. These experiments revealed that 
pulling forces on aster microtubules are generated at the cortex and that net pulling 
forces are stronger on the posterior side, controlled by AP polarity cues (Grill et al., 2001; 
Grill et al., 2003; Labbé et al., 2004). These findings are supported by the observation 
that cortical pulling forces lead to membrane invaginations upon weakening of the cor-
tical actomyosin network that are more pronounced on the posterior (Redemann et al., 
2010).  

Cortical pulling forces generated by the minus end directed motor dynein are mediated 
by a ternary complex (Couwenbergs et al., 2007; Kotak et al., 2012; Nguyen-Ngoc et al., 
2007). The ternary complex is comprised of the two partially redundant Gα subunits, 
GOA-1 and GPA-16 (Gotta and Ahringer, 2001), the two essentially identical GoLoco con-
taining proteins, GPR-1 and GPR-2, and the large coiled-coil protein LIN-5 (Figure 6) (Co-
lombo et al., 2003; Srinivasan et al., 2003). LIN-5 binds to GPR-1/2 (Gotta et al., 2003; 
Srinivasan et al., 2003), which binds with its GoLoco motif to GDP-bound GOA-1/GPA-16 
(Colombo et al., 2003; Gotta et al., 2003). The whole ternary complex is anchored to the 
plasma membrane by Gα myristoylation (Nguyen-Ngoc et al., 2007). The human homo-
log of LIN-5, NUMA, can also directly bind to phospholipids in the plasma membrane 
(Kotak et al., 2014).  

During mitosis, GPR-1/2 is distributed asymmetrically, being enriched at the pos-
terior cortex in a manner that is regulated by AP polarity cues, and this is thought to 
cause higher net pulling forces on the posterior side (Figure 6) (Colombo et al., 2003; 
Gotta and Ahringer, 2001; Gotta et al., 2003; Srinivasan et al., 2003; Tsou et al., 2003). 
Consistent with this notion, during centration/rotation, when net pulling forces are 
higher on the anterior side, GPR-1/2 is enriched on the anterior cortex, which might 
imply that also during this process cortical forces are involved (Park and Rose, 2008). 
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The ternary complex anchors the minus end directed molecular motor dynein to the 
cortex, most likely through direct interaction of LIN-5 with dynein (Couwenbergs et al., 
2007; Kotak et al., 2012; Nguyen-Ngoc et al., 2007). Dynein might then generate pulling 
forces by attempting to move towards the minus end of astral microtubules while being 
attached to the plasma membrane. In an alternative model, dynein could stay attached 
with the plus end of astral microtubules that depolymerize and generate pulling forces 
in this way (Couwenbergs et al., 2007; Kotak et al., 2012; Merdes et al., 1996; Nguyen-
Ngoc et al., 2007; Schmidt et al., 2005). Supporting the second possibility, the microtu-
bule associated protein adenomatous polyposis coli (APC) is localized at the anterior 
cortex in an anterior PAR protein-dependent manner, stabilizing microtubule plus ends 
and reducing microtubule catastrophe frequencies there, thus negatively regulating 
pulling forces (Sugioka et al., 2018). Together, proper asymmetric spindle positioning in 
mitosis is achieved by cortical pulling forces generated by a ternary complex anchoring 
dynein to the cortex, with net pulling forces being higher on the posterior possibly be-
cause of GPR-1/2 enrichment on this side. 

Asymmetric spindle positioning in the one-cell stage embryo is tightly regulated 
by numerous positive and negative force regulators. The G-proteins Gβ, GPB-1, and Gγ, 
GPC-2 form a dimer that normally binds to the Gα G-proteins to form heterotrimeric 
complexes mediating G-protein coupled receptor (GPCR) signalling (Afshar et al., 2004; 
Afshar et al., 2005; Tsou et al., 2003). In the one-cell stage embryo, however, Gβγ com-
pete with GPR-1/2 for Gα binding and thus negatively regulates forces. Depletion of 
GPB-1 or GPC-2 leads to exaggerated movements during centration/rotation and higher 
net pulling forces on the anterior (Afshar et al., 2004; Afshar et al., 2005; Tsou et al., 
2003). GPB-1 negatively regulates GPR-1/2 cortical levels and GPR-1/2 localization at the 
anterior (Thyagarajan et al., 2011; Tsou et al., 2003). GPB-1 is itself asymmetrically dis-
tributed and enriched on the anterior side; this is mediated by GPB-1 trafficking through 
the endosomal system, which has been proposed to negatively regulate GPR-1/2 on the 
anterior side (Thyagarajan et al., 2011). In addition to Gβγ, Gα localization and function 
is also regulated by the GEF RIC-8 and the GAP RGS-7 (Afshar et al., 2004; Afshar et al., 
2005; Couwenbergs et al., 2007; Hess et al., 2004; Miller and Rand, 2000). RIC-8 has GEF 
activity towards GOA-1 and regulates cortical enrichment of GPA-16 and thus positively 
regulates spindle pulling forces. In contrast, RGS-7 acts as a GAP for GOA-1 and hence 
negatively regulates spindle pulling forces on the anterior (Afshar et al., 2004; Afshar et 
al., 2005; Couwenbergs et al., 2007; Hess et al., 2004; Miller and Rand, 2000). Another 
negative regulator of forces is the Casein Kinase 1 (CSNK-1), which negatively regulates 
cortical levels of LIN-5 and GPR-1/2 (Panbianco et al., 2008). Depletion of CSNK-1 leads 
to exaggerated movements during centration/rotation and spindle positioning through 
increased cortical levels of GPR-1/2 and LIN-5, but polarity is not defective (Panbianco 
et al., 2008). CSNK-1 thus functions downstream of AP polarity cues. It has been sug-
gested that CSNK-1 negatively regulates the localization of the type I phosphatidylinosi-
tol 4-phosphate 5-kinase (PI4P5K) PPK-1 at the anterior. PPK-1 converts PIP into PIP2 
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(Panbianco et al., 2008). One hypothesis following from this result is that PIP2 is enriched 
at the posterior cortex and positively regulates GPR-1/2 localization there. However, an 
asymmetric distribution of the PIP2 biomarker GFP::PHPLC1δ1 was not reported in previ-
ous work (Audhya et al., 2005; Panbianco et al., 2008). Together, numerous positive and 
negative regulators of spindle pulling forces were discovered. While the underlying 
mechanisms for some, such as GPB-1, are well known, the exact mechanisms through 
which others, such as CSNK-1 and PPK-1 might regulate spindle positioning remain un-
clear.  

An interesting link between AP polarity and asymmetric spindle positioning is 
provided by posttranslational modifications of LIN-5. PKC-3 phosphorylates four sites on 
LIN-5 and this negatively regulates spindle pulling forces at the anterior (Galli et al., 
2011). In contrast, phosphorylation of LIN-5 at four other sites positively regulates pull-
ing forces at both anterior and posterior sides (Portegijs et al., 2016). Two of these sites 
are phosphorylates by GSK-3 and Casein Kinase 1 (CSNK-1), and this promotes the inter-
action of LIN-5 with GPR-1/2. The other two sites are phosphorylated by CDK-1/cyclinB, 
which leads to the recruitment of the motor protein dynein (Portegijs et al., 2016). Thus, 
posttranslational modifications of LIN-5 give further insights into how the ternary com-
plex is assembled and connected to dynein. Consistent with  posttranslational modifica-
tions playing a role, the phosphatase PPH-6 and its associated partner SAPS-1 positively 
regulate the cortical localization of GPR-1/2 and LIN-5, and thus spindle pulling forces 
(Afshar et al., 2010). However, which residues of GPR-1/2 and LIN-5 are involved in this 
mechanism and if PPH-6/SAPS-1 is counteracting PKC-3-mediated phosphorylation is 
not clear yet. Nevertheless, it has been shown that PPH-6/SAPS-1 functions upstream of 
the Aurora A kinase AIR-1 (Kotak et al., 2016). PPH-6/SAPS-1 negatively regulates the 
localization of AIR-1 at the cortex, where AIR-1 might negatively regulate spindle pulling 
forces, in turn explaining the positive force regulation of PPH-6/SAPS-1 (Kotak et al., 
2016). A further regulator of GPR-1/2 localization is the DEP domain protein LET-99, 
which is localized at a lateral posterior band where it negatively regulates GPR-1/2 lo-
calization (Krueger et al., 2010; Park and Rose, 2008; Rose and Kemphues, 1998; Tsou et 
al., 2002). GRP-1/2 is thus enriched on the very posterior end, leading to stronger net 
pulling forces there. Together, the localization of GPR-1/2 to the very posterior by LET-
99 is essential for proper spindle positioning (Krueger et al., 2010; Park and Rose, 2008; 
Rose and Kemphues, 1998; Tsou et al., 2002). Spindle displacement towards the poste-
rior is also regulated in time by coupling to the cell cycle (McCarthy Campbell et al., 
2009). It has been suggested that spindle displacement can only take place after the 
anaphase promoting complex (APC/C) has inactivated Cdk1 (McCarthy Campbell et al., 
2009). Finally, also the cortical F-actin network is involved in negatively regulating spin-
dle pulling forces. Acute depolymerisation of F-actin increases net pulling forces on the 
anterior (Afshar et al., 2010; Berends et al., 2013). Consistent with these results, a com-
puter model revealed that force generation is reduced by increased cortical stiffness, 
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which increases the rate of detachment of force generators from the membrane (Ko-
zlowski et al., 2007). Proper cortical tension on the anterior is regulated by the clathrin 
heavy chain CHC-1 (Spiro et al., 2014). Together, these results establish that the F-actin 
network negatively regulates spindle pulling forces on the anterior by increasing cortical 
rigidity. To summarize, AP polarity is translated into asymmetric positioning of the mi-
totic spindle towards the posterior, which ensures the proper segregation of cell fate 
determinants. 

Just like PAR polarity proteins, members of the ternary complex, including their 
role in proper spindle positioning, are well conserved across metazoan organisms. In 
human cells, mammalian homologs of Gα (Gαi1–3), GPR-1/2 (LGN and AGS3) and LIN-5 
(NuMA) are also essential for proper positioning of the mitotic spindle (reviewed in Ko-
tak and Gönczy, 2013). Another example is Drosophila, where the heterotrimeric G-pro-
tein Gαi, the GPR-1 homolog GoLoco proteins Pins and Loco, and a LIN-5 related dynein 
binding protein called Mud also form a ternary complex and control the position of the 
spindle during mitosis (Bowman et al., 2006; Izumi et al., 2006; Schaefer et al., 2001). In 
SOP cells, Pins and Gαi are localized on the anterior side, while the Par-3/Par-6/aPKC 
complex resides on the posterior side, which differs from C. elegans and results in only 
minor spindle displacement and the generation of two daughter cells of similar sizes 
(Bellaïche et al., 2001; Schaefer et al., 2001). In Drosophila neuroblasts, both Pins-
Loco/Mud/Gαi and Par-3/Par-6/aPKC complexes reside on the apical side and are con-
nected by an adaptor protein called Inscuteable (Kraut et al., 1996; Schaefer et al., 2000; 
Siller et al., 2006; Yu et al., 2000), which leads to a large spindle displacement that gen-
erates a smaller basal cell (Bowman et al., 2006; Izumi et al., 2006; Yu et al., 2000). Alto-
gether, not only during polarity establishment and maintenance, but also during spindle 
positioning, molecular players and mechanisms are well conserved from C. elegans to 
human.  
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Figure 6: Cortical force generation and regulation during asymmetric spindle positioning. Pull-
ing forces on aster microtubules of the mitotic spindle in the one-cell stage C. elegans embryo 
are generated by a ternary complex comprising Gα, GPR-1/2, and LIN-5, which links the minus 
end directed molecular motor dynein to the plasma membrane. LET-99 localizes at a posterior 
band and negatively regulates GPR-1/2 localization, leading to its enrichment at the very pos-
terior end, which results in higher net pulling forces there. GPB-1 and CSNK-1 are negative reg-
ulators of forces on the anterior side. Further mechanisms and regulators of asymmetric spin-
dle positioning are described in the text. (Ternary complex scheme on the right adapted from  
Rose and Gönczy, 2014). 

 

 Subcortical distribution of C. elegans PAR proteins and other cor-
tical components 

How cortical components distribute within their cortical domain and if this distribution 
is functional relevant is a question that in C. elegans has been investigated for PAR pro-
teins so far. Interestingly, it has been found that PAR proteins are unevenly distributed 
within their respective cortical domain (Beers and Kemphues, 2006; Dickinson et al., 
2017; Robin et al., 2014; Rodriguez et al., 2017; Wang et al., 2017). Thus, PAR-6 exists in 
two cortical populations, one diffuse and dependent on CDC-42, that it directly interacts 
with (Gotta et al., 2001), and one punctate and colocalizing with PAR-3 (Beers and Kem-
phues, 2006; Robin et al., 2014). PAR-3 forms cortical clusters dependent on actomyosin 
contractility (Wang et al., 2017). In addition, PAR cluster-formation depends on PCK-3, 
which also distributes in the same clusters, as well as on CDC-42, which localizes in rib-
bon shaped cortical structures that do not overlap with PAR-3/PCK-3 clusters (Rodriguez 
et al., 2017). The formation of PAR-3 clusters is crucial for proper segregation of PAR-3 
to the anterior by cortical flows, and thus for proper polarity (Dickinson et al., 2017; 
Rodriguez et al., 2017; Wang et al., 2017). Moreover, PKC-3 can cycle between PAR-3 
clusters, where it is held inactive but well segregated, and the CDC-42 pool, where it is 
active, but not well segregated (Rodriguez et al., 2017). Together, this results in an AP 
gradient of PKC-3 activity (Dickinson et al., 2017; Rodriguez et al., 2017). The finding that 
PAR proteins in C. elegans form discrete clusters and that this is essential for proper cell 
polarity is consistent with findings in fission yeast, where polarity proteins also form 
discrete cortical clusters that are crucial for spatio-temporal control of polarity at the 
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cell cortex (Dodgson et al., 2013). In C. elegans, a putative GAP of CDC-42, CHIN-1 
(Kumfer et al., 2010), also forms cortical clusters (Sailer et al., 2015). In contrast to PAR-
3 cortical clusters, CHIN-1 clusters form on the posterior during the polarity mainte-
nance phase and this is important to stabilize the AP boundary (Sailer et al., 2015). In 
addition to CDC-42, RHO-1 and CSNK-1 were also observed to localize in ribbon shaped 
cortical structures on the anterior, but the functional relevance of these structures was 
not addressed (Motegi and Sugimoto, 2006; Panbianco et al., 2008; Schonegg and Hy-
man, 2006). Overall, an uneven distribution was discovered for some cortical compo-
nents in the early C. elegans embryo. However, the subcortical distribution and its po-
tential functional relevance for many other cortical components, such as force genera-
tion mediators and regulators during asymmetric spindle positioning, has not yet been 
investigated. Moreover, the cortical distribution and function of lipid membrane com-
ponents, such as phospholipids, is unknown. 

 

 

 Phosphatidylinositol 4,5-bisphosphate and F-actin 

 Functions of PIP2 at the plasma membrane 

PIP2 is involved in the regulation of numerous processes at the plasma membrane in 
many systems. These include exocytosis and endocytosis, phagocytosis, signal transduc-
tion, and membrane transport, which are described in this section (Figure 7) (reviewed 
in De Craene et al., 2017; Di Paolo and De Camilli, 2006). Another essential function of 
PIP2 at the plasma membrane is the regulation of actin cytoskeleton reorganization and 
F-actin polymerization (reviewed in De Craene et al., 2017; Di Paolo and De Camilli, 
2006), which will be explained in the next section (see 1.3.3.2).  
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Figure 7: Examples of PIP2 functions at the plasma membrane. For further description see text. ECM: 
extracellular matrix. Reprinted and adapted by permission from Springer Nature, Phosphoinositides in cell 
regulation and membrane dynamics, reviewed in Di Paolo G and De Camilli P, 2006; © 2006 Nature Pub-
lishing Group. 

 

 PIP2 plays an important role in the transduction of extracellular signals. PIP2 can 
execute this function either through its metabolites or through fluctuations in its own 
level (reviewed in Di Paolo and De Camilli, 2006). Cleavage of PIP2 by phospholipases 
leads to metabolites and second messengers that can propagate and amplify extracel-
lular signals (reviewed in Di Paolo and De Camilli, 2006). Dephosphorylation of PIP2 by 
5-phosphatases controls the steady state level of PIP2 and can switch off PIP2 signaling 
(reviewed in Di Paolo and De Camilli, 2006). As described below in Section 1.3.2, PIP2 
can also be converted to PIP3 (reviewed in Cantley, 2002; Czech, 2003). PIP3 normally 
exists only in very small amounts in the plasma membrane. However, upon growth re-
ceptor stimulation, PIP3 can transiently increase dramatically and play important roles 
in processes such as migration, chemotaxis, differentiation, cell proliferation and meta-
bolic changes (reviewed in Cantley, 2002; Czech, 2003). PIP2 also regulates many steps 
during exocytosis and endocytosis (reviewed in Di Paolo and De Camilli, 2006). During 
exocytosis, for example, PIP2 cooperates with SNARE pairing in marking the plasma 
membrane as an appropriate partner for vesicle fusion (Milosevic et al., 2005; Gong et 
al., 2005; reviewed in Di Paolo and De Camilli, 2006). During endocytosis, PIP2 is involved 
in the recruitment and regulation of endocytotic proteins, such as clathrin adaptors and 
dynamin (Höning et al., 2005; Gaidarov and Keen, 1999; reviewed in Di Paolo and De 
Camilli, 2006). Many effector proteins of endocytosis contain domains that directly bind 
to PIP2, such as ENTH (Epsin N-terminal homology), ANTH (AP-180 N-terminal homology) 
or PH (Pleckstrin homology) domains. If PIP2 interact with the ENTH domain of Epsin1 
for example, Epsin1 undergoes a structural rearrangement that induces membrane cur-
vature that is needed to form endocytotic vesicles (De Craene et al., 2012; Ford et al., 
2001; reviewed in Itoh and Takenawa, 2002; De Craene et al., 2017). During phagocyto-
sis, PIP2 is involved in reorganizing the actin cytoskeleton and thereby aid formation of 
the phagosome, a membrane protrusion needed for particle engulfment (reviewed in 
Botelho et al., 2004). PIP2 also regulates many ion channels, transporters and exchang-
ers in the plasma membrane. These include calcium channels and pumps, inward recti-
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fier and voltage-gated potassium channels, transient receptor potential channels, epi-
thelial sodium channels, and ion exchangers (reviewed in Hilgemann et al., 2001; Suh 
and Hille, 2005). Together, PIP2 is involved in numerous processes at the plasma mem-
brane. 

 

 Phosphoinositides (PPIn) and the phosphatidylinositol 4,5-
bisphosphate (PIP2) metabolism 

Phosphoinositides are involved in various cellular processes, such as vesicle budding, 
membrane fusion and actin cytoskeleton dynamics  (reviewed in De Craene et al., 2017). 
Phosphoinositides perform their function by recruiting and activating effector proteins 
regulating these processes  (reviewed in De Craene et al., 2017). The synthesis and deg-
radation of phosphoinositides involves numerous phosphorylating and dephosphory-
lating steps that are tightly regulated, and enzymes performing those steps are well con-
served from yeast to human (reviewed in De Craene et al., 2017). Membrane bilayers 
contain five amphiphilic phospholipids: phosphatidylcholine, phosphatidylethanola-
mine, phosphatidylserine, sphingomyelin, and phosphatidylinositols (PPIn) (reviewed in 
De Craene et al., 2017; Spector and Yorek, 1985). Seven differently phosphorylated PPIn 
exist. The first suggestions for a PPIn metabolism pathway have been made in 1964 
(Hokin and Hokin, 1964; reviewed in Payrastre et al., 2001). Since then, knowledge about 
the complexity of the PPIn metabolic network and the various enzymes involved is grow-
ing. Together, the PI metabolism network is a powerful system to control membrane 
signals in a spatially and temporally defined manner, and allow rapid and reversible for-
mation of domains enriched in a certain PPIn species (Hokin and Hokin, 1964; reviewed 
in Payrastre et al., 2001).  

 Phosphatidylinositol (PI) consists of a glycerol moiety esterified in two positions 
by fatty acid chains and linked to an inositol ring by a phosphate group (reviewed in De 
Craene et al., 2017; Payrastre et al., 2001). The inositol ring can be phosphorylated at 
the positions 3,4, and 5 in different combinations leading to the possible generation of 
the following seven PPIn: phosphatidylinositol 3-phosphate (PI3P), phosphatidylinositol 
4-phosphate (PI4P), phosphatidylinositol 5-phosphate (PI5P), phosphatidylinositol 3,4-
bisphosphate (PI(3,4)P2), phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2), phosphati-
dylinositol 4,5-bisphosphate (PIP2), and phosphatidylinositol 3,4,5-trisphosphate (PIP3) 
(reviewed in De Craene et al., 2017; Payrastre et al., 2001). PI provides the starting point 
for the whole PPIn metabolism network and all other seven PPIn are synthesized directly 
or sequentially from PI by diverse lipid kinases and phosphatases (reviewed in De Craene 
et al., 2017; Payrastre et al., 2001). An overview of the PPIn metabolic network including 
numerous biosynthesis and degradation pathways and some of the enzymes involved is 
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shown in Figure 8. As this is most relevant for this work, the biosynthesis and degrada-
tion of PIP2 is described in more detail in the following paragraph.  

 

Figure 8: Phosphoinositide biosynthesis and degradation pathways. Human enzymes are 
depicted in blue on the left or top of C. elegans genes (green) encoding for a (putative) 
homolog enzyme. C. elegans genes that are not in bold exhibit only a very low expression 
level in the early embryo. 

 

 In eukaryotic cells, PIP2 is kept at a steady state level at the inner leaflet of the 
plasma membrane where it is continuously phosphorylated and dephosphorylated (re-
viewed in Payrastre et al., 2001). Together with PI4P, PIP2 is the most abundant PPIn and 
represents about 45% of total PPIn and about 90% of biphosphorylated PPIn (reviewed 
in De Craene et al., 2017; Di Paolo and De Camilli, 2006). In human cells, the type I phos-
phatidylinositol 4-phosphate 5-kinases (PIP5K) α, β, and γ generate PIP2 from PI4P in the 
plasma membrane. PIP2 can then be further phosphorylated to PIP3 by a Phosphatidyl-
inositol 3-kinase (PI3K) (Ishihara et al., 1998; Bunce et al., 2008; reviewed in Brown, 
2015). Type II phosphatidylinositol 5-phosphate 4-kinases (PIP4K) are localized at the 
Golgi apparatus where they generate PIP2 from PI5P (Clarke et al., 2008). Moreover, PIP2 
can also be produced by dephosphorylation of PIP3 by PPIn 3-phosphatases such as PTEN 
(reviewed in Liu and Bankaitis, 2010). PIP2 can be degraded by dephosphorylation to 
PI4P by PPIn 5-phosphatases such as OCRL1 and Synaptojanin (reviewed in De Craene 
et al., 2017). Alternatively, PIP2 can be cleaved by various phospholipases C (PLC) into 
the second messengers diacylglycerol (DAG) and inositol 1,4,5-trisphospate (IP3) (re-
viewed in De Craene et al., 2017; Liu and Bankaitis, 2010; Rhee and Bae, 1997).  

In C. elegans, enzymes homologous to human PPIn kinases and phosphatases 
regulate PIP2 generation and degradation. Thus, PIP2 can be synthesized from PI4P in 
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vitro and in vivo by PPK-1, which is the sole C. elegans type I PIP5K (Weinkove et al., 
2008). The localization of PPK-1 is negatively regulated by the Casein Kinase CSNK-1, 
which impacts proper spindle positioning (see 1.2.6 for more details) (Panbianco et al., 
2008). There is also one type II PIP4K, PPK-2, but PPK-2 does not change the level of PIP2, 
and ppk-2 mutant worms are viable, suggesting that PPK-2 is not critical for PIP2 gener-
ation in C. elegans (Weinkove et al., 2008). PIP2 can be further phosphorylated to PIP3 

by AGE-1, the catalytic subunit of the C. elegans PI3K. AGE-1 null mutant worms lack 
PI3K activity and, hence, cannot form PIP3, and arrest as dauer larvae exhibiting extreme 
longevity and stress resistance (Ayyadevara et al., 2016; Larsen et al., 1995; Morris et 
al., 1996; Tissenbaum and Ruvkun, 1998). Moreover, the expression of hundreds of 
genes is altered in age-1 mutant worms (Ayyadevara et al., 2009; Shmookler Reis et al., 
2012). In C. elegans, PIP2 can also be generated by dephosphorylation of PIP3 catalyzed 
by DAF-18, the lipid 3-phosphatase homolog of human PTEN (Gil et al., 1999; Mihaylova 
et al., 1999; Ogg and Ruvkun, 1998; Rouault et al., 1999). As DAF-18 catalyzes the oppo-
site reaction to that mediated by AGE-1, it is not surprising that DAF-18 also plays an 
important role in L1 arrest, adult longevity, and dauer formation (Mihaylova et al., 1999; 
Solari et al., 2005). Mutants in daf-18 show defects in dauer formation and can suppress 
the constitutive dauer formation and life extension phenotypes observed in age-1 mu-
tants (Ogg and Ruvkun, 1998; Rouault et al., 1999). PIP2 can be either cleaved by phos-
pholipases C (PLC) into IP3 and DAG, or dephosphorylated to PI4P by lipid 5-phospha-
tases. In C. elegans, several PLC homologs of human PLC were found, such as egl-8, 
which is a homolog of human PLCβ (Lackner et al., 1999; Miller et al., 1999). Also, hom-
ologs of human 5-phosphatases exist. These include OCRL-1 and UNC-26. OCRL-1 hydro-
lyzes PIP2 to PI4P, and its depletion leads to increased PIP2 on C. elegans phagosomes 
(Cheng et al., 2015). UNC-26 is homologous to Synaptojanin, a polyphosphoinositide 
phosphatase that also hydrolyzes PIP2 to PI4P. Impairment of UNC-26 results in vesicle 
trafficking defects and actin cytoskeletal abnormalities in the worm nervous system 
(Charest et al., 1990; Harris et al., 2000). Altogether, phosphoinositide biosynthesis and 
degradation is performed by a complex network of lipid kinases and phosphatases, of 
which many human homologs also function in C. elegans. 

 

 F-actin assembly and its regulation by PIP2  

1.3.3.1 Mechanisms of actin filament assembly and disassembly 

Actin is very well conserved throughout evolution, originating from an ancient common 
ancestor, as bacteria, archaea, and all eukaryotes possess functionally and structurally 
related actin molecules (reviewed in Gunning et al., 2015; Pollard, 2016). Actin assem-
bles into filaments in a reversible manner and thus forms one of the three major cyto-
skeletal polymers. Eukaryotic actin has four subdomains, with a deep cleft for ATP bind-
ing. Actin polymerization leads to a polarized helical filament with a so called “barbed” 
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end or plus-end, and a “pointed” end or minus-end (reviewed in Gunning et al., 2015; 
Pollard, 2016).   

Actin polymerization of G-actin monomers bound to adenosine triphosphate 
(ATP) occurs spontaneously if a monovalent or divalent cation is present (reviewed in 
Kang et al., 2013). The bound ATP is then hydrolysed and the γ-phosphate dissociates, 
which prepares the actin filament for disassembly (reviewed in Kang et al., 2013). Actin 
polymerization starts with a lag period, which is the nucleation time needed to form 
small oligomers that can then be further elongated (Blanchoin and Pollard, 2002; re-
viewed in Pollard, 2016). The actin filament grows much faster on the barbed end than 
on the pointed end. Moreover, ATP bound actin monomers that are incorporated into a 
filament undergo a conformational change, which increases the hydrolysis rate of ATP 
to ADP (Blanchoin and Pollard, 2002; reviewed in Pollard, 2016). Different hypotheses 
exist as to how ATP is hydrolysed in the filament. It could be either hydrolysed in a zip-
per-like fashion along the filament or, as favoured now by most, randomly at different 
places in the filament (Jégou et al., 2011; reviewed in Korn et al., 1987). After hydrolysis, 
the phosphate only dissociates slowly and ADP-Pi-actin behaves as ATP-actin. By con-
trast, ADP-actin, when the cleaved phosphate is lost, dissociates much faster from both 
ends (Fujiwara et al., 2007). In the cytoplasm, ADP is exchanged for ATP at the actin 
monomer and the newly assembled ATP-actin can be incorporated into an actin filament 
again (Fujiwara et al., 2007).  At steady state, the addition of actin monomers at the 
barbed end is balanced by their loss at the pointed end, a condition referred to as actin 
treadmilling (Fujiwara et al., 2007; reviewed in Pollard, 2016). At the pointed end, actin 
monomers associate and disassociate slower than on the barbed end. In addition, the 
affinity for phosphate is ten times weaker at the pointed end, leading to faster formation 
of ADP-actin, which then dissociates from the actin filament. Together, this explains why 
actin filaments polymerize faster at the barbed end (Fujiwara et al., 2007; reviewed in 
Pollard, 2016). Overall, F-actin polymerization takes place by the attachment of ATP-
bound G-actin, followed by ATP hydrolysis in the filament to ADP, after which ADP-
bound G-actin then detaches from F-actin. 

Numerous proteins control the assembly and disassembly of F-actin (reviewed in 
Pollard, 2016). These proteins have various roles: they can exchange nucleotides on ac-
tin monomers, promote the dissociation of the phosphate, maintain G-actin available 
for polymerization, initiate polymerization by nucleation, and terminate elongation (re-
viewed in Pollard, 2016). Additionally, they are needed for end capping of the barbed or 
pointed end, filament cross-linking and severing of filaments (reviewed in Pollard, 2016). 
Some of these actin binding and regulating proteins are described in this paragraph. The 
actin monomer binding protein profilin is bound to the barbed end of actin monomers 
and inhibits elongation at the pointed but not at the barbed end (Courtemanche and 
Pollard, 2013). Moreover, by promoting the exchange of ADP for ATP at monomers, pro-
filin increases the pool of ATP-actin ready for polymerization (Jégou et al., 2011; Mockrin 
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and Korn, 1980; Vinson et al., 1998). Cofilin, which was originally called actin-depoly-
merizing factor (ADF) (Bamburg et al., 1980), binds to the side of F-actin and severs actin 
filaments (Cao et al., 2006). Cofilin can also bind to actin monomers and thereby inhibit 
the exchange of monomers at filaments, which can be overcome by profilin (Blanchoin 
and Pollard, 1998; Nishida, 1985). Another actin severing protein is gelsolin, which can 
also cap the barbed ends of actin filaments (reviewed in Nag et al., 2013). Also the initi-
ation of F-actin polymerization is well regulated, as the arp2/3 complex regulates the 
formation of actin branches (reviewed in Rouiller et al., 2008), whereas formins initiate 
the polymerization of unbranched filaments (reviewed in Pollard, 2016). The arp2/3 
complex consists of seven subunits, including arp2 and arp3 (reviewed in Rouiller et al., 
2008). When the complex binds to the side of an actin filament, arp2/3 initiate the 
polymerization of a branched filament there. Thereafter, the barbed end of this new 
branched actin filaments growth, whereas the arp2/3 complex anchors the pointed end 
to the original actin filament (reviewed in Rouiller et al., 2008). The nucleation-promot-
ing factors of the Wiskott-Aldrich Syndrome family (WASP), and other factors activate 
the arp2/3 complex (reviewed in Rottner et al., 2010). Formins nucleate unbranched 
actin filaments, possibly by stabilizing dimers, and they interact with the barbed end of 
filaments (Pring et al., 2003; reviewed in Paul and Pollard, 2009). Capping protein (CP) 
tightly binds barbed ends and thus the number of barbed ends available for growth be-
comes limited (reviewed in Edwards et al., 2014). Another capping protein is tropomod-
ulin, which binds to pointed ends and stabilizes them by blocking actin monomer addi-
tion and loss (Rao et al., 2014). To summarize, actin assembly and disassembly is tightly 
regulated by numerous actin binding proteins. 

1.3.3.2 Regulation of F-actin reorganization and polymerization by PIP2 

In systems from S. cerevisiae to H. sapiens, PIP2 helps link the F-actin cortical network to 
the plasma membrane, is involved in cell adhesion, stimulates F-actin assembly and in-
hibits F-actin disassembly (Figure 9) (reviewed in Brown, 2015; De Craene et al., 2017; 
Di Paolo and De Camilli, 2006; McLaughlin et al., 2002; Wu et al., 2014; Yin and Janmey, 
2003; Zhang et al., 2012). The link of the plasma membrane to the underlying actin cy-
toskeleton is provided in a regulated manner by proteins of the ERM family, which con-
sists of ezrin, radixin and moesin. Direct binding of ERM proteins to PIP2 is involved in 
their activation (reviewed in Tsukita et al., 1997; Wu et al., 2014). In addition to plasma 
membrane actin cytoskeleton linkage, PIP2 is also involved in cell adhesion at the cell-
substratum contact through its binding to talin (Martel et al., 2001). The ubiquitous cy-
toskeletal protein talin concentrates at focal adhesions and cell-cell, as well as cell-sub-
stratum contacts. Here, talin binds to β-tails of integrins and activates them (Burn et al., 
1988; Burridge and Connell, 1983; Calderwood et al., 2002). The interaction of talin and 
integrins is enhanced by PIP2 binding of talin in vitro (Martel et al., 2001). Moreover, PIP2 
is involved in F-actin polymerization and reorganization by activating F-actin assembly 
and inhibiting F-actin disassembly in numerous ways (Xian and Janmey, 2002; reviewed 
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in Wu et al., 2014). PIP2 binds to the actin binding protein (ABP) gelsolin, which binds to 
the barbed ends of actin filaments, preventing monomer exchange and severing existing 
actin filaments (reviewed in Wu et al., 2014). The binding sites of PIP2 and F-actin to 
gelsolin overlap and thus PIP2 binding prevents gelsolin from binding to F-actin, and thus 
to cap or severe actin filaments (Xian and Janmey, 2002; Weeds et al., 1986; reviewed 
in Wu et al., 2014). PIP2 also binds to cofilin/ADF, a family of ABPs that are related to 
gelsolins in a structural and functional manner (reviewed in Wu et al., 2014). Cofilin 
causes depolymerization at the minus end of F-actin and binds G-actin and F-actin, pre-
venting the reassembly of G-actin and F-actin. Cofilin activity is inhibited by PIP2 binding 
(Ojala et al., 2001; reviewed in Wu et al., 2014). Villin is another APB related to gelsolin 
and cofilin, which also severs actin filaments and is bound to and inhibited by PIP2 (Meng 
et al., 2005; reviewed in Wu et al., 2014). 

 

Figure 9: Overview of possible regulation mechanisms of actin by PIP2. (A) PIP2 regulates actin-mem-
brane linkage by activating ERM-proteins. (B) PIP2 binding to talin enhances the interaction of talin with 
integrins, which supports cell adhesion. (C-D) PIP2 activates positive regulators of F-actin polymerization 
and branching and inhibits actin depolymerization and end capping factors (Wu et al., 2014). Reprinted 
by permission from John Wiley and Sons, British Journal of Pharmacology, The role of phosphoinositide-
regulated actin reorganization in chemotaxis and cell migration, Wu C-Y et al., 2014; © 2014 John Wiley 
and Sons. 

 

An important pathway through which PIP2 positively regulates F-actin assembly 
is mediated through the Wiskott–Aldrich Syndrome protein family proteins WASP and 
N-WASP (Higgs and Pollard, 2000; Prehoda et al., 2000; Wegner et al., 2008). In their 
inactive state, WASP and N-WASP exist in an auto-inhibited confirmation (Higgs and Pol-
lard, 2000; Kumar et al., 2012). Upon cooperative binding of PIP2 and Cdc42 to WASP or 
N-WASP, the protein undergoes a conformational change and gets activated. WASP then 
binds and activates the arp2/3 complex, which then nucleates F-actin (Higgs and Pollard, 
2000; Kumar et al., 2012). N-WASP is already bound to arp2/3 in its autoinhibited state 
and cooperative binding of PIP2 and Cdc42 leads to activation of already bound arp2/3, 
which then carries out actin polymerization (Humphries et al., 2014; Prehoda et al., 
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2000; Wegner et al., 2008). PIP2 can also activate F-actin polymerization by being phos-
phorylated to PIP3 (reviewed in Chichili and Rodgers, 2009). PIP3 then activates the gua-
nine nucleotide exchange factor (GEF) Vav, which then can activate the Rho GTPases 
Cdc42, Rho, and Rac. Those in turn activate WASP family proteins, which then activate 
the arp2/3 complex as described, leading to F-actin polymerization and branching 
(Rozelle et al., 2000; Bustelo, 2000; reviewed in Chichili and Rodgers, 2009). Together, 
PIP2 regulates F-actin cytoskeleton reorganization and linkage in numerous ways by re-
cruiting and activating or inhibiting actin assembly and disassembly factors.  

1.3.3.3 PIP2 and actin cytoskeleton organization in C. elegans 

In C. elegans, little is known about the role of PIP2 in actin cytoskeleton reorgan-
ization. Overexpression of PPK-1 in developing neurons increases the level of PIP2 and 
results in extended filopodial-like structures, probably through changes in the actin cy-
toskeleton (Weinkove et al., 2008). Also in the somatic gonad, PPK-1 is important for F-
actin cytoskeletal organization and gonad contractility (Xu et al., 2007). In the develop-
ing C. elegans uterus, F-actin, F-actin regulators and PIP2 are all enriched at the invasive 
membrane domain of anchor cells (Ziel et al., 2009). This suggests that PIP2 could also 
reorganize actin at this location. Furthermore, the C. elegans gelsolin-like protein-1 
(GSNL-1), which regulates the severing of actin filaments and barbed end capping, is 
inhibited by PIP2 in vitro (Liu et al., 2010b; Liu et al., 2011). PIP2, together with PI3P, has 
also been reported to transiently accumulate at phagosomes and to coordinate phago-
some sealing in C. elegans (Cheng et al., 2015). As in other systems, PIP2 contributes to 
phagocytosis through regulating a local increase in actin polymerization, which is 
needed for phagosome formation (reviewed in Botelho et al., 2004). In a systematic 
RNAi screen, the ezrin erm-1 was identified as a putative regulator of actomyosin flows 
(Fievet et al., 2013). As in other systems, homologs of ERM-1 are essential for plasma 
membrane F-actin linkage. In other systems, ezrin proteins are activated by PIP2 (re-
viewed in Wu et al., 2014), providing a first hint of PIP2 involvement in F-actin reorgani-
zation in the early C. elegans embryo. Together, PIP2 can regulate actin reorganization 
in the C. elegans gonad and nervous system, and probably also during phagocytosis and 
in anchor cells. But whether PIP2 regulates cortical actomyosin network organization in 
the C. elegans embryo is not known. 

 

 Regulation of cell polarity by PIP2. 

In many systems, PIP2 is well understood to regulate cell polarity through its ability to 
recruit PAR proteins, reorganize the actin cytoskeleton or start signaling cascades. One 
example where this has been well studied is Drosophila (Claret et al., 2014; Fabian et al., 
2010; Gervais et al., 2008; Guglielmi et al., 2015; Tan et al., 2014). Here, in the follicular 
epithelium, PIP2 is enriched at the apical plasma membrane and recruits PAR-3/Bazooka 
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there, thus defining the size of the apical domain. This process is crucial to maintain 
apical-basal polarity (Claret et al., 2014). Also in the oocyte, there is data suggesting that 
PIP2 could mediate the interactions between different components that are essential for 
cell polarity, i.e., PAR proteins, the cytoskeleton and the plasma membrane (Gervais et 
al., 2008). This hypothesis is further supported by results showing that during oogenesis, 
PIP2 production in the plasma membrane is crucial for actin organization and cell polarity 
(Tan et al., 2014). Not only during oogenesis, but also during spermatogenesis, PIP2 is 
essential for polarity establishment and elongation of spermatids (Fabian et al., 2010). 
Moreover, during embryogenesis, loss of PIP2 leads to clear loss of actin and of apical 
constriction (Guglielmi et al., 2015). Overall, PIP2 is involved in the regulation of polarity 
in several tissues in Drosophila. 

Besides Drosophila, PIP2 is essential for proper cell polarity also in Zebrafish and 
yeast. In zebrafish, PIP2, which is stabilized by the phosphatase Inpp5e, is involved in cell 
polarity in the renal epithelium (Xu et al., 2017). In Saccharomyces cerevisiae, PIP2 was 
proposed to act in concert with the Rho GTPase Cdc42 to properly control polarized cell 
growth (Orlando et al., 2008). Moreover, in the fungus Candida albicans a steep PIP2 
gradient is crucial for asymmetric filamentous growth (Vernay et al., 2012). Another ex-
ample where PIP2 plays a role in cell polarization are motile cells, such as mammalian 
neutrophils or Dictyostelium discoideum, which are morphologically polarized with a 
leading edge and a trailing end. Here, PIP2 regulates the reorganization of actin needed 
for cell motility (reviewed in Wu et al., 2014). Furthermore, PIP2 induced actin assembly 
mediated by Cdc42 is also required for viability in early mammalian development, as 
demonstrated by inactivating Cdc42 in the mouse germline (Chen et al., 2000). During 
mouse oogenesis, PLC-mediated hydrolysis of PIP2 is necessary and sufficient for sym-
metry breaking and proper polarity establishment. Here, as in C. elegans, polarity estab-
lishment starts with asymmetric segregation of an actomyosin network followed by 
asymmetric localization of PAR proteins, as described above (see 1.2.4) (Zhu et al., 
2017). To summarize, in many systems PIP2 is essential for F-actin reorganization and 
cell polarization but it remains to be investigated if this role is conserved in C. elegans.  

 

 Cortical PIP2 domains 

While the subcortical distribution and function of PAR proteins has been addressed in C. 
elegans (see 1.2.7), it is unclear what the situation is for phospholipids such as PIP2. PAR-
2 has been shown to directly bind to phospholipids, including PIP2 (Motegi et al., 2011). 
Moreover, the human PAR-1 homolog MARK and the Drosophila and human PAR-3 hom-
ologues interact with phospholipids, including PIP2 (Horikoshi et al., 2011; Krahn et al., 
2010; Moravcevic et al., 2010; Wu et al., 2007b). The interaction of the Drosophila hom-
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olog of PAR-3 Bazooka with phosphoinositides was suggested to couple plasma mem-
brane polarity to cell polarity (Krahn et al., 2010). Moreover, the interaction of human 
PAR-3 with phospholipids is essential for epithelial cell polarization (Moravcevic et al., 
2010). Furthermore, a CDC-42 homologue binds directly to PIP2 (Johnson et al., 2012). 
Together, in other systems, phospholipids bind PAR proteins, which exhibit an uneven 
subcortical distribution, but the distribution of phospholipids such as PIP2 themselves in 
the C. elegans zygote is unclear. 

In other organisms and in vitro, PIP2 can be unevenly distributed in the plasma 
membrane. In model membranes, PIP2 is known to form electrostatic based clusters 
with Ca2+ (reviewed in Brown, 2015). Generally, PIP2 also accumulates in lateral domains 
in nascent phagosomes, membrane ruffles, and the leading edge of motile cells, which 
are all sites of actin reorganization (reviewed in McLaughlin et al., 2002; Zhang et al., 
2012). Consistent with this fact, it was demonstrated that PIP2 can stimulate actin 
polymerization in curved but not in flat model membranes, and this is dependent on 
Cdc42 (Daste et al., 2017; Gallop et al., 2013). PIP2 domains and patches were also ob-
served in cultured cells. Live imaging of NIH-3T3 cells revealed that PIP2 forms domains 
at cell protrusions. Here, it has been suggested that transport of PIP2 regulates actin 
polymerization and protrusion dynamics (reviewed in Chierico et al., 2015). In PC12 cells, 
PIP2 assembles into patches at the leading edge dependent on Cdc42, N-WASP and actin 
cytoskeleton dynamics. These patches precede the accumulation of F-actin patches but 
also depend on F-actin (Golub and Caroni, 2005; reviewed in Golub and Pico, 2005). Also 
in C. albicans, a steep PIP2 gradient depends on F-actin but not on microtubules (Vernay 
et al., 2012). Moreover it was suggested that the enrichment of actin filaments in the 
cortical cytoskeleton can drive clustering of rafts into PIP2-containing macrodomains, 
which then regulate further actin polymerization and branching (reviewed in Chichili and 
Rodgers, 2009). Overall, PIP2 can be distributed in subcortical domains and PIP2 localiza-
tion and F-actin polymerization exhibit reciprocal positive feedback regulation in several 
systems.  
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 Aim of this thesis 

Generally, this thesis aims to further analyze mechanisms regulating asymmetric 
cell division, and thus to improve our understanding of this fundamental process for the 
development of multicellular organisms and stem cell lineages. In particular, using the 
one-cell stage C. elegans embryo as a model, we aim to test the subcellular distribution 
of cortical components directly at that location, which is where they exert their function.  
In C. elegans, the question of how cortical components distribute within their cortical 
domain and if this distribution is functional relevant has already been investigated for 
PAR proteins, but it remains unknown for numerous other components. We thus aimed 
to investigate the cortical distribution and function of force generation mediators, neg-
ative force regulators and the membrane lipid component PIP2.  

Moreover, while the dependency of polarity in the C. elegans zygote on PAR pro-
teins and the actomyosin network has been thoroughly investigated, the involvement in 
this process of plasma membrane components, such as phospholipids, has not yet been 
addressed much. In many systems, PIP2 is essential for F-actin reorganization and cell 
polarization but it remains to be investigated if this role is conserved in C. elegans. We 
therefore aimed to also address the question whether PIP2 is needed for reorganization 
and polymerization of F-actin and proper polarization in the early C. elegans embryo.  
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 Worm strains 

Nematodes were maintained at 24 C using standard protocols (Brenner, 1974). The fol-
lowing strains were used: GFP::PHPLC1δ1 (OD58, unc-119(ed3) III; ltIs38[pie-
1p::GFP::PH(PLC1delta1) + unc-119(+)]) (Audhya et al., 2005); mCherry::PHPLC1δ1 (OD70, 
unc-119(ed3) III; ltIs44[pie-1p::mCherry::PH(PLC1delta1) + unc-119(+)]V) (Audhya et al., 
2005); GFP::PAR-2 (TH129) and GFP::PAR-6 (TH110) (Schonegg et al., 2007); GFP::NMY-
2 (LP162, nmy-2(cp13[nmy-2::gfp + LoxP]) I) (Dickinson et al., 2013); CAV-1::GFP (RT688, 
unc-119(ed3) III; pwIs281[CAV-1::GFP, unc-119(+)]) (Sato et al., 2006); mNeon-
Green::PHPLC1δ1 (LP274, cpIs45[Pmex-5::mNeonGreen::PLCδ-PH::tbb-2 3'UTR + unc-
119(+)] II; unc-119(ed3) III),  mKate-2::PHPLC1δ1 (LP307, cpIs54[Pmex-5::mKate2::PLCδ-
PH(A735T)::tbb-2 3'UTR + unc-119(+)] II; unc-119(ed3) III) and mCherry::PHPLC1δ1 (LP308, 
cpIs55[Pmex-5::mCherry::C1::PLCδ-PH::tbb-2 3'UTR + unc-119(+)] II; unc-119(ed3) III) 
(Heppert et al., 2016); Lifeact::mKate-2 (strain SWG001) (Reymann et al., 2016); 
GFP::RHO-1 (SA115, unc-119(ed3) III; tjIs1[pie-1::GFP::rho-1 + unc-119(+)]) (Motegi et 
al., 2006); GFP::CDC-42 (SA131, unc-119(ed3) III; tjIs6[pie-1p::GFP::cdc-42 + unc-119(+)]) 
(Motegi and Sugimoto, 2006); GFP::ECT-2 (SA125, unc-119(ed3) III; tjIs4[pie-1::GFP::ect-
2 + unc-119(+)]) (Motegi and Sugimoto, 2006); unc-26(s1710) (EG3027, unc-26(s1710) 
IV) (Charest et al., 1990); age-1(m333), (DR722, age-1(m333)/mnC1 dpy-10(e128) unc-
52(e444) II) (Riddle, 1988); PPK-1::mGFP (PHX448, syb448[ppk-1::mGFP] I) 
(http://www.sunybiotech.com); GFP::GPR-1 (SV1569, he238[fkbp:: egfp::gpr-1] III) (Por-
tegijs et al., 2016); GFP::LIN-5 (SV1589, (he244[egfp::lin-5] II) (Portegijs et al., 2016); 
GFP::GPB-1 (GZ789, unc-119(ed3) III; [pie-1::GFP::gpb-1 + unc-119(+)]) (Thyagarajan et 
al., 2011); GFP::GPC-2 (GZ963, unc-119(ed3) III; [pie-1::GFP::gpc-2 + unc-119(+)]) 
(Thyagarajan et al., 2011);  YFP::GPR-1 (TH242, unc-119(ed3)III; ddIs32[pie-1::gpr-
1(synthetic introns, CAI 1.0)::YFP; unc-119(+)] (Redemann et al., 2011); GFP::CSNK-1 
(JA1354, unc-119(e2498); wels12[unc-119(+):pie-1p:GFP:csnk-1]) (Panbianco et al., 
2008); GFP::CHC-1 (bIs5[GFP::CHC, rol-6(d)] (Greener et al., 2001); GFP::AHPH (MG617 
xsSi5[pie-1p::GFP::ani-1(AH+PH)::pie-1 3'UTR+Cbr-unc-119(+)II] (Tse et al., 2012); 
GFP::WSP-1 (MOT471, temls110[gfp::WSP-1] (Kumfer et al., 2010). DHC-1::GFP 
(CA1207, dhc-1(ie28[dhc-1::degron::GFP]) I.) (Zhang et al., 2015). Crosses were per-
formed at 20 C to generate lines homozygote for all transgenes, which were then main-
tained at 24 C. For GFP::RHO-1 and mCherry::PH PLC1δ1 (only in Figure 21D), as well as 
GFP::PHPLC1δ1 and Lifeact::mKate-2, mCherry::PHPLC1δ1 and GFP::AHPH, mCherry::PHPLC1δ1 
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and PPK-1::mGFP worm lines were crossed and F1 progeny heterozygous for both 
transgenes imaged. 

 

 RNA interference 

RNAi-mediated depletion was performed essentially as described (Kamath et al., 2001), 
using bacterial feeding strains from the Ahringer (Kamath et al., 2003) or Vidal library 
(Rual et al., 2004) (gift from Jean-François Rual and Marc Vidal). RNAi for par-2 (Ah-
ringer), par-3 (Ahringer), nmy-2 (Ahringer), act-1 (Vidal), tba-2 (Vidal), rho-1 (Vidal), cdc-
42 (Vidal), ocrl-1 (Ahringer), csnk-1 (Ahringer), gpb-1 (Ahringer) and chc-1 (Ahringer) was 
performed by feeding L3-L4 animals with bacteria expressing the corresponding dsRNA 
at 24 C for 16-26 hours. RNAi for pfn-1 (Vidal) and arx-2(Vidal) was performed by feed-
ing L4 and young adults with bacteria expressing dsRNA at 24 C for 72-96 hours and 
imaging embryos of their offspring. RNAi for gpr-1/2 (Vidal) was performed by feeding 
L1 and L2 worms with bacteria expressing dsRNA at 24 C for 48 hours. PERM-1 is a sugar 
modifying enzyme essential for forming the permeability barrier of the eggshell (Olson 
et al., 2012), and RNAi for perm-1 (Ahringer) was performed by feeding L4 and young 
adults with bacteria expressing dsRNA at 20 C for 12-18 hours. Double RNAi for ocrl-1 
and perm-1 was performed by mixing bacteria expressing ocrl-1 dsRNA and perm-1 
dsRNA in the ratio 1:1, feeding L3 and L4 young adults 24-30 hours at 24 °C. The effec-
tiveness of depletion was assessed phenotypically as follows: par-2(RNAi) and par-
3(RNAi) -symmetric spindle positioning and equal cell division; nmy-2(RNAi) and act-
1(RNAi) -absence of cortical ruffles, symmetric spindle positioning, no cytokinesis; tba-
2(RNAi) -defective pronuclear meeting, no centration/rotation, no spindle assembly, 
misplaced cytokinesis furrow; ocrl-1(RNAi) -see 3.2.2, 3.2.3 and 3.2.4, perm-1(RNAi) -
successful action of added drug; pfn-1(RNAi) -defective cortical F-actin network; cdc-
42(RNAi) -partial loss of polarity during the maintenance phase; rho-1(RNAi) -absence of 
cortical ruffles; csnk-1(RNAi) -increased cortical contractions, increased spindle pulling 
forces, gpb-1(RNAi) -rocking of pronuclei during centration/rotation; chc-1(RNAi)  sparse 
yolk granule density, arx-2(RNAi)  -sterility of adult worms; gpr-1/2(RNAi) –symmetric 
cell division. 
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 Molecular Biology 

 Generation of mGFP utilized for PPK-1::mGFP and 
CAAX::CIBN::mGFP 

We utilized a sequence encoding GFP that was codon adapted and with synthetic introns 
for C. elegans (Dickinson et al., 2013). The A206K mutation was introduced using the 
QuikChange Site-Directed Mutagenesis Kit (Agilent) and the following primers (Micro-
synth): 5’-CTA CCT CTC CAC CCA ATC CAA GCT CTC CAA GGA CCC AAA C-3’ (sense) and 
5’-GTTTGGGTCCTTGGAGAGCTTGGATTGGGTGGAGAGGTAG-3’ (antisense). Nucleotides 
introducing the mutation are marked in bold. 

 

 Generation of constructs for CRY2/CIBN optogenetic tool 

Constructs used to set up an optogenetic tool (CIBN::CAAX, CIBN::mGFP::CAAX, mKate-
2::CRY2PHR::OCRL-1) were assembled using Gibson Assembly (NEB) and then combined 
with the pie-1 promoter and pie-1 3’UTR using the MultiSite Gateway Kit (Ther-
moFisher). As a destination vector, pCG150 containing an unc-119 rescue fragment suit-
able for bombardment was utilized. For GFP and mKate-2, codon adapted versions with 
synthetic introns for C. elegans were utilized (Dickinson et al., 2013). The pie-1 promoter 
and pie-1 3’UTR were obtained from the vectors pCM1.127 and pCM5.47 (Seydoux Lab 
– Third Generation Vector Kit, unpublished). CIBN::CAAX, CRY2PHR, and the 5-ptase do-
main of OCRL were amplified from the following vectors: pCIBN(deltaNLS)-pmGFP 
(Adgene, 26867), pCRY2PHR-mCherryN1 (addgene, 26866) and mCherry::CRY2-
5ptaseOCRL (Adgene, 66836). 

 

 Generation of constructs for CRISPR/Cas9 

Cloning of constructs for CRISPR/Cas9 and preparation of the injection mix were per-
formed as described (Paix et al., 2014; Paix et al., 2016).The sgRNA was introduced into 
the Cas9 expression vector pDD162 using the Q5 Site-Directed Mutagenesis Kit (Bi-
oLabs). Repair templates containing GFP (Dickinson et al., 2013) were introduced into 
the subcloning vector pGEM-T (Promega) and then amplified in large amounts by PCR 
using Phusion Polymerase (NEB) to obtain linear repair templates for injection. 
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 Live imaging 

Gravid hermaphrodites were dissected in osmotically balanced blastomere culture me-
dium (Shelton and Bowerman, 1996) and the resulting embryos mounted on a 2% aga-
rose pad. DIC time lapse microscopy (Figure 10 A, C, E, G, I) was performed at 25°C ± 1°C 
with a 100× (NA 1.25 Achrostigmat) objective and standard DIC optics on a Zeiss Axi-
oskop 2 microscope. Dual DIC and fluorescence time lapse microscopy (Figure 19A) was 
performed at 25°C ± 1°C with a 63x objective lens (NA 1.2 C Apo) using a Zeiss Axio Ob-
server.D1 microscope equipped with a Andor Zyla sCMOS CCD camera. All other images 
were acquired at 23°C using an inverted Olympus IX 81 microscope equipped with a 
Yokogawa spinning disk CSU - W1 with a 63x (NA 1.42 U PLAN S APO) objective and a 
16-bit PCO Edge sCMOS camera. Images were obtained using 488 nm and 561 nm solid-
state lasers with an exposure time of 400 ms and a laser power of 20-60%. For cortical 
imaging, 3 planes at the cell cortex (each 0.25 μm apart) were acquired. Cell cycle stages 
were determined using transmission light microscopy, imaging the middle plane in par-
allel (data not shown). 

 

 Image Processing and analysis 

Cortical images of GFP::PHPLC1δ1 used for quantification were processed as follows: the 3 
cortical planes were z-projected using average intensity projection, after which a median 
filter of 1 pixel was applied. The background of the entire image was subtracted using 
the measured mean background in each frame. Signal intensity decay due to photo-
bleaching was corrected with the Fiji plugin “bleach correction” using the exponential 
fitting method. The entire cortical region was segmented by applying a binary auto-
mated histogram-based threshold, followed by iterated morphological operations. Cor-
tical structures were segmented by applying a binary intensity threshold, calculated by 
fitting the pixel intensity histogram with a Gaussian function and setting the threshold 
at 4 sigma from the Gaussian peak. The boundary between anterior and posterior do-
mains was determined manually during pseudocleavage formation. Upon depletion of 
NMY-2 and ACT-1, where no pseudocleavage furrow forms, the boundary was set during 
mitosis. The fraction of the total area in each half covered by the segmented PIP2 cortical 
structures was determined in each case.  

Curves of normalized cortical structures sizes were fit with a sigmoidal model and 
synchronized, setting the sigmoid inflection point, which corresponded typically to the 
time of centration/rotation, as time t=0 s. Curves of normalized cortical structures sizes 
were aligned manually for act-1(RNAi) and unc-26(s1710) ocrl-1(RNAi) embryos using 
the clear landmark provided by Nuclear Envelope Breakdown (NEBD) as a reference, 
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because a sigmoid function could not be fit with the PH markers in these cases. Since 
the time separating centration/rotation from NEBD is typically 150 seconds, t=0 was set 
at -150 seconds prior to NEBD for act-1(RNAi) and unc-26(s1710) ocrl-1(RNAi) embryos.  

The Elongation Index was calculated as follows: ((perimeter^2)/area)/4  using 
the MATLAB image processing function “regionprops”. The Elongation Index was then 
normalized by a factor of 1/ such that a square of 2 x 2 pixels has an Elongation Index 
of 1.  

For assessing the AP boundary of the segmented PIP2 cortical structures 
(GFP::PHPLC1δ1) and of F-actin (Lifeact::mKate-2) (Figure 19), we automatically deter-
mined the extent of the PIP2 and F-actin domains relative to the whole embryo length 
using a Matlab script. For Lifeact::mKate2, a histogram-based method was used to keep 
only the 95% brightest pixels.  

Cortical images obtained by live confocal spinning disk imaging shown in the fig-
ures were processed as follows: the 3 cortical planes were z-projected using maximum 
intensity projection, then a median filter of 1 was applied. The grey value fluorescence 
intensity of some transgenes (GFP::PHPLC1δ1 as heterozygote, GFP::PAR-2, GFP::PAR-6, 

Lifeact::mKate-2, mCherry::PHPLC1δ1, mNeonGreen::PHPLC1δ1, GFP::GPB-1, YFP::GPR-1) 
was slightly variable, likely resulting from variable expression/folding of the fluorescent 
fusion protein. The brightness and contrast of images resulting from embryos expressing 
these transgenes was therefore adjusted accordingly. Such variability was especially 
pronounced in unc-26(s1710) ocrl-1(RNAi) embryos. Total cortical intensity was ob-
tained as follows. 3 cortical planes, acquired as described above were z-projected by 
summing the intensity of all slices. Then,  a Otsu threshold was first used to retrieve the 
brightest elements, retaining only the biggest blob, which corresponds to the embryo. 
Values outside the embryo were then averaged to obtain the mean background inten-
sity, which was subtracted from the embryo pixel intensities. Thereafter, embryo pixel 
values were averaged to obtain the mean pixel intensity value. 

 

 Lipid delivery and injection 

BODIPY® FL Phosphatidylinositol 4,5-bisphosphate (Echelon Bioscience, C-45F6) (end 
concentration: 10 μM) was delivered to perm-1(RNAi) embryos by adding it to the buffer 
in which gravid worms were dissected. Embryos were then mounted on a 2% agarose 
pad using Vaseline as a spacer to decrease the pressure exerted on the fragile perm-
1(RNAi) embryos. 

BODIPY® FL Phosphatidylinositol 4,5-bisphosphate (Echelon Bioscience, C-45F6) 
was injected into the syncytial gonad of young adult worms using a Eppendorf FemtoJet 
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4i Microinjector and Femtotips® II (Eppendorf, 930000043). 1mM EDTA (pH=7.0) was 
added to dried lipids to form a micelle suspension (500 μM stock solution). Lipids were 
sonicated for 30 sec in a bath sonicator to break micelles before each injection. Lipids 
were then diluted in ddH2O to 100 μM and injected. Embryos of injected animals were 
imaged 2-4 hours after injection.  

 

 Cortical flow measurement and correlation analysis 

 Particle Image Velocimetry (PIV) 

For Particle Image Velocimetry (PIV) analysis, cortical image sequences of mNeon-
Green::PHPLC1δ1 and Lifeact::mKate-2 were prepared by performing a maximum intensity 
z-projection of a stack of 2 planes (0.25 μm apart) and applying a median filer of 1 pixel. 
PIP2 cortical structures and the F-actin network were then segmented as follows: the 
embryo was first extracted from the background using a histogram-based automated 
threshold, keeping only blobs of a size superior to one third of the biggest blob. The 
resulting binary images were deemed to be the embryo area. We applied a morpholog-
ical erosion to the mNeonGreen::PHPLC1δ1  movies with a large structuring element (a 
disk 30 pixels in radius) to calculate the average value of the pixels not corresponding to 
PIP2 cortical structures; the PIP2 cortical structures were then segmented as the pixels 
of intensity higher than the computed average value, times a scaling factor determined 
empirically (1.7). The extraction of the F-actin network was achieved simply by deter-
mining a histogram-based automated threshold on the morphological top-hat of the F-
actin image. F-actin filaments and PIP2 cortical structures were segmented prior to PIV 
analysis to ensure that only flow fields in the region of interest are measured. 

PIV was then performed to measure cortical flows using the MATLAB based PIVlab 
toolbox (Thielicke and Stamhuis, 2014), which splits each image of a movie into a regular 
grid, for which the size of grid cells is given by the user. The position of each grid cell in 
the next image is estimated by finding the maximum normalized cell-to-cell cross-corre-
lation of equivalent sizes in a geometrical neighborhood called interrogation area. Such 
PIV analysis was applied to mNeonGreen::PHPLC1δ1  and Lifeact::mKate-2 separately, af-
ter segmentation of the corresponding cortical structures. The choice of the grid cell 
sizes and interrogation areas resulted from a balance between two criteria: smaller cells 
allow to compute displacements with high spatial resolution, but excessively small cells 
do not contain enough information to be reliably correlated to other cells; the estima-
tion of displacements of bigger cells is hence more reliable, but computed with lesser 
resolution. We found empirically 32 x 32 pixels for cell sizes, and 64 x 64 pixels for inter-
rogation areas, to be a good compromise.  
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The PIV velocity fields output for both mNeonGreen::PHPLC1δ1 and Lifeact::mKate-2 sig-
nals were compared in terms of angles between colocalized features and correlation of 
the norms. For each movie, angles between velocity vectors of colocalized features were 
computed and plotted on a histogram. The average angle value for each time point and 
each movie was also computed to monitor the coherence between the two vector fields 
over time. Similarly, we computed the correlations of the norms of all velocities in the 
two movies, for the whole movie, and also for specific times. The cut-off angle is defined 
as the θ 0 parameter of the curve of equation y = a exp(-θ/θ 0) fitted to the histogram. 

 

 Cross-correlation analysis of PIP2 structures and F-actin 

Cross-correlation analysis was performed as follows. Movies used to calculate the cross-
correlation were acquired by alternating the acquisition order of the red and green 
channels to prevent introducing a bias through the order of image acquisition. The col-
ocalization of the thresholded PIP2 cortical structures and F-actin network for a variety 
of time shifts was computed considering a time shift Δt (positive or negative), the colo-
calization of the segmented PIP2  image at time t, and the segmented F-actin image at 
time t-Δt using the following formula: 

Colocalization = (PIP2(t) ∩ F-actin(t-Δt)/ PIP2 (t) 

Colocalization was computed in this manner from Δt = -(T-1) to Δt = (T-1), where T is the 
total duration of the movie. The Δt for which colocalization is maximal represents the 
time shift between PIP2 and F-actin. The mean time shift and its error were computed 
as follows: we fitted a parabola of equation y = a + (t-t0)^2 + b to the local correlation 
as a function of the time shift. We calculated the best a, b and t0 parameters using a 
least-squares method, and input the standard deviations of the correlations to create a 
weight matrix used during the adjustment. The results were the mean time shift t0 = 
9.3s and the standard deviation sigma_t0 = 1.5s. 

 

 Tracking 

 Tracking of PIP2 cortical structures 

To track PIP2 structures (Figure 24E and Figure 26D, E), embryos expressing 
mNG::PHPLC1δ1 were imaged with an exposure time of 50 ms, a laser power of 60% and 
a 70 ms frame rate. PIP2 structures were tracked manually on maximum intensity z-pro-
jection of the images containing the moving PIP2 structures of interest. The length of the 
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track was obtained by reslicing it using the Fiji plugin “Reslice”. The velocity was calcu-
lated from the corresponding number of time points and track length. 

 

 Tracking of spindle pole positioning 

Spindle positioning tracks were generated by manually tracking spindle poles from NEBD 
to cleavage furrow formation using a MATLAB script that also computed the distance 
from the first to the last tracked point, providing the corresponding x- and y-coordinates 
and the maximum velocity in μm/sec. Tracks were automatically placed into ellipses fit-
ted around the embryo. The end positions of the spindle poles were determined at cy-
tokinesis onset.  

 

 Drug addition 

The eggshell was permeabilized by performing perm-1(RNAi) as described above. Gravid 
hermaphrodites were dissected in a cell culture dish with a glass bottom, and the result-
ing embryos imaged with an inverted confocal spinning disk microscope (see above). 
Drugs were added under the microscope while imaging to precisely control the timing 
of drug addition. The following drugs and concentrations in solution were utilized: 30 
μM Ionomycin (Calbiochem, 407950), 3-5 mM CaCl2 (Sigma-Aldrich, C5080), 20 μM Cy-
tochalasin D (AppliChem, 22144-77-0), 12.5 μM Latrunculin A (Sigma-Aldrich, 76343-93-
6), 1 mM CK666 (Sigma-Aldrich, SML0006), 1 mM CK869 (Sigma-Aldrich, C9124). For 
control movies, DMSO at a concentration equivalent to the final DMSO concentration in 
the drug solutions was added to the buffer prior to dissection. For the drug delivery 
experiments shown in Figure 37, gravid hermaphrodites were dissected in either 250 
nM or 500 nM Cytochalasin D (AppliChem, 22144-77-0) or 2.5 μM Jasplakinolides (Adi-
poGen, AG-CN2-0037). Embryos were then imaged acquiring 17 z-planes 0.5 μm apart 
starting every 30 seconds. For the experiments reported in Figure 33 and Figure 36, 
whenever embryos were dissected in the drug-containing solution, we ensured that the 
action of the drug (as monitored by t1/2) took place > 6 min after polarity was estab-
lished.  

Successful drug action was determined for each embryo by the disappearance of 
the PHPLC1δ1 fluorescence signal from the plasma membrane (Ionomycin/Ca2+, Latruncu-
lin A) and of Lifeact::mKate-2 from the cell cortex (Cytochalasin D, Latrunculin A). The 
time between drug addition and drug action was variable, probably due to variations in 
eggshell permeability upon perm-1(RNAi). As a comparable reference time between em-
bryos, we therefore determined the time t1/2 (t inflection) when half of fluorescence at 
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the plasma membrane has disappeared, as follows. The total cortical region of the em-
bryo was segmented by applying a binary automated histogram-based threshold; fluo-
rescent values at a distance of 20 pixels from the edge were measured, and their mean 
fluorescence values plotted over time. The inflection point of a fitted sigmoid function 
was then determined as t1/2. 

After addition of Ionomycin/Ca2+ to embryos expressing mCherry::PHPLC1δ1 

/GFP::RHO-1 or mCherry::PHPLC1δ1 /GFP::CDC-42, the disappearance of the 
mCherry::PHPLC1δ1 signal from the plasma membrane was imaged over time, whereas 
GFP::RHO-1 and GFP::CDC-42 were not imaged continuously to prevent photobleaching. 
Instead, only one end point image was taken by acquiring 9 z-planes that were 0.5 μm 
apart. 

 

 Statistical analysis 

The software packages JMP 13.2.0 (SAS Institute GmbH) and MATLAB 2016 were used 
to perform statistical analysis. Normal distribution of the data was tested using the 
Shapiro-Wilk test. Unless stated otherwise, statistical analysis was performed using non-
parametric tests assuming non-normal distribution using the Wilcoxon Rank Sum 
test/Mann-Whitney test for two-group comparisons, and the Kruskal-Wallis test with a 
pairwise Wilcoxon Rank Sum test as a post-hoc test for three-group comparisons. In Fig-
ure 24B, unpaired t-test has been utilized to test the probability that two independent 
velocity fields result in the observed angle distribution. Values of p≤0.05 were consid-
ered statistically significant. 

 

 Immunofluorescence staining 

Immunofluorescence staining was performed in solution as described (Aroian et al., 
1997). First, worms were bleached for 5 min in bleaching solution (0.7 M NaOH, 28% 
Sodiumhypochlorite), then fixed in 3.8% Paraformaldehyde in cytoskeleton buffer (10 
mM MES, pH=6.1, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA) and 8% Sucrose for 10 min at 
room temperature, and then in 100% Methanol for 5 min at -20°C. Embryos were per-
meabilized in 0.5% Triton X-100, or 0.5% Tween-20, or 0.5% Igepal in PBS for 12 min at 
room temperature. Primary antibodies were incubated over night at 4°C in washing so-
lution (0.1% Triton X-100, or 0.05% Tween-20 in PBS). Primary antibodies used were goat 
polyclonal anti-Actin (I-19) (1:100, Santa Cruz) and rabbit anti-GFP (1:1000, kind gift from 
Viesturs Simanis). Secondary antibodies were added thereafter for 1 h at room temper-
ature. Secondary antibodies used were donkey anti-rabbit-Alexa 488 (1:1000 Molecular 
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Probes (Invitrogen)) and donkey anti-goat-Alexa 568 (1:500 Molecular Probes (Invitro-
gen)). DNA was stained with 1 mg/ml Hoechst 33258 (Sigma) for 5 min at room temper-
ature. Confocal images were acquired with a 63x objective lens (NA 1.40, Plan-Apochro-
mat) using a Zeiss ALSM 700 microscope equipped with an Axiocam MRm (B/W) camera.  

 



 

3. Results 

 Formation and movement of PI(4,5)P₂ cortical structures  

 The PIP2 biomarker GFP::PHPLC1δ1 is present in dynamic polarized 
cortical structures in one-cell C. elegans embryos  

While monitoring the distribution of components involved in asymmetric division of the 
C. elegans zygote with confocal spinning disk microscopy, we discovered that the PIP2 
biomarker GFP::PHPLC1δ1 (Audhya et al., 2005) forms distinct and dynamic structures at 
the cell cortex (Figure 10). The pleckstrin homology (PH) domain of mammalian phos-
pholipase C1δ1 (PLC1 δ1) binds to PIP2 in vitro and in cells with high specificity and affin-
ity (Garcia et al., 1995; Lemmon et al., 1995; Várnai and Balla, 1998). Moreover, in ver-
tebrate cells, the lateral diffusion of GFP::PHPLC1δ1 resembles that of PIP2 (Golebiewska 
et al., 2008; Hammond et al., 2009), and membrane domains formed by fluorescently 
labeled PIP2 overlap with those monitored by GFP::PHPLC1δ1 (reviewed in Chierico et al., 
2015). Hence, GFP::PHPLC1δ1 is well suited to monitor PIP2 dynamics in live cells. 

 Initially, when the cortical actomyosin network is contractile throughout the 
early C. elegans embryo, PIP2 is present weakly and evenly on the cell cortex (data not 
shown). Thereafter, when the actomyosin network begins to move towards the anterior 
at the onset of polarity establishment, striking elongated cortical structures enriched in 
PIP2 become apparent, primarily on the anterior side of the embryo (Figure 10 A, B, K; 
Figure 11 A, top; Movie 13). Such PIP2 cortical structures have an initial average area of 
~2.5 μm2 and elongate as the zygote progresses through the cell cycle (Figure 10 L, M). 
All elongated PIP2 cortical structures move anteriorly during polarity establishment, be-
coming distributed in a clearly polarized manner at pseudocleavage, when they cover 
~15% of the anterior cortical surface (Figure 10 C, D, arrow, K). During the centration/ro-
tation stage that follows, PIP2 cortical structures decrease in size (Figure 10 E, F, arrow-
head), before disappearing almost completely, with some remaining small foci by the 
time of nuclear envelope breakdown (NEBD) (Figure 10 G, H, arrowheads). A few elon-
gated cortical structures reappear during cytokinesis, primarily in the anterior (Figure 10 
I, J).  

                                                      
3 All movies can be found at the following link:  
https://www.youtube.com/channel/UC8DaMJafa_Ase107jkeGbRg/videos 
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Figure 10: The PIP2 biomarker GFP::PHPLC1δ1 is enriched in dynamic cortical structures. (A-J) Differential 
interference contrast (DIC) (A, C, E, G, I, middle plane) and spinning disk confocal imaging (B, D, F, H, J, 
cortical plane) of a different embryo at the corresponding stages, with boxed regions magnified below) of 
one-cell C. elegans embryos at indicated stages expressing GFP::PHPLC1δ1. See also Movie 1. Here and in 
subsequent figures, time is indicated in minutes:seconds, with 00:00 corresponding to the time of centra-
tion/rotation (t0 in K-M). Here and in subsequent figures, the embryo anterior is to the left and the scale 
bar is 10 μm, unless indicated otherwise. (K-M) Fraction of cell cortex covered (K), average size (L) and 
Elongation Index (M, larger values correspond to more elongated shapes) of segmented PIP2 cortical struc-
tures over time. The timing of pseudocleavage and mitosis are indicated. Here and in subsequent figures: 
quantification for anterior (orange) and posterior (green) embryo side is shown, with the mean and the 
standard deviation. N=39 embryos. See Materials and Methods for detailed description of how such 
graphs were generated. 

 

In contrast to the structures visible when imaging the cortical plane, discrete PIP2 enti-
ties are barely detectable as slight thickenings of the plasma membrane in the embryo 
middle plane (Figure 11, arrowhead), likely explaining why they were not noted previ-
ously (Audhya et al., 2005; Blanchoud et al., 2010; Panbianco et al., 2008). PIP2 cortical 
structures tend to be drawn into plasma membrane invagination caused by cortical ac-
tomyosin contractions (Figure 11 arrow). To summarize, PIP2 monitored with 
GFP::PHPLC1δ1 forms dynamic elongated cortical structures clearly detectable at the cor-
tical plane but not the middle plane. 
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Figure 11: PIP2 cortical structures are barely detectable in the middle plane.  Images acquired at the 
indicated stages by spinning disk confocal imaging of embryos expressing GFP::PHPLC1δ1 (top: cortical plane, 
bottom: middle plane). Arrow: plasma membrane invagination caused by cortical actomyosin contrac-
tions, into which PIP2 cortical structures are drawn. Arrowhead: cross-section of PIP2 cortical structure 
seen as thickening of the plasma membrane in the middle plane. 

 

 

Figure 12: PIP2 cortical structures are not preserved by immunoflu-
orescence staining. (A-C) N2 control (A) and GFP::PHPLC1δ1 expressing 
embryos at centration/rotation (N=5) (B) or 2nd cell stage (N=4) (C) 
fixed and stained with GFP and Actin primary antibodies in solution. 
Middle and cortical planes are shown as indicated. Note: due to tim-
ing reasons when fixing in solution, one-cell stage embryos are diffi-
cult to obtain. As PIP2 cortical structures reappear during the 2nd cell 
stage, embryos during the 2nd cell stage were also imaged. Note also 
clear overlap of PIP2 and F-actin observed at the cortex of the middle 
plane (B and C, embryo periphery). 
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To verify that PIP2 cortical structures monitored with GFP::PHPLC1δ1 represent cor-
tical structures formed by endogenous PIP2 in the plasma membrane, we set out to per-
form immunofluorescence staining (Figure 12). To set up the method with an appropri-
ate control, we used GFP antibodies to stain PIP2 cortical structures marked by 
GFP::PHPLC1δ1. First, we fixed and stained embryos according to standard procedures 
(Gönczy et al., 1999), but could not preserve any cortical structures (data not shown). 
As an alternative, we next utilized a method for fixing and staining embryos in solution, 
which is reported to preserve well the actin cortex (Aroian et al., 1997). Moreover, we 
sought to adjust the method by trying different detergents in different concentrations 
for permeabilization and washes. All in all, we successfully obtained cortical staining of 
F-actin comparable to that reported previously (Aroian et al., 1997) (Figure 12 B, C). 
However, we could not preserve the subcortical structures of GFP::PHPLC1δ1 that were 
observed by live imaging (Figure 12 B, C). This might be due to the fact that the perme-
abilization methods using organic solvents or detergents that remove lipids from the 
plasma membrane (Hobro and Smith, 2017; Jamur and Oliver, 2010) likely destroyed the 
subcortical distribution of PIP2. Overall, we conclude that immunofluorescence staining 
is not suitable to detect endogenous PIP2 cortical structures. 

We set out to verify the cortical distribution revealed by GFP::PHPLC1δ1 using flu-
orescently labeled PIP2. To this end, we first injected fluorescently Bodipy-FL-PIP2 into 
the syncytial gonad of adult worms (Figure 13 A, B). The lipids got incorporated into 
oocytes and their future embryos, but there they did not reach the plasma membrane, 
since we could not detect any overlap with membrane mCherry::PHPLC1δ1 signal (Figure 
13 B). In contrast, injected PIP2 lipids were located in lipid droplets in the cytosol, per-
haps corresponding to yolk-containing lipid storages (Figure 13 A, B) (Schmökel et al., 
2016).  
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Figure 13: Bodipy-FL-PIP2 does not get incorporated into the plasma membrane after injection into the 
syncytial gonad. (A) Widefield fluorescent images of the middle plane of embryos dissected from N2 wild 
type C. elegans worms injected with Bodipy-FL-PIP2. Note that fluorescently labeled synthetic PIP2 in-
jected in the syncytial gonad accumulates in the cytosol (N=3). (B) Confocal images of the middle plane of 
embryos expressing mCherry::PHPLC1δ1 dissected from C. elegans worms injected with Bodipy-FL-PIP2. 
Note fluorescently labeled synthetic PIP2 injected in the syncytial gonad accumulating in yolk granules 
(N=2). Note: As no Bodipy-FL-PIP2 signal could be detected at the cell cortex, not the cortical plane, but 
the middle plane is shown to demonstrate the accumulation of Bodipy-FL-PIP2 in the cytosol or yolk gran-
ules.   

 

We thus set out to use another approach to deliver Bodipy-FL-PIP2 into the 
plasma membrane, using one-cell stage embryos whose eggshell had been permea-
bilized using perm-1(RNAi) (Carvalho et al., 2011) (Figure 14 A-C). Importantly, we found 
that Bodipy-FL-PIP2 delivered to otherwise wild type embryos distributes in dynamic po-
larized cortical structures akin to those observed with mCherry::PHPLC1δ1 (Figure 14 A, B; 
Movie 2). Moreover, delivering Bodipy-FL-PIP2 to embryos expressing mCherry::PHPLC1δ1 

established that the two components overlap (Figure 14 C). Overall, we conclude that 
GFP::PHPLC1δ1 is a faithful marker of PIP2 in one-cell C. elegans embryos, where it is pre-
sent in dynamic and polarized structures at the plasma membrane. 
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Figure 14: Fluorescently-labeled PIP2 distributes like mCherry::PHPLC1δ1.  perm-1(RNAi) embryos with 
permeabilized eggshell (cortical plane). Note that the shape and distribution of PIP2 cortical structures in 
perm-1(RNAi) embryos differs slightly from that of non permeabilized embryos likely due to the pressure 
applied by the coverslip on these fragile embryos. (A) mCherry::PHPLC1δ1 expressing embryo without Bod-
ipy-FL-PIP2. (B) N2 wild type embryo with addition of Bodipy-FL-PIP2 (N=9). See also Movie 2. (C) 
mCherry::PHPLC1δ1 expressing embryo with addition of Bodipy-FL-PIP2 (N=10). Boxed regions are magni-
fied.  

 

 PIP2 cortical structures might be sites of increased PIP2 genera-
tion 

We next asked how PIP2 cortical structures might assemble. PIP2 cortical structures 
could either form due to redistribution of existing PIP2 or because of de novo synthesis 
through a PIP5K1. We thus tested if PIP2 cortical structures could be sites of increased 
PIP2 generation. The sole Type I PI(4)P5-kinase (PIP5K1) in C. elegans is PPK-1 (see 1.3.2, 
page 23) (Weinkove et al., 2008) , which was reported to be enriched at the posterior of 
one-cell stage embryos based on immunostaining with a PPK-1 antibody (Panbianco et 
al., 2008). Nevertheless, early in the cell cycle, a transient enrichment of PPK-1 on the 
anterior is also observed in the published work (Panbianco et al., 2008).  Moreover, no 
cortical imaging of PPK-1 distribution has been performed previously. As we could not 
preserve cortical structures by immunostaining, we sought to tag PPK-1 with GFP. For 
this purpose, we generated a monomeric GFP construct (mGFP), introducing an A206K 
mutation into a GFP construct that is codon adapted for C. elegans and contains syn-
thetic introns (Dickinson et al., 2013; von Stetten et al., 2012; Zacharias et al., 2002) (see 
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Figure 60, page 153). This construct was utilized by Sunybiotech4 to generate a knock-in 
strain using CRISPR/Cas-9, in which PPK-1 is endogenously tagged with mGFP. Cortical 
imaging of embryos expressing endogenously tagged PPK-1 revealed that PPK-1::mGFP 
forms cortical structures (Figure 15 A, B). On the anterior, PPK-1::mGFP cortical struc-
tures overlap with PIP2 cortical structures monitored by mCherry::PHPLC1δ1   during pseu-
docleavage and mitosis (Figure 15 A, B; Movie 3). In addition, PPK-1::mGFP is present in 
a distinct cortical meshwork on the posterior, where no PIP2 enrichment is encountered 
(Figure 15 A, B). If discrete anterior PPK-1::GFP cortical structures are not taken into 
account, PPK-1 is enriched on the posterior during pseudocleavage and mitosis in 
N=10/12 embryos. This finding most likely corresponds to the results of Panbianco et 
al., who reported by imaging the middle plane of fixed embryos that PPK-1 is enriched 
on the posterior (Panbianco et al., 2008). During mitosis, posterior PPK-1 enrichment is 
essential for proper spindle positioning (Panbianco et al., 2008), but the function of pos-
terior PPK-1 enrichment during pseudocleavage is unclear. To summarize, these results 
suggest that de novo PIP2 generation by PPK-1 could contribute to the assembly of an-
teriorly localized PIP2 cortical structures. Nevertheless, we cannot exclude that redistri-
bution of PIP2, or means of PIP2 generation other than through PPK-1, also could play a 
role in the assembly of PIP2 cortical structures as well.  

                                                      
4 www.SunyBiotech.com 
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Figure 15: PPK-1 is enriched at PIP2 cortical structures. (A, B) Im-
ages acquired by dual color cortical confocal live imaging of C. el-
egans embryos expressing mCherry::PHPLC1δ1 and PPK-1::mGFP at 
indicated stages (N=10). Boxed regions of the anterior and poste-
rior regions are magnified below. See also Movie 3. 

 

 PIP2 cortical structures do not reside within domains marked by 
the bona-fide raft protein CAV-1::GFP. 

We tested if PIP2 cortical structures might reside within lipid rafts, which are microdo-
mains in the plasma membrane that are enriched in cholesterol and sphingolipids (re-
viewed in Hooper, 1999; Lajoie and Nabi, 2010). Lipid rafts in C. elegans have been de-
tected in the sperm and nervous system (Dou et al., 2012; Sedensky et al., 2004). Nev-
ertheless, sterols are not uniformly distributed in the nematode and generally 20 times 
les abundant than in mammalian cells. This amount is unlikely to be sufficient to play a 
structural role in the membrane, and sterols are therefore thought to be only essential 
as hormone precursors in C. elegans. It was therefore hypothesized that rafts may form 
in the absence of cholesterol with caveolin-1 as a bona fide raft protein (Merris et al., 
2003; Kurzchalia et al., 1999; reviewed in Entchev and Kurzchalia, 2005; Kurzchalia and 
Ward, 2003). CAV-1::GFP behaves highly dynamically during oocyte formation, ovula-
tion, fertilization and the first cell cycle of the early embryo. In the one-cell stage em-
bryo, CAV-1::GFP is internalized and degraded after fertilization (Sato et al., 2006). Live 
imaging of one-cell stage embryos expressing CAV-1::GFP and mCherry::PHPLC1δ1 during 
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polarity establishment and pseudocleavage revealed diminishing foci of CAV-1::GFP at 
the cell cortex that do not overlap with cortical structures of PIP2 (Figure 16). From this 
result, we conclude that PIP2 cortical structures do not colocalize with putative CAV-1 
enriched rafts.  

 
Figure 16: PIP2 cortical structures and CAV-1 containing rafts do not overlap. Images 
acquired by dual color confocal live imaging of C. elegans embryos expressing 
mCherry::PHPLC1δ1 and CAV-1::GFP (confocal, cortical plane); boxed region is magni-
fied on the right. All images are at the pseudocleavage stage (N=8). 

 

 AP polarity cues regulate the polarized distribution of PIP2 corti-
cal structures  

We set out to address what regulates the polarized distribution of PIP2 cortical struc-
tures, which is particularly apparent during pseudocleavage. We found that PIP2 cortical 
structures do not overlap with GFP::PAR-2, which marks the posterior cortical domain 
(Figure 17 A), but do so with GFP::PAR-6, which marks the anterior polarity domain (Fig-
ure 17 B; Movie 4). Moreover, we observed that PIP2 cortical structures overlap with 
elongated GFP::PAR-6 cortical structures (Figure 17 B, arrow), but not with GFP::PAR-6 
foci (Figure 17 B, arrowhead), which are two distinct cortical populations of GFP::PAR-6 
(see 1.2.7, page 20) (Beers and Kemphues, 2006; Robin et al., 2014; Rodriguez et al., 
2017; Wang et al., 2017).  
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Figure 17: PIP2 cortical structures partially overlap with PAR-6 but not with PAR-2 
cortical structures. (A, B) Dual color spinning disk confocal cortical imaging of pseu-
docleavage embryos harboring the indicated pairs of fusion proteins, with high mag-
nification views of the boxed insets. (A) mCherry::PHPLC1δ1/GFP::PAR-2, N=5. (B) 
mCherry::PHPLC1δ1/GFP::PAR-6, N=5. Note that elongated cortical structures (arrow-
head) but not foci (arrow) of GFP::PAR-6 overlap with mCherry::PHPLC1δ1. See also 
Movie 4.  

 

We next tested whether the polarized distribution of PIP2 cortical structures de-
pends on AP polarity cues. Compared to the control condition, we found that upon par-
3(RNAi), PIP2 cortical structures distribute more uniformly over the cell cortex (compare 
Figure 18 A, B with C, D), except for the very posterior of the embryo (Figure 18 C), con-
sistent with the known slight posterior clearing of the actomyosin network upon PAR-3 
inactivation (Kirby et al., 1990; Munro et al., 2004). Moreover, we found that upon par-
2(RNAi), PIP2 cortical structures first move anteriorly (Figure 18 E, F, Pseudocleavage), 
but then become distributed in a more uniform manner (Figure 18 E, F, Mitosis). This is 
in line with PAR-2 being dispensable for polarity establishment, but essential for polarity 
maintenance (Cuenca et al., 2003; Hao et al., 2006; Munro et al., 2004). The expansion 
of PIP2 cortical structures towards the posterior in par-3(RNAi) and par-2(RNAi) embryos 
becomes more pronounced when PIP2 cortical structures numbers decrease overall dur-
ing the polarity maintenance phase and mitosis, making equalization more difficult to 
observe. We thus magnified the part of the graph corresponding to this stage of the cell 
cycle (Figure 18 B, D, F). Moreover, we tested the difference in distribution of PIP2 cor-
tical structures between the anterior and posterior during mitosis using the Wilcoxon 
Rank Sum test / Mann-Whitney test. This revealed a clear statistically significant differ-
ence in control embryos, but not in embryos depleted of PAR-2 or PAR-3. Overall these 
results show that PIP2 cortical structures distribute asymmetrically depending on PAR 
polarity cues.  
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Figure 18: PIP2 cortical structures depend on AP polarity. (A, C, E) Cortical plane at 
pseudocleavage and mitosis from spinning disk confocal imaging of control (C, N=39), 
par-3(RNAi) (E, N=10) or par-2(RNAi) (G, N=11) embryos expressing GFP::PHPLC1δ1. (B, D, 
F) Fraction of cell cortex covered by segmented PIP2 structures in the conditions corre-
sponding to (C, E, G), with expanded view of the evolution during mitosis. The overall 
cortical area covered at the time point 250 seconds is shown in a boxplot and compared 
by statistical analysis (Wilcoxon Rank Sum test / Mann-Whitney test).  

 

As stated above, the initial clearing of the posterior from PIP2 cortical structures 
during the polarity establishment phase in par-3(RNAi) and par-2(RNAi) embryos is con-
sistent with the known behavior of the actomyosin network upon PAR-2 and PAR-3 de-
pletion. To test the hypothesis that PIP2 cortical structures distribute like F-actin upon 
PAR-2 and PAR-3 depletion, we depleted PAR-2 or PAR-3 in embryos expressing 
mNG::PHPLC1δ1 and Lifeact::mKate-2 (Figure 19 A-F; Movie 5). These experiments estab-
lished that the boundary of the two domains along the AP axis is similar across the first 
cell cycle (Figure 19 A-I). This likely also explains why PIP2 cortical structures do not oc-
cupy mutually exclusive territories in par-3(RNAi) and par-2(RNAi) embryos, as could be 
expected (see 1.2.4), since their distribution coincides with the essentially uniform pres-
ence of cortical F-actin. Together, these findings further establish that the asymmetric 
distribution of PIP2 cortical structures is regulated by PAR-dependent AP polarity cues. 
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Figure 19: The distribution of PIP2 structures along the AP axis upon depletion of PAR-3 and PAR-2 re-
sembles that of F-actin.  (A-F) Cortical images acquired at the indicated stages by spinning disk confocal 
imaging of embryos expressing mNG::PHPLC1δ1 and Lifeact::mKate-2. (C, D) Embryos upon par-3(RNAi) 
(N=7). See also Movie 5. (E, F) Embryos upon par-2(RNAi) (N=7). (G-I) Relative AP boundary position of 
PIP2 cortical structures (green, mNG::PHPLC1δ1) and F-actin (red, Lifeact::mKate-2) in control contitions (G) 
and upon par-3(RNAi) (H) or par-2(RNAi) (I). Movies were aligned at t=0. Mean and standard deviation are 
shown in (A-C) and in similar panels of subsequent figures. Note: movies in the control condition start 
slightly later than those acquired upon PAR-3 and PAR-2 depletion; as a result, the beginning of the curves 
in control embryos are less precise. 

 

 PIP2 cortical structures colocalize partially with actin and fully 
with ECT-2, RHO-1 and CDC-42 

Since PIP2 and F-actin are interdependent in many systems (see 1.3.3, page 25), we 
tested whether these two components overlap at the cell cortex of C. elegans embryos 
using two different markers for F-actin, Lifeact::mKate-2 and GFP::moe (Motegi et al., 
2006; Reymann et al., 2016). Lifeact is a 17 amino acid long peptide from the F-actin 
binding protein Abp140 from Saccharomyces cerevisiae, whereas the GFP::moe marker 
utilizes the F-actin binding domain of moesin from Drosophila (Edwards et al., 1997; 
Riedl et al., 2008). Live imaging of embryos expressing mCherry::PHPLC1δ1 and GFP::moe 
revealed that PIP2 cortical structures overlap with sites of dense F-actin (Figure 20 A). 
We also found a partial overlap of Lifeact::mKate-2 monitoring F-actin and PIP2 cortical 
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structures marked by mNeonGreen::PHPLC1δ1 (mNG::PHPLC1δ1) (Figure 20 B; Movie 6). 
Drosophila moesin does not only bind F-actin with its tail domain, but also PIP2 with its 
head domain (Ben-Aissa et al., 2012). However, GFP::moe contains only the F-actin bind-
ing domain of moesin (Edwards et al., 1997). We favored the utilization of Life-
act::mKate-2, because the fluorescence intensities of both Lifeact::mKate-2 and 
mNG::PHPLC1δ1 are substantially higher than those of GFP::moe and mCherry::PHPLC1δ1. 
Thus, we performed further experiments that require a PIP2 and F-actin double staining 
using the Lifeact::mKate-2/mNG::PHPLC1δ1 line. By contrast to the partial overlap of PIP2 
cortical structures with F-actin, we detected no substantial overlap between 
mCherry::PHPLC1δ1 and GFP::NMY-2 (Figure 20 C; Movie 7), the non-muscle myosin that 
contracts the cortical actomyosin network (Guo and Kemphues, 1996; Hill and Strome, 
1988; Hill and Strome, 1990; Munro et al., 2004; Severson and Bowerman, 2003; Shelton 
et al., 1999). Overall, we conclude that PIP2 cortical structures overlap partially with the 
F-actin cytoskeleton but not with myosin foci.  

 

Figure 20: PIP2 cortical structures partially overlap with F-actin but not with 
NMY-2. (A-C) Dual color spinning disk confocal cortical imaging of pseudocleav-
age embryos harboring the indicated pairs of fusion proteins, with high magnifi-
cation views of the boxed regions. (A) mCherry::PHPLC1δ1/ GFP::moe, N=6 (B) 
mNeonGreen::PHPLC1δ1 /Lifeact::mKate-2, N=46. See also Movie 6. (C) 
mCherry::PHPLC1δ1/ GFP::NMY-2, N=9. See also Movie 7. 

 

Rho GTPases are well known regulators of the actin cytoskeleton and can be ac-
tivated or work in concert with PIP2 to perform this function (see 1.3.3.2). Strikingly, we 
found that PIP2 cortical structures marked by mCherry::PHPLC1δ1 fully colocalize with the 
RHO-1 GEF GFP::ECT-2, as well as with the Rho GTPases GFP::RHO-1 and GFP::CDC-42 
(Figure 21 A-C; Movie 8).  
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Figure 21: PIP2 cortical structures overlap with ECT-2, RHO-1 and CDC-42. (A-
C) Dual color spinning disk confocal cortical imaging of pseudocleavage em-
bryos harboring the indicated pairs of fusion proteins, with high magnification 
views of the boxed regions. (A) mKate2-PHPLC1δ1/ GFP::ECT-2, N=13. (B) 
mCherry::PHPLC1δ1/ GFP::RHO-1, N=9. (C) mCherry::PHPLC1δ1/ GFP::CDC-42, N=7. 
See also Movie 8. 

 

We next aimed to determine if the two Rho GTPases RHO-1 and CDC-42 overlap-
ping with PIP2 cortical structures are active. To detect active CDC-42, we imaged em-
bryos expressing the C. elegans domain of the homologue of the Wiskott-Aldrich Syn-
drome protein WASP WSP-1 that specifically binds to GTP-bound, active, CDC-42 
(Kumfer et al., 2010). Cortical dual color live imaging of GFP::WSP-1 and 
mCherry::PHPLC1δ1 indeed revealed that elongated structures of GFP::WSP-1 perfectly 
overlap with mCherry::PHPLC1δ1, indicating that CDC-42 residing at PIP2 cortical structures 
is active (Figure 22 A arrow). In addition, we observed foci of active GFP::WSP-1 that do 
not overlap with PIP2 cortical structures (Figure 22 arrowhead). Consistent with results 
reported by Kumfer et al., we also observed a posterior enrichment of GFP::WSP-1 dur-
ing pseudocleavage, and this pool of active CDC-42 re-localizes to the anterior thereafter 
(Figure 22 A, B; Movie 9). We also examined the distribution of a biosensor for active 
RhoA, GFP::AHPH, which contains the C-terminal portion of C. elegans anillin, a protein 
which binds to active RhoA during cytokinesis when it overlaps with NMY-2 (Piekny and 
Glotzer, 2008; Reymann et al., 2016; Tse et al., 2012). Consistent with the finding that 
PIP2 cortical structures do not overlap with NMY-2 (Figure 20 C), live imaging of embryos 
expressing mCherry::PHPLC1δ1 and GFP::AHPH revealed that a large portion of active 
RHO-1 does not overlap with PIP2 cortical structures (Figure 22 C, D, arrowhead; Movie 
10). This indicates that the bulk of RHO-1 associated with PIP2 cortical structures is inac-
tive. Nevertheless, a temporary and partial overlap of active RHO-1 with PIP2 cortical 
structures could be observed as well (Figure 22 C, arrow), raising the possibility that a 
small fraction of RHO-1 at PIP2 cortical structures is active. Alternatively, given that 
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GFP::RHO-1 colocalizes perfectly with its activating GEF ECT-2, this particular RhoA bio-
sensor might not detect all active RHO-1 species. Overall, we conclude that CDC-42 re-
siding at PIP2 cortical structures is active, while only a small pool of active RHO-1 tem-
porarily resides at PIP2 cortical structures.  

 

Figure 22: CDC-42 at PIP2 cortical structures is active and also a small pool of ac-
tive RHO-1 resides there temporarily.(A-D)Dual color spinning disk confocal corti-
cal live imaging of embryos at indicated stages harboring the indicated pairs of fu-
sion proteins, with high magnification views of the boxed regions on the right. (A, 
B) mCherry::PHPLC1δ1/ GFP::WSP-1 (active CDC-42 biosensor), N=6. Note elongated 
GFP::WSP-1 cortical structures that overlap with PIP2 cortical structures (arrow), 
while foci of GFP::WSP-1 (arrowhead) do not. See also Movie 9. (C, D) 
mCherry::PHPLC1δ1/ GFP::AHPH (active RhoA biosensor), N=7. Note that the bulk of 
active RhoA (arrowhead) does not overlap with PIP2 cortical structures, although a 
temporary and partial overlap could be detected (arrow). See also Movie 10. 

 

 We tested whether RHO-1 or CDC-42 are needed for PIP2 cortical structures using 
partial RNAi-mediated depletion, since full depletion leads to sterility in both cases 
(Schonegg and Hyman, 2006). Upon rho-1(RNAi), we found that PIP2 structures form 
normally but distribute symmetrically, in line with the requirement of RHO-1 for AP po-
larity establishment (Figure 23 A, C, J, K, M, N). Thereafter, PIP2 cortical structures be-
come polarized later than normally (Figure 23 B, D, G, H), most likely through the PAR-
2-dependent and actomyosin network-independent polarity establishment pathway 
(Motegi et al., 2011; Zonies et al., 2010). PIP2 cortical structures also form upon cdc-
42(RNAi), with only minor and variable alterations in shape and size compared to the 
control (Figure 23 E, F, L, O). The PIP2 structures first segregate towards the anterior in 
cdc-42(RNAi) embryos, but then move back towards the posterior (Figure 23 E, F, I), con-
sistent with CDC-42 being required for polarity maintenance (Motegi and Sugimoto, 
2006; Schonegg and Hyman, 2006). Overall, we conclude that RHO-1 and CDC-42 are 
dispensable for PIP2 cortical structure formation and, importantly, that such structures 
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colocalize partially with F-actin, as well as completely with ECT-2, RHO-1 and active CDC-
42. 
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Figure 23: The formation of PIP2 cortical structures does not depend on RHO-1 or CDC-42. (A-F) Cortical 
images acquired at the indicated stages by spinning disk confocal imaging of embryos expressing 
mNG::PHPLC1δ1 and Lifeact::mKate-2. (C, D) Embryos upon rho-1(RNAi) (N=5). (E, F) Embryos upon cdc-
42(RNAi) (N=8). (G-I) Fraction of cell cortex covered by segmented PIP2 structures over time in control (G), 
rho-1(RNAi) (H), and cdc-42(RNAi) (I) embryos. (J-L) Average size of segmented PIP2 cortical structures 
over time in control (J), rho-1(RNAi) (K), and cdc-42(RNAi) (L) embryos. (M-O) Elongation Index of seg-
mented PIP2 cortical structures over time in control (M), rho-1(RNAi) (N) and cdc-42(RNAi) (O) embryos; 
larger values correspond to more elongated structures. 
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 PIP2 cortical structures and the F-actin cytoskeleton move in con-
cert  

The computational part of the PIV and cross-correlation analysis in this section was per-
formed by Kévin Barbieux, in collaboration with me. 

Live imaging of control as well as of par-3(RNAi) and par-2(RNAi) embryos expressing 
Lifeact::mKate-2 and mNG::PHPLC1δ1 suggested that movements of PIP2 cortical struc-
tures and the F-actin network are coupled (Figure 19). To investigate this potential cou-
pling in a quantitative manner, we used particle image velocimetry (PIV) to simultane-
ously analyze cortical flows of Lifeact::mKate-2 and mNG::PHPLC1δ1 during polarity estab-
lishment until the end of pseudocleavage (Figure 24) (Thielicke and Stamhuis, 2014). PIV 
has proven to accurately capture the movement of cortical components during polari-
zation in the one-cell stage C. elegans embryo in several cases (De Simone et al., 2016; 
Naganathan et al., 2014; Wang et al., 2017). Correlation of local flows within 
thresholded areas of Lifeact::mKate-2 and mNeonGreen::PHPLC1δ1 revealed that flow ve-
locities at each time point correlate (Pearson coefficient ρ = 0.65) (Figure 24 B, C). More-
over, the direction of flow vectors at each time point is highly similar (Figure 24 D, E). 
Analogous findings were made when comparing mCherry::PHPLC1δ1 and GFP::CDC-42 
(Figure 24 F). By contrast, no strong correlation was found between mCherry::PHPLC1δ1 

and the caveolin CAV-1::GFP (Figure 24 F). Together, these results support our hypoth-
esis that the cortical movements of PIP2 cortical structures and the F-actin network are 
coupled.  
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Figure 24: Coupling between PIP2 cortical structures and F-actin. (A) Fluorescent images of spinning disk 
confocal cortical imaging of embryos expressing mNG::PHPLC1δ1 and Lifeact::mKate-2 (first column), corre-
sponding binary thresholded images (second column) and PIV velocity vectors (third column), with high 
magnification views of boxed regions (arrow direction and length represent flow direction and velocity, 
respectively). (B) Correlation between mNG::PHPLC1δ1 and Lifeact::mKate-2 velocities in the same position 
and time, represented with a color scale dependent on their spatial density, from denser to sparser (red, 
yellow, light blue). Pearson correlation coefficient: ρ=0.61, p<10E−16 with Matlab precision, unpaired t-
test. N=13 embryos for B-D. (C) Average correlation of flow velocities of mNG::PHPLC1δ1 and Lifeact::mKate-
2 in the same position as a function of time. Movies were aligned at t=0 throughout this figure. (D) Angle 
distribution between flow velocity vectors of mNG::PHPLC1δ1 and Lifeact::mKate-2 in the same position and 
time. The angle distribution peaks at θ = 0° and decays exponentially thereafter (cutoff angle: θ=38°). Two 
independent velocity fields cannot result in the observed angle distribution (p<10E−16 with Matlab pre-
cision, Χ2-test). (E) Average correlation of velocity vector angles of mNG::PHPLC1δ1 and Lifeact::mKate-2 in 
the same position as a function of time. Movies were aligned at t=0 throughout this figure. (F) Average 
correlation of velocities over time in the same position. Blue: Lifeact::mKate-2 with mNeonGreen::PHPLC1δ1 

(Pearson correlation coefficient: ρ=0.61); green: GFP::CDC-42 with mCherry::PHPLC1δ1 (ρ=0.72), red: CAV-
1::GFP with mCherry::PHPLC1δ1 (ρ=0.25). Note that the correlation between GFP::CDC-42 and 
mCherry::PHPLC1δ1 is not higher because there are very small differences in local movements between the 
two, even though they exhibit very large areas of overlap.  



3. Results 

62 
 

We next addressed whether the movements of PIP2 cortical structures and of F-
actin are synchronous or instead exhibit a time shift, which could suggest which compo-
nent might lead the other. Close examination of embryos expressing Lifeact::mKate-2 
and mNG::PHPLC1δ1 suggested that cortical PIP2 structures are ahead of polymerizing F-
actin (Figure 25 A; Movie 11). To address this possibility quantitatively, we cross-corre-
lated time-shifted images of Lifeact::mKate-2 and mNG::PHPLC1δ1, and thus determined 
that maximal overlap between the two signals occurs when mNG::PHPLC1δ1 is ~9.3 +/-1.5 
seconds ahead of Lifeact::mKate-2 (Figure 25 B). Overall, we conclude that PIP2 cortical 
structures move together with, but slightly ahead of, polymerizing F-actin filaments.  

 

Figure 25: PIP2 cortical structures move slightly ahead of polymerizing F-actin. (A) Embryo expressing 
mNG::PHPLC1δ1 and Lifeact::mKate-2; the boxed region is magnified on the right and shows snapshots from 
the corresponding movie, illustrating that a PIP2 cortical structure (mNeonGreen::PHPLC1δ1, arrow) moves 
ahead of polymerizing F-actin (Lifeact::mKate-2). Dot marks the starting point of the PIP2 structure. Note 
that the brightness adjustment of Lifeact::mKate-2 in this image has been increased to clearly show the 
polymerizing F-actin behind the PIP2 structures. See also Movie 11. (B) Cross-correlation between 
thresholded binary movies of mNG::PHPLC1δ1 and Lifeact::mKate-2, shifting Lifeact::mKate-2 with different 
time intervals relative to mNG::PHPLC1δ1. The boxed region is magnified on the right, showing that maximal 
overlap is achieved with a time shift of -9.3 +/- 1.5 seconds (average and standard deviation), irrespective 
of the order in which the two signals are recorded (Materials and Methods). 

 

 Actin polymerization drives the movement and the formation of 
PIP2 cortical structures 

Because F-actin filaments are present behind moving PIP2 cortical structures, we hy-
pothesized that actin polymerization might push PIP2 cortical structures. Compatible 
with this possibility, we found that the velocity of PIP2 cortical structures is ~0.17 +/-0.03 
μm/s (Figure 26 A, B), in the range of actin polymerization driven motility in other sys-
tems (Brangbour et al., 2011; Carlsson, 2003; reviewed in Cameron et al., 2000; Carlsson, 
2010; Mogilner and Oster, 1996). 
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Figure 26: Velocities of individual PIP2 cortical structures. (A) Snapshots of confocal spinning disk imaging 
of an embryo expressing mNG::PHPLC1δ1 showing a tracked PIP2 structure (arrow), with the corresponding 
track (red, bottom row). Scale bar: 1 μm. (B) Histogram of measured velocities of 26 different PIP2 struc-
tures from 5 embryos. 

 

To further test this hypothesis, we aimed to impair F-actin polymerization. We thus de-
pleted different regulators of actin microfilament assembly in the C. elegans embryo by 
RNAi. First, we set out to deplete the arp-2/3 complex proteins ARX-1 and ARX-2. ARX-1 
depletion was reported to totally disrupt the formation of the cortical F-actin network 
in the one-cell stage embryo, but without altering polarity establishment and mainte-
nance (Velarde et al., 2007). Others have reported that depletion of ARX-1, ARX-2, or 
ARX-1/ARX-2 together does not affect actin microfilament assembly or AP polarity, alt-
hough membrane blebs suggestive of compromised cortical stability have been ob-
served (Severson et al., 2002). A different conclusion was reached by a study in which 
ARX-2 depletion was reported to disrupt proper F-actin foci formation and PAR protein 
distribution during the polarity maintenance phase (Shivas and Skop, 2012). In our ex-
periments, we did not observe any disruption of the actin cortical network as monitored 
by Lifeact::mKate-2 upon ARX-1 or ARX-2 depletion (Figure 27). However, the localiza-
tion of the actomyosin network along the AP axis of the embryo as well as the contrac-
tility of the embryo changed slightly and variably between embryos (Figure 27). PIP2 
structures were also altered slightly compared to the control condition, but in an ex-
tremely variable manner between embryos. Generally, PIP2 cortical structures became 
less numerous and appeared larger and patchier (Figure 27 B). Thus, the arp-2/3 com-
plex also plays some role in proper PIP2 structure formation. Overall, since the F-actin 
cytoskeleton does not get disrupted in a striking and reproducible manner, the impact 
of actin polymerization in driving PIP2 cortical structures cannot be assessed thoroughly 
using ARX-2 depletion. To achieve depletion of ARX-1 and ARX-2 by other means than 
RNAi, we added the arp2/3 inhibitors CK666 and CK869 to perm-1(RNAi) embryos 
(Hetrick et al., 2013). However even in very high concentrations, these inhibitors did not 
show any effect compared to control embryos (Materials and methods, data not 
shown). As we would have expected to find at least a phenotype similar to arx-2(RNAi), 
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we conclude that these drugs are most likely not effective in C. elegans embryos under 
these conditions.  

 

Figure 27: ARX-2 is dispensable for actin microfilament formation, but slightly 
changes the F-actin localization along the AP axis and is involved in PIP2 struc-
tures formation. (A, B) Cortical images acquired during pseudocleavage by spin-
ning disk confocal live imaging of embryos expressing mNG::PHPLC1δ1 and Life-
act::mKate-2 with high magnification views of the boxed regions on the right, (A) 
control and (B) arx-2(RNAi) embryos (N=12).  

 

As depletion of C. elegans members of the arp2/3 complex did not lead to a clear 
disruption of the F-actin cytoskeleton, we set out to deplete further regulators of actin 
microfilament formation.  Other known regulators of F-actin polymerization in the C. 
elegans one-cell stage embryo are the Formin Homology protein CYK-1 and the profilin 
PFN-1, which binds to and functions together with CYK-1 (Severson et al., 2002; Velarde 
et al., 2007). Using RNAi, we could not achieve sufficient depletion of CYK-1 (data not 
shown), as assessed by cytokinesis being successful in such embryos (Severson et al., 
2002). Thus, we next set out to impair actin polymerization by partially depleting the 
profilin PFN-1 (Figure 28). A clear disruption of F-actin filaments monitored by Life-
act::mKate-2 was observed in pfn-1(RNAi) embryos (Figure 28 A, top; Movie 12). Im-
portantly, in addition, we found that the overall velocity of PIP2 cortical structures is 
reduced to ~0.06 +/-0.04 μm/s in pfn-1(RNAi) embryos (Figure 28 B). Moreover, whereas 
control embryos exhibit fast and directed movement (Figure 28 C), we noted that in half 
of the pfn-1(RNAi) embryos (N=4/8), which are the least affected as judged by cytokine-
sis still occurring, PIP2 cortical structures move in a somewhat directed manner, albeit 
at lower velocities (Figure 28 E; Movie 13). In more strongly affected pfn-1(RNAi) em-
bryos (N=4/8), in which cytokinesis does not occur, PIP2 cortical structures move only 
very locally and in seemingly random directions with occasional jumps, instead of exhib-
iting longer range directional movements (Figure 28 D). Together, these findings indicate 
that PIP2 cortical structure movements are driven by actin polymerization.  
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Figure 28: Disruption of F-actin upon pfn-1(RNAi) impairs the movement of PIP2 cortical structures. (A) 
Cortical images acquired at the indicated stages by spinning disk confocal imaging of embryos expressing 
mNG::PHPLC1δ1 and Lifeact::mKate-2 upon strong pfn-1(RNAi) (N=4). See also Movie 12. (B) Box plot show-
ing the velocity of PIP2 structures in control conditions (0.17 +/- 0.03 μm/s, Mean and STD, N=26) and 
upon pfn-1(RNAi) (0.06 +/- 0.04 μm/s, Mean and STD, N=40 tracks in 8 embryos, pooling strong and weak 
pfn-1(RNAi) conditions). p<0.0001 (Wilcoxon Rank Sum test/Mann-Whitney test). (C-E) Snapshots of con-
focal spinning disk imaging of embryos expressing mNG::PHPLC1δ1 and Lifeact::mKate-2, showing a PIP2 
structure (arrow) next to an actin filament. Dot marks the starting point of the PIP2 structure, and t=00:00 
corresponds to the beginning of the movie sequence. (C) Control embryo -the PIP2 cortical structure ex-
hibits directional movement. See also Movie 11. (D) Weak pfn-1(RNAi) -PIP2 cortical structures move di-
rectional, but very slowly (N=4); note the change in direction of the PIP2 structure, for instance between 
00:16 and 00:24, as well as the dense packing of PIP2 containing entities. (E) Strong pfn-1(RNAi) -the PIP2 
cortical structure hardly moves, with only occasional jumps (for instance between 00:24 to 00:32) (N=4). 
See also Movie 13.  Scale bar: 1 μm. 

 

 Given notably the tight coupling between cortical PIP2 structures and F-actin, we 
investigated whether the actomyosin network not only regulates the movement, but 
also the formation of PIP2 structures. We found that in nmy-2(RNAi) embryos, in which 
actomyosin network contractility is abolished (Munro et al., 2004), PIP2 cortical struc-
tures are present (Figure 29 C, D), although they are more elongated than usual (Figure 
29 E, F). Moreover, PIP2 cortical structures distribute symmetrically in nmy-2(RNAi) em-
bryos (Figure 29 C, D), as expected from the known requirement of NMY-2 in AP polarity 
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(Guo and Kemphues, 1996). Therefore, formation of PIP2 cortical structures does not 
depend on a contractile actomyosin cortex.  

 

Figure 29: The formation of PIP2 cortical structures does not depend on myosin. (A, C) Cortical plane at 
pseudocleavage from spinning disk confocal imaging of  control (A) or nmy-2(RNAi) (C) embryos express-
ing GFP::PHPLC1δ1. (B, D, E, F) Fraction of cell cortex covered (B, D) and Elongation Index (E, F larger values 
correspond to more elongated shapes) of segmented PIP2 cortical structures over time in control (N=39) 
(B, E) and nmy-2(RNAi) (N=7) (D, F) embryos.  

 

In stark contrast to the independence of PIP2 cortical structures on myosin, we 
found that PIP2 cortical structures hardly form in act-1(RNAi) embryos (Figure 30 A-D, G-
J). Moreover, acute impairment of F-actin through treatment of perm-1(RNAi) embryos 
with Cytochalasin D led to the disappearance of PIP2 cortical structures and instead to 
invaginations from the plasma membrane (Redemann et al., 2010) (Figure 30 K, L). By 
contrast, we found that PIP2 cortical structures remain present upon depletion of the -
tubulin TBA-2 (Figure 30 E, F), indicating that they form independently of the microtu-
bule cytoskeleton. Overall, we conclude that the formation of PIP2 cortical structures 
depends on F-actin. 
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Figure 30: F-actin is essential for the formation of PIP2 cortical structures. (A, C, E) Cortical plane at pseu-
docleavage from spinning disk confocal imaging of embryos treated as indicated and expressing 
GFP::PHPLC1δ1. (A) Control, (C) act-1(RNAi), (E) tba-2(RNAi). Note that both act-1(RNAi) and tba-2(RNAi) are 
severe but partial depletion conditions, as more complete depletion results in sterility. (B, D, F) Fraction 
of cell cortex covered by segmented PIP2 structures in control (B, N=39), act-1(RNAi) (D, N= 8 at pseudo-
cleavage, N=12 at mitosis) or tba-2(RNAi) (F, N=10) embryos. (E, F) Note that although PIP2 cortical struc-
tures form normally upon tba-2(RNAi), there are slightly more numerous on the anterior side of the em-
bryo during mitosis compared to the control condition. (G-J) Quantification of segmented PIP2 cortical 
structures of control (N=39) and act-1(RNAi) (N=12) embryos as indicated: average size of PIP2 cortical 
structures in μm2 (G, H) and elongation Index (larger values correspond to more elongated structures) (I, 
J). (K, L) Confocal live images of perm-1(RNAi) pseudocleavage embryos expressing GFP::PHPLC1δ1 upon 
addition of DMSO (E) or 20 μM Cytochalasin D (F). Top: Maximum intensity z-Projection of 7 cortical planes 
0.5 μm apart each; bottom: middle plane; N=7. Note that membrane invaginations form upon F-actin 
impairment (arrow) (Redemann et al., 2010), which are also visible as foci on the cortex (arrowhead, 
pointing to a different structure). 

 





 

 

 PIP₂ directs actin and cell polarity 

 Lowering the cellular level of PIP2 impacts F-actin distribution  

We set out to address whether, conversely, PIP2 regulates F-actin organization. If this 
were the case, then changing the level of PIP2 should alter actomyosin network organi-
zation. We tested this prediction first by depleting PIP2. To this end, we activated phos-
pholipase C, an enzyme that cleaves PIP2, by delivering Ionomycin and Ca2+ into perm-
1(RNAi) embryos (Figure 31 A) (Hammond et al., 2012; Várnai and Balla, 1998). Cleavage 
of PIP2 at the plasma membrane was monitored by the gradual loss of GFP::PHPLC1δ1 
plasma membrane signal, which enabled us to determine the time t1/2 when half of the 
initial GFP::PHPLC1δ1 plasma membrane fluorescence signal disappeared in the embryo 
middle plane (Figure 31 B, C).  

 

Figure 31: Depletion of cortical PIP2 by PLC activation. (A) Schematic representation of the core PIP2 
biosynthesis and degradation pathways at the plasma membrane; orange arrows indicate points of ex-
perimental intervention in the present study (see text for additional details). (B) Snapshots of a movie in 
the middle plane of an embryo expressing GFP::PHPLC1δ1, before drug addition (top), at time t1/2 (middle) 
and 3 min thereafter (bottom), as indicated. (C) Fluorescence intensity of GFP::PHPLC1δ1 at the plasma 
membrane over time (black curve) in embryo shown in B after addition of Ionomycin/Ca2+ (at t=00:00 
min:sec), with fitted sigmoidal curve (red). t1/2 is the inflection point of the sigmoidal curve when approx-
imately half of the initial GFP::PHPLC1δ1 fluorescence has disappeared from the plasma membrane. Time 
stamps aligned to t1/2=00:00 in yellow (here and in figures below). 

 

We found that PIP2 removal following Ionomycin/Ca2+ treatment during pseudo-
cleavage led to a rapid change of embryo shape on the anterior side, coincident with 
altered F-actin organization (Figure 32 A, B; Figure 33 A, B). An analogous F-actin altera-
tion was observed following Ionomycin/Ca2+ treatment during mitosis (Figure 32 C; 
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Movie 14). Overall, these results establish that PIP2 is essential for proper F-actin reor-
ganization. 

 

Figure 32: PIP2 depletion impairs the correct organization of the actin 
cytoskeleton. (A-C) Confocal spinning disk imaging of embryos ex-
pressing GFP::PHPLC1δ1 and Lifeact::mKate-2 (middle plane). (A) DMSO 
treated perm-1(RNAi) control embryos. (B, C) perm-1(RNAi) embryos 
treated with Ionomycin/Ca2+. t1/2=00:00: time when half of plasma 
membrane GFP::PHPLC1δ1 fluorescence disappears. N=17, all stages 
combined. (B) t1/2 at pseudocleavage. Note that the absence of co-
verslip, which is needed to preserve fragile perm-1(RNAi) embryos, 
prevents flattening, such that more surface ruffles are apparent. Note 
also that the pseudocleavage furrow moves towards the anterior and 
either remains there until the end of the first cell cycle (N=4, as shown) 
or relaxes (N=4, not shown) (C) t1/2 at mitosis. See also Movie 14. 

 

 To test whether the embryo shape change following Ionomycin/Ca2+ is caused by 
alterations in F-actin organization, we added Latrunculin A to such embryos, thus depol-
ymerizing the actin network. As shown in Figure 33 C and Movie 15, we found that this 
results in normally shaped embryos. Therefore, shape changes following PIP2 removal 
are F-actin dependent. Although we cannot formally rule out that Ionomycin/Ca2+ causes 
these phenotypes for a different reason, these results taken together indicate that PIP2 
is critical for the proper distribution of F-actin and thus the shape of the C. elegans zy-
gote. 
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Figure 33: A proper PIP2 cellular level is essential for correct organ-
ization of the actin cytoskeleton. (A, B, C) Images acquired by spin-
ning disk confocal imaging of perm-1(RNAi) embryos expressing 
mNG::PH and Lifeact::mKate-2, (A) after addition of DMSO (see also 
Figure 32 A), (B) Ionomycin/Ca2+ (see also Figure 32 B), (C) Ionomy-
cin/ Ca2+ plus Latrunculin A; N=12); note F-actin spikes in the cyto-
plasm (arrow) that form after simultaneous depletion of F-actin and 
PIP2. See also Movie 15. 

 

PPK-1, which synthesizes PIP2, and Casein Kinase 1 (CSNK-1), a negative regulator 
of PPK-1 localization, were reported to be essential for proper spindle positioning in the 
one-cell stage embryo (Panbianco et al., 2008). Therefore we tested whether depleting 
PIP2 influences spindle positioning. Embryos depleted of PIP2 did not divide in most cases 
(N=26/36). 10/26 not-dividing embryos even died before mitosis and thus before spindle 
positioning takes place. In 16/26 non-dividing embryos, spindle positioning was majorly 
disturbed and could not be tracked properly in most cases. In these embryos, the ante-
rior side was not accessible due to a deformed F-actin cytoskeleton and the spindle had 
to be placed on the posterior side (Figure 32 B, Figure 34 C). In diving embryos, no sig-
nificant difference compared to DMSO control embryos could be detected (N=10/36) 
(Figure 34 A, B, D, E), but the end position of the posterior pole was slightly more variable 
(Figure 34 F). Together, we conclude that completely depleting PIP2 from the cell cortex 
has such an overall strong impact on the embryo that assessing spindle positioning is 
impossible in most embryos. In the embryos that could be analyzed, PIP2 depletion hap-
pened just before spindle positioning, which might be a too short time interval to detect 
a phenotype. 
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Figure 34: Depleting PIP2 influences spindle positioning.  (A-C) Examples of tracks of the an-
terior (left) and posterior (right) spindle pole of embryos of the indicated conditions during 
mitosis upon perm-1(RNAi); tracks were placed into an ellipse fitted to each embryo. Tracked 
points are colored according to when they were tracked, from nuclear envelope breakdown 
(NEBD), t=0 min until cytokinesis onset (see color legend below). (A-C) Note that most em-
bryos depleted of PIP2 could not be scored for spindle positioning because they did not as-
semble a spindle or were too deformed (N=10/36 and N=16/36, respectively). (D, E) Box Plot 
of distances from first to last tracked point (D) and of maximum velocity (E); only dividing 
embryos have been analysed. Two group comparison: Wilcoxon Rank Sum test / Mann-Whit-
ney test. Note that there is no difference compared to control embryos in Ionomycin/Ca2+ 

treated embryos that divide. (F) End position of anterior (left) and posterior (right) spindle 
pole at cytokinesis onset; each embryo is represented by a given pair of colored dots. Only 
dividing embryos have been analysed. Note that the end position of PIP2 depleted embryos 
that divided is slightly more variable than that of control embryos. Numbers of tracked ante-
rior and posterior spindle poles used for analysis: perm-1(RNAi): DMSO control N=7, Ionomy-
cin/Ca2+ dividing embryos N=10 

 

 -Increasing the cellular level of PIP2 impacts F-actin distribution 
via enhanced actin polymerization 

We sought to test the relationship between PIP2 and F-actin further by increasing 
the level of PIP2. We investigated whether this could be achieved by altering individual 
enzymes from the PIP2 biosynthetic pathway using RNAi or mutant animals (Figure 8, 
Table 1). We first targeted AGE-1, the catalytic subunit of the sole C. elegans Class I PI3K, 
which can generate PIP3 from PIP2, using both RNAi and an age-1(m333) null mutant. 
We found that age-1(RNAi) embryos do not exhibit PIP2 alterations, maybe because of 
incomplete RNAi-mediated depletion (Table 1). Likewise, whereas null age-1 mutants 
arrest as dauer larvae (Larsen et al., 1995; Morris et al., 1996), we found no change in 
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PIP2 in the corresponding embryos Table 1), perhaps because compensatory mecha-
nisms operate to keep PIP2 level constant. This is in the line with the fact that the ex-
pression of hundreds of genes is altered in age-1 mutant worms (Ayyadevara et al., 
2009; Shmookler Reis et al., 2012). Furthermore, we did not find another single RNAi or 
mutant condition with altered PIP2 (Table 1), maybe due to redundancy amongst en-
zymes in the PIP2 biosynthesis or degradation pathways.  

 

Table 1: Genes of the PIP2 biosynthesis or degradation pathways targeted. The genes listed below were 
either depleted by RNAi or using mutant worm lines, singly or in combination, as indicated. Note that 
genes were selected and targeted not only to find candidates whose depletion leads to an increased PIP2 
level as described in this section, but also ones whose depletion would lead to a decreased PIP2 level. 

Depleted 
gene 

Method 
(Genotype) 

Pheno-
type on 
PIP2  
structures 

Function of encoded protein / 
Comments (Source: Wormbase) 

age-1 RNAi none Ortholog of the phosphoinositide 3-kinase (PI3K) p110 catalytic sub-
unit 

ttx-7 RNAi none Myo-inositol monophosphatase (IMPase) 

egl-8 RNAi none Phospholipase C (PLC) beta 

daf-18 RNAi none Human PTEN homologous phosphatase 

inpp-1 RNAi none Ortholog of the human inositol polyphosphate-5-phosphatase Ocrl, 
member of the Phosphoinositide phosphatase family INPP5E / Very 
low expression level in the early embryo 

ocrl-1 RNAi none Inositol-1,4,5-triphosphate 5-phosphatase, homologous to human 
Ocrl 

W09C5.7 RNAi none Ortholog of human inositol polyphosphate 5-phosphatase F (INPP5F) 

age-1 mutant 
age-1(m333) II. 

none see above / age-1 null allele (balanced) 

unc-26 mutant 
unc-26(s1710) IV. 

none Polyphosphoinositide phosphatase orthologous to human synap-
tojanin 11 

ppk-1 RNAi none Ortholog of human phosphatidylinositol 4-phosphate 5-kinase 
(PIP5K) / Partial depletion because of sterility 

ppk-2 RNAi none Ortholog of human phosphatidylinositol 5-phosphate 4-kinase 
(PIP4K) 

inpp-1/ 
W09C5.9 

RNAi/RNAi none see above 

inpp-1/ocrl-1/ 
W09C5.9 

RNAi/RNAi/RNAi none see above 

unc-26/age-1 mutant/RNAi 
unc-26(s1710) IV. 

none see above 

unc-26/ocrl-1 mutant/RNAi 
unc-26(s1710) IV. 

see Fig. 
36,41 

see above 
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With this possibility in mind, we jointly inactivated ocrl-1 and unc-26, for the fol-
lowing reasons. OCRL-1 is an inositol 5-phosphatase that hydrolyzes PIP2 to PI4P, and 
whose depletion leads to increased PIP2 level on C. elegans phagosomes (Cheng et al., 
2015). Moreover, UNC-26 is homologous to Synaptojanin, a polyphosphoinositide phos-
phatase that also hydrolyzes PIP2 to PI4P, and whose impairment results in vesicle traf-
ficking defects and cytoskeletal abnormalities in the worm nervous system (Charest et 
al., 1990; Harris et al., 2000). We jointly depleted the function of these two PIP2 phos-
phatases, using RNAi for ocrl-1 and an extant mutant for unc-26. We found by comparing 
cortical mCherry::PHPLC1δ1 mean intensity values that ocrl-1(RNAi) unc-26(s1710) em-
bryos exhibit an increased overall level of PIP2 (Figure 35 A, B).  

 

Figure 35: Depletion of UNC-26 and OCRL-1 increases the level of PIP2.. (A) Mean 
intensity values of total cortical area plotted over time in embryos expressing 
mCherry::PHPLC1δ1. Red: control embryos; N=17; blue: unc-26(s1710) ocrl-1(RNAi) 
embryos; N=32. t=00:00 is at NEBD. (B) Mean intensity value and standard devia-
tion of control and unc-26(s1710) ocrl-1(RNAi) embryos at t=00:00 (see (A)). Inten-
sities between the two conditions are significantly different (Wilcoxon Rank Sum 
test / Mann-Whitney test p<0.0001). 

 

Importantly, in addition, this leads to drastic alterations in PIP2 monitored by 
GFP::PHPLC1δ1 or mCherry::PHPLC1δ1 (Figure 36 A, D and Figure 36 B, C, E, F top; Figure 36 
K-P). First, in addition to motile PIP2 structures, we found immotile PIP2 clusters residing 
between the eggshell and the plasma membrane (Figure 36 B, E, H, arrow; Figure 36 J, 
arrowhead; Movie 16). Second, motile PIP2 structures do not disappear as readily after 
pseudocleavage as they normally do (Figure 36 E, F, compare to Figure 36 D; Figure 36 
N). Third, we found that motile PIP2 structures exhibit altered distribution in all ocrl-
1(RNAi) unc-26(s1710) embryos (Figure 36 B, C, L, P). In some cases (hereafter referred 
as class I embryos, N=43/72), anteriorly-directed movement of PIP2 cortical structures 
does not stop at pseudocleavage, but instead continue until the end of mitosis, resulting 
in a very small anterior domain of PIP2 (compare Figure 36 D, G top to Figure 36 E, H 
top). In class II ocrl-1(RNAi) unc-26(s1710) embryos (N=29/72), weak anteriorly-directed 
movement of cortical PIP2 is initiated, but PIP2 structures then become distributed 
throughout the cortex, except at the very posterior (Figure 36 F, I). By the very end of 
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the first cell cycle, improperly sized PIP2 domains in class 1 and class 2 embryos get cor-
rected. Whereas a clear cytokinesis furrow formed in all class 1 embryos, this was the 
case in only 14/29 class 2 embryos; this subset exhibited the most pronounced anteri-
orly-directed movements. Overall, we conclude that the extent of depletion of PIP2 5-
phosphatases is weaker in class 1 than in class 2 embryos, with the severe phenotype in 
the latter perhaps reflecting an impact on multiple cellular processes. Interestingly, im-
aging ocrl-1(RNAi) unc-26(s1710) embryos expressing Lifeact::mKate-2 (class 1 N=3/7, 
class 2 N=4/7) or Lifeact::mKate-2 and GFP::PHPLC1δ1 (class 1 N=3/7, class 2 N=4/7), re-
vealed that F-actin distributes in the same manner as PIP2 cortical structures (Figure 36 
A-I). These findings establish that an increase in PIP2 as achieved in class 1 embryos leads 
to sustained cortical flows towards the anterior side. Moreover, although there may also 
be indirect effects of PIP2 5-phosphatase depletion on phosphoinositides other than 
PIP2, these results further indicate that PIP2 regulates actin cytoskeletal organization in 
one-cell C. elegans embryos.  
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Figure 36: PIP2 is involved in the correct organization of the actin cytoskeleton. (A-F) Confocal spinning 
disk imaging of embryos expressing GFP::PHPLC1δ1 and Lifeact::mKate-2 (LA::Kate-2) (cortical plane). Con-
trol (A, D) and ocrl-1(RNAi) unc-26(s1710) (B, C, E, F) embryos during pseudocleavage (A, B, C) or mitosis 
(D, E, F). (B, E) class 1 phenotype (N=43/72 scored with GFP::PH PLC1δ1 or mCherry::PHPLC1δ1 only, N=3/7 
scored by Lifeact::mKate-2 only, N=3/7 scored by both GFP::-PHPLC1δ1/Lifeact::mKate-2); arrow: immotile 
structure, arrowhead: motile structure. See also Movie 16. (C, F) class 2 phenotype (N=29/72 embryos 
scored with GFP::PHPLC1δ1 or mCherry::PHPLC1δ1 only, N=4/7 scored by Lifeact::mKate-2 only, N=4/7 scored 
by both GFP::-PHPLC1δ1/Lifeact::mKate-2). Dashed lines in (D-F) show the positions utilized to create the 
corresponding kymographs in (G-I). (G-I) Corresponding kymographs aligned at cytokinesis. Arrow: immo-
tile structure, arrowhead: motile structure. Note that motile cortical PIP2 structures eventually move to-
wards the cleavage furrow, partly correcting the aberrant PIP2 cortical domain distribution, consistent 
with a cortical domain correction mechanism operating at this stage (Schenk et al., 2010). Entire duration 
of the kymographs, in min:sec: (J) 16:30, (K) 20:00, (L) 19:00. (J) Spinning disk confocal imaging of unc-
26(s1710) ocrl-1(RNAi) embryo expressing mCherry::PHPLC1δ1 . Note large immotile PIP2 cortical structures 
(arrowhead) between the eggshell (top arrow) and the embryo proper (bottom arrow), indicating that 
this PIP2 containing structure is no longer connected to the plasma membrane. Note also that, had such 
external structures retained a thin connection to the plasma membrane, they would have been expected 
to move with the cortical flow and not stay completely immobile, as they do (see H, arrow). (K-P) Fraction 
of cell cortex covered with segmented PIP2 structures (K, L), their averages size (M, N) and Elongation 
Index (O, P, larger values correspond to more elongated structures) in control embryos expressing 
GFP::PHPLC1δ1 (K, M, O, N=39) and ocrl-1(RNAi) unc-26(s1710) embryos expressing mCherry::PHPLC1δ1 (L, N, 
P, N=20).  

 

 We sought to investigate whether such regulation of PIP2 is exerted through pro-
motion of actin polymerization. We reasoned that if this were the case, then enhancing 
actin polymerization in a different way might mimic the unc-26(s1710)/ocrl1(RNAi) phe-
notype. Therefore, we treated perm-1(RNAi) embryos with Jasplakinolide, which pro-
motes actin polymerization (Figure 37). Such treatment sometimes led to large actin 
clumps and to detachment of the actin cytoskeleton from the plasma membrane 
(N=7/17, data not shown). Usually, however, if treatment occurred during pseudocleav-
age, the actin cytoskeleton moved exaggeratedly towards the anterior in Jasplakinolide-
treated embryos (Figure 37 B, D, H; N=10/17), as in class 1 unc-26(s1710)/ocrl1(RNAi) 
embryos. However, the movement of F-actin to the anterior in Jasplakinolide embryos 
occurred much faster than in class 1 unc-26(s1710)/ocrl1(RNAi) embryos and was not 
corrected at the end of the first cell cycle. To further test the hypothesis that PIP2 regu-
lation is exerted through actin polymerization promotion, we treated permeabilized 
unc-26(s1710)/ocrl1(RNAi) embryos with low concentrations of Cytochalasin D (250-500 
nM) (Figure 37 A-F). We reasoned that this should ameliorate the unc-26(s1710)/ 
ocrl1(RNAi) phenotype if caused by increased actin polymerization. We found this to be 
the case indeed: whereas DMSO-treated perm-1(RNAi)/unc-26(s1710)/ ocrl1(RNAi) em-
bryos usually exhibited the class 1 or class 2 phenotypes (N=6 and N=1, respectively, 
with 1 additional embryo exhibiting no apparent phenotype), all Cytochalasin D-treated 
perm-1(RNAi)/unc-26(s1710)/ocrl1(RNAi) embryos polarized normally (Figure 37 A, C, E; 
N=6). Together, these experiments establish that PIP2 regulation is exerted through the 
promotion of actin polymerization.  



3. Results 

78 
 

 

Figure 37: An increased PIP2 level enhances actin polymerization.  (A-H). Images 
acquired at the indicated stages by spinning disk confocal imaging of embryos ex-
pressing mNG::PHPLC1δ1 and Lifeact::mKate-2 upon perm-1(RNAi). (A, B) DMSO 
treated control embryos. (C, D) DMSO treated unc-26(s1710)/ocrl-1(RNAi) class 1 
embryos (N=6). (E, F) unc-26(s1710)/ocrl-1(RNAi) embryos treated with 250 nM Cy-
tochalasin D (N=4 embryos, plus 2 embryos treated with 500 nM Cytochalasin D with 
the same outcome, N=6 in total). (G, H) Embryos treated with 2.5 μM Jasplakinolides 
(N=10). Note that gravid worms were dissected in the drug-containing solution. As 
embryos were not flattened, to prevent pressure on these fragile specimens, 17 cor-
tical frames were acquired for each channel every 30 seconds and z-projected. As 
the shape of the embryos changes in the z-direction over time, the outer most-cor-
tical planes were often not acquired due to having lost the focus in the interval, 
hence explaining the large dark regions in these z-projected images. The boundary 
of the F-actin-containing domains during mitosis is indicated with a white dashed 
line, the yellow dashed line marking the middle of the embryo.  

 

As described above, we had noted that spindle positioning is affected if PIP2 is 
depleted. We also tracked centrosome position from NEBD to cytokinesis furrow for-
mation after an increase in the PIP2 level, which revealed that spindle positioning is also 
more variable in both class 1 and class 2 ocrl-1(RNAi) unc-26(s1710) embryos than in the 
control condition (Figure 38), as may be anticipated from such pleiotropic defects. In 
most class 1 (N=13/16) and class 2 embryos (N=5/8) analyzed, the spindle assembles 
already in the posterior embryo half and then extends significantly less to the posterior 
and significantly more to the anterior compared to the control (Figure 38 B, C, D, F). 
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Moreover, oscillations of the posterior spindle pole, measured as maximum velocity, 
significantly decrease (Figure 38 G) and the end positions of both spindle poles are more 
variable (Figure 38 H). In a few class 2 embryos (N=3/8), the spindle assembles in the 
center of the embryos and then extends symmetrically in both directions, leading to a 
symmetric end position (Figure 38 E, H). Overall, an increase in PIP2 disturbs proper spin-
dle positioning, whereas strongly increasing the PIP2 level can lead to symmetric divi-
sions. 

 

Figure 38: Increasing the level of PIP2 impacts proper spindle positioning.  (A-E). Examples of tracks of 
the anterior (left) and posterior (right) spindle poles of embryos of the indicated conditions during mitosis; 
tracks were placed into an ellipse fitted to each embryo. Tracked points are colored according to when 
they were tracked, from nuclear envelope breakdown (NEBD), t=0 min until cytokinesis onset (see color 
legend below). (A-E) Note that an increase in the PIP2 level variably impacts spindle positioning. (F, G) Box 
Plot of distances from first to last tracked point (F) and of maximum velocity (G) in embryos of the indi-
cated conditions. Three group comparison: Kruskal-Wallis test and Wilcoxon Each Pair post-hoc test (F, 
G). (F) Note that in most class 1 (N=13/16) and class 2 embryos (N=5/8) analyzed, the spindle assembles 
more posteriorly than normal, and then extends more anteriorly than in the control. (G) Note that oscil-
lations of the posterior spindle pole, measured as maximum velocity, significantly decrease in class 1 and 
class 2 embryos. (H) End position of anterior (left) and posterior (right) spindle poles at cytokinesis onset; 
each embryo is represented by a given pair of colored dots. Note that the end positions of both spindle 
poles are more variable than in the control. In some class 2 embryos (N=3/8), the spindle assembles in 
the center and then extends symmetrically to both sides, leading to a symmetric end position (see also E). 
Numbers of tracked anterior and posterior spindle poles used for analysis F-H: ocrl-1(RNAi) unc-26(s1710): 
control N=8, class 1 N=15, class 2 N=8. 
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 PIP2 is needed for RHO-1 and CDC-42 cortical structures  

The regulation of actin polymerization and F-actin organization by PIP2 could conceiva-
bly be mediated through the actin regulators ECT-2, RHO-1 and CDC-42, with which PIP2 
cortical structures coincide (see Figure 21). We explored this possibility for RHO-1 and 
CDC-42 through PIP2 depletion via Ionomycin/Ca2+ treatment. We found this to result in 
the loss of both cortical GFP::RHO-1 (N=5) and GFP::CDC-42 (N=7) if PIP2 depletion oc-
curs before pseudocleavage (Figure 39 A-D). Moreover, PIP2 depletion after pseudo-
cleavage results in cortical GFP::RHO-1 loss (N=2), but generally not in that of GFP::CDC-
42 cortical structures (Figure 39 E, N=5/7). Overall, these experiments indicate that PIP2 
is needed for RHO-1 cortical structure formation and maintenance during the first cell 
cycle, and for CDC-42 cortical structure formation, primarily until the pseudocleavage 
stage. By contrast, the maintenance of CDC-42 structures, once formed, appears to be 
controlled by other factors than PIP2 cortical structures.  

 

Figure 39: The formation of GFP::RHO-1 and GFP::CDC-42 cortical structures depends on PIP2. (A-E) Con-
focal spinning disk imaging of embryos expressing mCherry::PHPLC1δ1 and GFP::RHO-1 (A, B) or 
GFP::CDC-42 (C). z-projection of 9 planes 0.5 μm apart (note that only one image of the GFP channel was 
acquired in this case, so that the loss of focus issue described in Figure 35 does not apply here). (A, C) 
DMSO treated perm-1(RNAi) control embryos at pseudocleavage. (B, D, E) perm-1(RNAi) embryos at pseu-
docleavage treated with Ionomycin/Ca2+. Time stamp in yellow indicates time after t1/2. (B) N=7; (D) t1/2 
occurred before pseudocleavage furrow formation (N=7). Note absence of GFP::CDC-42 cortical struc-
tures. (E) t1/2 occurred after pseudocleavage furrow formation (N=5). Note that GFP::CDC-42 cortical struc-
tures are still present to some extent including the embryo shown here (N=5), but in N=2 embryos they 
seem to have disappeared as well (not shown). 

 

 Given that PIP2 cortical structures are essential for CDC-42 and RHO-1 structure 
formation, altering PIP2 cortical structure distribution might likewise change that of 
RHO-1 and CDC-42. To test this possibility, we examined the distribution of GFP::RHO-1 
and GFP::CDC-42 cortical structures in unc-26(s1710)/ocrl1(RNAi) class 1 and class 2 em-
bryos, where PIP2 cortical structure organization is altered (see Figure 36). We found 
that GFP::RHO-1 and GFP::CDC-42 distributions mirror that of mCherry::PHPLC1δ1 in such 
class 1 and class 2 embryos (Figure 40 A-F). Together, these results further confirm that 
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PIP2 cortical structures are crucial for the formation and distribution of cortical struc-
tures of the actin regulators RHO-1 and CDC-42. Moreover, they also support the spec-
ulation that the regulation of F-actin reorganization by PIP2 could be mediated by these 
actin regulators.  

 

Figure 40: The localization of GFP::RHO-1 and GFP::CDC-42 
cortical structures depends on PIP2. (A-F) Confocal spinning 
disk imaging of embryos expressing mCherry::PHPLC1δ1 and 
GFP::RHO-1 (A-C) or GFP::CDC-42 (D-F). Control (A, D) and 
ocrl-1(RNAi)/unc-26(s1710) (B, C, E, F) embryos during mi-
tosis. Class 1 phenotype: (G) N=6; (J) N=6. Class 2 pheno-
type: (H) N=4; (K) N=3. 

 

 An appropriate level of PIP2 is essential for proper PAR polarity 
establishment and maintenance  

It is well known that the actomyosin network is essential for AP polarity in the C. elegans 
zygote (Guo and Kemphues, 1996; Hill and Strome, 1990; Munro et al., 2004; Strome 
and Wood, 1983). Given that a proper level of PIP2 is essential for correct actomyosin 
network organization, we tested whether it is also important for AP polarity. We inves-
tigated the impact of excess PIP2 on polarity using ocrl-1(RNAi) unc-26(s1710) embryos 
expressing mCherry::PHPLC1δ1 and GFP::PAR-2 or GFP::PAR-6, respectively (Figure 41 A-
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L). We found that the distribution of GFP::PAR-2 and GFP::PAR-6 domains changes from 
early on in a manner consistent with alterations in motile PIP2 structures and the F-actin 
network. Thus, for GFP::PAR-6, either a small domain formed on the very anterior (Fig-
ure 41 B, E; class 1, N=5/9; Movie 17) or else the fusion protein remained present over 
the entire cortex, except on the very posterior (Figure 41 C, F class 2; N=4/9). As ex-
pected, GFP::PAR-2 distributed in a reciprocal manner, either expanding drastically to-
wards the anterior (Figure 41 H, K; class 1, N=12/22; Movie 18) or else remaining re-
stricted to the very posterior (Figure 41 I, L; class 2, N=10/22). Moreover, we observed 
that spindle positioning is affected in a variable manner in ocrl-1(RNAi) unc-26(s1710) 
embryos (Figure 38), as anticipated from altered AP polarity and potentially other con-
sequences of excess PIP2. Overall, these results indicate that a correct level of PIP2 is 
needed for proper F-actin network localization and, presumably as a consequence, ap-
propriate PAR polarity and accurate spindle positioning. 
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Figure 41: Increasing the PIP2 cellular level impacts PAR po-
larity. (A-C, G-I) Confocal spinning disk cortical imaging of 
control (A, G) or ocrl-1(RNAi) unc-26(s1710) (B, C, H, I) em-
bryos expressing mCherry::PHPLC1δ1 (mCherry::PH) and 
GFP::PAR-6 (A-C, N=5/9 class 1, N=4/9 class 2) or GFP::PAR-2  
(G-I, N=12/22 class 1; N=10/22 class 2). Dashed lines indicate 
positions used to create the corresponding kymographs in (D-
F). See also Movie 17. (D-F, J-L) Corresponding kymographs 
aligned at cytokinesis. Entire duration of the kymographs, in 
min:sec: (D) 16:40, (E) 11:20, (F-I) 17:40. See also Movie 18. 

 

 In the above experiments, the level of PIP2 is in excess from the beginning of 
development, such that the impact on polarity might reflect a role strictly during the 
establishment phase or else during both establishment and maintenance phases. We 
reasoned that one could test specifically a potential role for PIP2 in polarity establish-
ment by adding Ionomycin/Ca2+ to perm-1(RNAi) embryos expressing mCherry::PHPLC1δ1 
and GFP::PAR-2 before symmetry breaking. In DMSO treated control embryos, PAR-2 
first localizes throughout the entire cortex, then becomes cytoplasmic, and after sym-
metry breaking is enriched at the posterior (Figure 42 A), as reported (Boyd et al., 1996; 
Cuenca et al., 2003; Etemad-Moghadam et al., 1995; Hung and Kemphues, 1999; Munro 
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et al., 2004). Interestingly, depletion of PIP2 before PAR-2 becomes cytoplasmic abol-
ished the detachment of PAR-2 from the cortex. Instead, PAR-2 remained present 
throughout the cortex and did not get further enriched at the posterior cortex even after 
pronuclei formation. Together, these results suggest a role of PIP2 during symmetry 
breaking and polarity establishment. 

 

Figure 42: PIP2 is essential for PAR polarity 
establishment.(A, B) Images acquired by 
confocal imaging of embryos expressing 
GFP::PAR-2, 4.5 μm below the cortical 
plane. (A) DMSO treated control perm-
1(RNAi) embryo. (B) perm-1(RNAi) embryo 
treated with Ionomycin/Ca2+ (t1/2=00:00) 
before symmetry breaking (N=4).  

 

Next, we set out to test specifically a potential role for PIP2 in polarity mainte-
nance by adding Ionomycin/Ca2+ during pseudocleavage, after polarity establishment, 
to perm-1(RNAi) embryos expressing mCherry::PHPLC1δ1 and GFP::PAR-2. We found that 
GFP::PAR-2 expands slowly towards the anterior starting ~3 min after t1/2 (Figure 43), 
when the actin cytoskeleton is already disorganized (Figure 32). In these embryos, the 
pseudocleavage furrow moves anteriorly initially, and then either disappears (Figure 43 
B; N=6/14; Movie 19), or remains at the very anterior (Figure 43 C; N=8/14; Movie 20). 
The same two possible outcomes were also observed for Ionomycin/Ca2+ treated perm-
1(RNAi) embryos expressing GFP::PHPLC1δ1 and Lifeact::mKate-2 (Figure 32). Likewise, the 
GFP::PAR-2 domain expands slowly towards the anterior when t1/2 occurs at nuclear en-
velope breakdown (NEBD) (Figure 43 D; Movie 21). Together, these results indicate that 
an appropriate level of PIP2 is essential for proper PAR polarity also during the mainte-
nance phase. Moreover, the fact that actin disorganization happens before the expan-
sion of the PAR-2 domain indicates that PIP2 might regulate polarity through actin reor-
ganization during the maintenance phase.  
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Figure 43: PIP2 is essential for correct PAR polarity maintenance. (A-D) Images 
acquired by confocal imaging of embryos expressing GFP::PAR-2, 4.5 μm below 
the cortical plane. The dashed line marks the boundary of the PAR-2 domain. (A) 
DMSO treated control perm-1(RNAi) embryo. (B-D) perm-1(RNAi) embryo 
treated with Ionomycin/Ca2+ (t1/2=00:00) during (B) pseudocleavage, when pseu-
docleavage furrow retract (N=6) (see also Movie 19), (C) pseudocleavage when 
pseudocleavage furrow does not retract (N=8) (see also Movie 20) or (D) NEBD 
(N=3) (see also Movie 21). 

 

In principle, PIP2 could alter PAR polarity during the maintenance phase through 
an impact on F-actin organization, as suggested by the results above, or else via an actin-
independent role. In contrast to its well-known role during polarity establishment, a po-
tential role of F-actin in polarity maintenance is somewhat controversial (Goehring et 
al., 2011; Hill and Strome, 1990; Liu et al., 2010a; Severson and Bowerman, 2003). In the 
light of our findings with PIP2 level alterations, we set out to directly test whether F-actin 
plays a role in polarity maintenance, first by adding Cytochalasin D to perm-1(RNAi) em-
bryos expressing Lifeact::mKate-2 and GFP::PAR-2 after polarity establishment (Figure 
44 A, B). Consistent with previous studies (Goehring et al., 2011; Hill and Strome, 1990), 
we found that Cytochalasin D addition at this stage does not significantly alter GFP::PAR-
2 distribution (Figure 44 A, B). However, we found also that Cytochalasin D does not fully 
disrupt F-actin, as clumps of Lifeact::mKate-2 remain on the embryo anterior (Figure 44 
B; Movie 22). We hence turned to inhibiting F-actin polymerization using Latrunculin A, 
which resulted in total depletion of F-actin (Figure 44 C; N=12; Movie 23). We observed 
membrane invaginations that remove GFP::PAR-2 from the cortex into cytoplasmic ag-
gregates (Figure 44 C, arrowhead), as reported (Goehring et al., 2011; Redemann et al., 
2010). Importantly, in addition, we monitored changes in GFP::PAR-2 distribution not as 
a function of drug addition time, as previously (Goehring et al., 2011), but of the time at 
which half of the Lifeact::mKate-2 fluorescence disappears from the membrane. In doing 
so, we found that GFP::PAR-2 domain size decreases after t1/2 in all embryos analyzed 
(Figure 44 C, bottom; N=12), in a manner that is highly correlated with Lifeact::mKate-2 
disappearance (Figure 44 D), demonstrating that F-actin is critical for PAR polarity 
maintenance.  
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Figure 44: F-actin impairment affects GFP::PAR-2 also during 
polarity maintenance. (A-C) Confocal spinning disk cortical im-
aging of perm-1(RNAi) embryos expressing GFP::PAR-2 and Life-
act::mKate-2 (middle plane), treated during early centra-
tion/rotation either with DMSO (A, N=6), Cytochalasin D (B, 
N=5, movie acquired with bining=2, see also Movie 22), or 
Latrunculin A (C, N=18, see also Movie 23). Arrowhead points 
to plasma membrane invagination (Redemann et al., 2010). (D) 
Correlation of t1/2 of Lifeact::mKate-2 and GFP::PAR-2 upon 
treatment of perm-1(RNAi) embryos with Latrunculin A (see 
Figure 44). Pearson correlation coefficient ρ=0.86, p=0.0014 
(unpaired t-test) (N=10, as the GFP::PAR-2 signal was too weak 
in 2/12 imaged embryos for the correlation analysis to be con-
ducted). Note that t1/2 of GFP::PAR-2 happens on average 0.78 
+/- 0.78 min after t1/2 of Lifeact::mKate-2 (N=9, after removal of 
an outlier in which t1/2=7.73 min). 

 

 Overall, we uncovered that a proper level of PIP2 is essential for correct sizing of 
PAR domains, presumably through reorganization of F-actin, not only during polarity es-
tablishment but also during the polarity maintenance phase. Moreover, together with 
the fact that PIP2 cortical structures form in a manner that is dependent on F-actin and 
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that their movement is driven by actin polymerization (see 3.1), this uncovers reciprocal 
feedback mechanisms between PIP2 and F-actin (Figure 45, Figure 46).   

 

Figure 45: Schematic working model (not to scale). PIP2 is enriched in dynamic 
and polarized structures at the cortex of one-cell C. elegans embryos, moving 
ahead of F-actin. These two components exhibit mutually reciprocal require-
ments: the formation of PIP2 cortical structures requires F-actin and a proper PIP2 
level is essential for F-actin organization. Moreover, through its ability to properly 
organize the F-actin network, PIP2 is essential for proper sizing of PAR domains 
and thus AP polarity.  See text for further details. Note that only those actin fila-
ments that move in concert with PIP2 cortical structures are represented on the 
top right, for simplicity. 
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Figure 46: Schematic summary of PIP2 cortical structures’ overlap with further cortical components.  
(A) PIP2 cortical structures partially overlap with the F-actin network but not with NMY-2. The formation 
of PIP2 cortical structures depends on F-actin and the correct organization and polymerization of F-actin 
depends on correct PIP2 levels. (B) PIP2 cortical structures fully overlap with the actin regulators RHO-1, 
CDC-42, the RHO-1 GEF ECT-2, and the PIP2 generating kinase PPK-1. PIP2 cortical structures form mostly 
independent of RHO-1 and CDC-42, but the formation and localization of RHO-1 and CDC-42 cortical struc-
tures depends on correct PIP2 levels. (C) PIP2 cortical structures do not overlap with the bona fide lipid 
raft protein CAV-1. (D) PIP2 cortical structures overlap with elongated structures of PAR-6 but not with 
PAR-6 foci and not with PAR-2. The asymmetric distribution of PIP2 cortical structures depends on PAR 
polarity and correct PIP2 levels are essential for proper PAR polarity establishment and maintenance. 

 



 

 Cortical structures of force generator components and 
regulators 

 Positive and negative regulators of force  distribute in distinct 
cortical structures. 

In the one-cell stage C. elegans embryo, the mitotic spindle is asymmetrically positioned 
towards the posterior side through the action of asymmetric spindle pulling forces gen-
erated by positive and negative force regulators (see 1.2.6, page 15). We set out to test 
the cortical distribution of the negative force regulators GPB-1, CSNK-1 and CHC-1, as 
well as of the positive force regulators GPR-1 and LIN-5 using cortical confocal live im-
aging. Imaging of embryos expressing GFP::GPB-1 (Thyagarajan et al., 2011) revealed 
that during pseudocleavage GPB-1 forms elongated cortical structures that are present 
essentially solely on the anterior side (Figure 47 A). Thereafter, during mitosis, 
GFP::GPB-1 is distributed in foci that are enriched on the anterior (Figure 47 B). These 
observations are consistent with previous observations that GPB-1 is enriched on the 
embryo anterior and that GPB-1 foci might correspond to sites of endocytosis of GPB-1-
containing vesicles, since GPB-1 traffics through the endosomal system (Thyagarajan et 
al., 2011). In addition, GFP::GPB-1 foci could be sites of exocytosis. The Gβ protein sub-
unit GPB-1 forms a dimer with the G γ protein subunit GPC-2, and GPC-2 also negatively 
regulates forces (Afshar et al., 2004; Afshar et al., 2005; Tsou et al., 2003). As expected, 
cortical imaging of GFP::GPC-2 (Thyagarajan et al., 2011) showed that GPC-2 distributes 
in the same way as GPB-1 on the cortex (Figure 47 C, D). 

Gβγ competes with the force generation mediators GPR-1/2 for Gα-GDP binding 
and thus negatively regulate pulling forces mainly on the anterior (Afshar et al., 2004; 
Afshar et al., 2005; Thyagarajan et al., 2011; Tsou et al., 2003). We hypothesized that 
GPR-1/2 and GPB-1 might reside in distinct cortical structures, thus perhaps explaining 
their opposite impact on force generation. We therefore imaged embryos in which GPR-
1 is endogenously tagged with GFP using CRISPR-Cas9 (Portegijs et al., 2016). During 
pseudocleavage, instead of clear elongated cortical structures as those observed for 
GPB-1, GFP::GPR-1 mainly forms small foci (Figure 47 E). During mitosis, GFP::GPR-1 is 
temporarily enriched on the very posterior of the embryo, as expected from the analysis 
of fixed specimens (Colombo et al., 2003; Gotta and Ahringer, 2001; Gotta et al., 2003; 
Srinivasan et al., 2003; Tsou et al., 2003) (Figure 47 F). Overall, we found that GFP::GPR-
1 and GFP::GPB-1 are localized in distinct cortical structures during pseudocleavage and 
mitosis. 
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The force generation mediator LIN-5 functions together with GPR-1/2 in a ter-
nary complex (see 1.2.6). We thus expected that LIN-5 cortical distribution resembles 
that of GPR-1/2. To test this hypothesis, we imaged embryos expressing endogenously 
tagged LIN-5 (Portegijs et al., 2016), which indeed revealed that GFP::LIN-5 distributes 
in cortical structures resembling those of GFP::GPR-1, both during pseudocleavage and 
mitosis (Figure 47 G, H). The tenary complex anchors the minus end directed molecular 
motor dynein to the cortex (see 1.2.6). Consistent with this, we found that, as GFP::GPR-
1 and GFP::LIN-5, also GFP::DHC-1 forms small cortical foci during pseudocleavage (Fig-
ure 47 I) and mitosis (Figure 47 J) and these foci are enriched on the very posterior during 
mitosis. Next, we tested if two other negative force regulators, CSNK-1 and CHC-1, also 
reside in cortical structures resembling those of GPB-1 and GPC-2. We imaged embryos 
expressing a fusion protein between GFP and CSNK-1, a kinase that negatively regulates 
forces on the anterior (Panbianco et al., 2008). Interestingly, we found that during pseu-
docleavage, GFP::CSNK-1 forms elongated structures on the anterior resembling those 
of GFP::GPB-1 (Figure 47 K). During mitosis, just like for GPB-1, CSNK-1 is present in foci 
localized on the anterior, but these foci are less numerous and seem to slightly differ in 
shape compared to GFP::GPB-1 foci (Figure 47 L). We also imaged the cortical distribu-
tion of the clathrin heavy chain CHC-1, which has also been reported to negatively reg-
ulate pulling forces (Spiro et al., 2014). In contrast to GPB-1 and CSNK-1, we found that 
GFP::CHC-1 does not distribute in elongated structures during pseudocleavage, but in-
stead forms foci enriched on the anterior (Figure 47 M). Likewise, CHC-1 distributes in 
foci enriched on the embryo anterior during mitosis (Figure 47 N). Such a focal distribu-
tion is not surprising considering the role of CHC-1 in receptor-mediated endocytosis 
(Grant et al., 1999). Overall, these results establish that, during pseudocleavage, the 
negative force regulators GPB-1 and CSNK-1 distribute in elongated cortical structures 
resembling each other, while the force generation mediators GPR-1 and LIN-5 distribute 
in foci also resembling each other.  
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Figure 47: Cortical distribution of force generation mediators and negative force regu-
lators. (A-N) Confocal spinning disk cortical imaging of embryos during pseudocleavage 
and mitosis harboring the indicated fusion protein, with high magnification views of the 
boxed regions shown on the right. (A, B) GFP::GPB-1, N=18. (C, D) GFP::GPC-2, N=3. (E, 
F) GFP::GPR-1 (endogenously tagged), N=15. (G, H) GFP::LIN-5 (endogenously tagged), 
N=8. (I, J) DHC-1::GFP (endogenously tagged), N=3  (K,L) GFP::CSNK-1, N=4. (M, N) 
GFP::CHC-1, N=4.  

 

 Next, we aimed to test whether GPB-1 and GPR-1 or LIN-5 cortical structures 
overlap. We thus sought to generate worm lines expressing mCherry::GPB-1 either as 
an integrated transgene by bombardment, or  by tagging the endogenous component 
using CRISPR-Cas9 (see 7.2). As these efforts were unfortunately not met with success, 
we decided instead to assess the colocalization of GPB-1 with GPR-1 and LIN-5 in an 
indirect manner. During pseudocleavage, GFP::GPB-1 elongated cortical structures re-
semble cortical structures of PIP2, suggesting that they may colocalize (see 3.1.1, Figure 
10). To address this possibility, we imaged embryos expressing simultaneously 
mCherry::PHPLC1δ1 and GFP::GPB-1, and found that the two signals indeed perfectly over-
lap during pseudocleavage (Figure 48 A; Movie 24). The situation differs somewhat dur-
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ing mitosis: although there is a weak enrichment of GFP::GPB-1 at PIP2 cortical struc-
tures, most GPB-1 foci do not overlap with PIP2 cortical structures (Figure 48 B). How-
ever, both GFP::GPB-1 and PIP2 cortical structures are enriched at the embryo anterior 
(Figure 48 B). We conclude that during pseudocleavage at the least, PIP2 cortical struc-
tures can be utilized as a proxy to monitor the localization of GPB-1 containing cortical 
structures, and thus assess their localization with respect to that of GPR-1 and LIN-5. 
Imaging of embryos expressing mCherry::PHPLC1δ1 and GFP::GPR-1 revealed that alt-
hough a subset of GPR-1 cortical structures overlaps with elongated PIP2 cortical struc-
tures during pseudocleavage, the bulk of GPR-1 foci does not (Figure 48 C; Movie 25). It 
appears that GFP::GPR-1 does not form clear elongated structures by itself but never-
theless some of the GFP::GPR-1 foci overlap with elongated PIP2 cortical structures (Fig-
ure 47 E; Movie 26). Furthermore, during mitosis, GPR-1 foci form on the posterior, 
while PIP2 cortical structures reside on the anterior (Figure 48 D). We also performed 
cortical imaging of embryos expressing GFP::LIN-5 and mCherry:PHPLC1δ1, obtaining sim-
ilar results. Thus, during pseudocleavage, only some LIN-5 cortical structures overlap 
with PIP2 cortical structures, while most do not (Figure 48 E). During mitosis, LIN-5 foci 
are localized to the very posterior, while PIP2 cortical structures reside on the anterior 
(Figure 48 F). Overall, we conclude that the force generation mediators LIN-5 and GPR-
1 not only form cortical structures distinct in shape from GPB-1 cortical structures, but 
also that they occupy distinct cortical territories.  
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Figure 48: PIP2 cortical structures overlap with GPB-1 during pseudocleavage but 
only marginally with GPR-1 and LIN-5. (A-F) Dual color confocal spinning disk cortical 
imaging of embryos harboring the indicated pairs of fusion proteins at the indicated 
stages, with high magnification views of the boxed regions shown on the right. (A, B) 
GFP::GPB-1/ mCherry::PHPLC1δ1, N=7. See also Movie 24. (C, D) GFP::GPR-1/ 
mCherry::PHPLC1δ1, N=10. See also Movie 25. (E, F) GFP:LIN-5/ mCherry::PHPLC1δ1, N=3. 
See also Movie 26. 

 

 GPR-1 contributes to the cortical recruitment of LIN-5  

As described above, we found that GPR-1 and LIN-5 distribute in foci on the cortex that 
resemble each other (see 3.3.1; Figure 47). In murine mammary stem cells, the GPR-1/2 
homolog LGN and the LIN-5 homolog NUMA form hetero-hexamers, which are func-
tional oligomeric units that drive spindle positioning (Mapelli, M; Mechanisms of asym-
metric cell division, Theo Murphy Meeting, November 2016). We thus speculated that 
GPR-1/2 and LIN-5 foci could also arise from higher order oligomers of GPR-1 and LIN-5. 
To test this possibility, we depleted GPR-1/2 by RNAi in embryos expressing GFP::LIN-5 
(Figure 49 A-E). Measuring the total cortical fluorescence intensity of GFP::LIN-5, we 
found that cortical enrichment of GFP::LIN-5 is significantly diminished in gpr-1/2(RNAi) 
embryos compared to the control (Figure 49 E). This is consistent with the known role 
of GPR-1/2 in recruiting LIN-5 to the cortex (Couwenbergs et al., 2007; Nguyen-Ngoc et 
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al., 2007; Park and Rose, 2008). Moreover, less GFP::LIN-5 foci seem to be present on 
the cortex upon depletion of GPR-1/2 compared to control embryos, however, we can-
not distinguish if this reflects a role of GPR-1/2 specifically in LIN-5 foci formation or 
simply LIN-5 cortical recruitment(Figure 49 A-D). Overall, we found that GRP-1/2 con-
tributes to the cortical recruitment of LIN-5 and, directly or indirectly, for LIN-5 foci for-
mation.  

 

Figure 49: GPR-1 contributes to LIN-5 cortical recruitment. (A-D) Confocal spinning 
disk cortical live imaging of embryos during indicated stages expressing GFP::LIN-5, 
with high magnification views of the boxed regions shown on the right. (A, B) in control 
conditions, N=5 and (C, D) upon gpr-1/2(RNAi) N=5. (E) Box plot of mean intensities of 
total cortical intensity (16 bit grey values) of embryos shown in (A-D). Two group sta-
tistical comparisons were performed using the Wilcoxon Rank Sum test/Mann-Whit-
ney test. 

 

  PIP2 cortical structures determine the formation and localiza-
tion of GPB-1 cortical structures  

As described above, we found that PIP2 and GPB-1 cortical structures perfectly 
overlap during pseudocleavage. To better establish the relationship between PIP2 and 
GPB-1 cortical structures, we set out to test if one determines the formation and locali-
zation of the other, and reciprocally. First, we imaged embryos expressing GFP::PHPLC1δ1 
upon depletion of GPB-1, and found that PIP2 cortical structures form and distribute as 
in control embryos (Figure 50 A-D). In addition, we found that PIP2 cortical structures 
form and distribute largely independent of GPR-1/2 and CHC-1 (Figure 50 E-H). Overall, 
these results establish that GPB-1 cortical structures, although perfectly overlapping 
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with PIP2 cortical structures during pseudocleavage, are not needed for their formation 
and distribution.  

 

Figure 50: The formation and localization of PIP2 cortical structures does not depend on GPB-1, GPR-
1/2, or CHC-1. (A, C, E, G) Cortical plane at pseudocleavage and mitosis from spinning disk confocal imag-
ing of control (A, N=39), gpb-1(RNAi) (C, N=4), gpr-1/2(RNAi) (E, N=4) or chc-1(RNAi) (G, N=9) embryos 
expressing GFP::PHPLC1δ1 (A, C, G) or mCherry::PHPLC1δ1 (E). (B, D, F, H) Fraction of anterior (orange) and 
posterior (green) cell cortex covered by segmented PIP2 structures in the conditions corresponding to (A, 
C, E, G) side over time. Here and in similar panels in Figure 56: quantification for anterior (orange) and 
posterior (green) embryo side is shown, with the mean and the standard deviation. 

 

We tested next whether GPB-1 cortical structures depend on PIP2. As described 
above, we found that combined depletion of the function of the PIP2 5-phosphatases 
UNC-26 and OCRL-1 increases the level of cortical PIP2 and changes the shape and local-
ization of PIP2 cortical structures (see 3.2.2). Cortical imaging of ocrl-1(RNAi) unc-
26(s1710) embryos expressing mCherry::PHPLC1δ1 and GFP::GPB-1 during pseudocleav-
age revealed that GPB-1 cortical structures are altered in the same way as PIP2 cortical 
structures in class 1 and class 2 embryos (Figure 51 A, C, E; Movie 27). Likewise, during 
mitosis, GPB-1 cortical structures form a much smaller anterior domain in class 1 em-
bryos compared to control embryos (Figure 51 B, D). Moreover, in class 2 embryos, GPB-
1 essentially does not get polarized and is cleared only from the very posterior (Figure 
51 F). As described above, increasing the level of PIP2 alters PAR polarity (see 3.2.4, page 
81). This probably results in the altered distribution of GPB-1 cortical structures ob-
served here, since the asymmetric distribution of GPB-1 during mitosis depends on PAR 
polarity (Thyagarajan et al., 2011). Together, these experiments establish that PIP2 is 
essential for the formation and localization of GPB-1 cortical structures, while PIP2 cor-
tical structures form independently of GPB-1.  
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Figure 51: The formation and distribution of GPB-1 cortical structures 
depends on PIP2. (A-F) Cortical confocal spinning disk imaging of embryos 
expressing mCherry::PHPLC1δ1 and GFP::GPB-1. Control (A, D) and ocrl-
1(RNAi) unc-26(s1710) (B, C, E, F) embryos during pseudocleavage (A, B, 
C) or mitosis (D, E, F). (B, E) class 1 phenotype N=4/7. (C, F) class 2 pheno-
type N=3/7. See also Movie 27. 

 

 Next, we set out to test whether PIP2 also regulates the formation and localiza-
tion of ternary complex cortical structures, even though cortical structures of PIP2 and 
of GPR-1 and LIN-5 only partially overlap. Preliminary experiments imaging unc-
26(s1710)/ocrl-1(RNAi) embryos expressing GFP::GPR-1 and mCherry::PHPLC1δ1 indicated 
that GFP::GPR-1 foci still form unabated (data not shown). However, a subset of 
GFP::GPR-1 cortical structures changed their localization in a variable manner amongst 
embryos. This is to be expected given that GPR-1/2 localization depends on PAR polarity 
(Colombo et al., 2003; Gotta and Ahringer, 2001; Gotta et al., 2003; Srinivasan et al., 
2003; Tsou et al., 2003), which is affected in unc26(s1710)/ocrl-1(RNAi) embryos (see 
3.2.4).  
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 The formation of GPR-1 and GPB-1 cortical structures is inde-
pendent from one another. 

We set out to test whether the formation of GPR-1 cortical structures depends 
on GPB-1 function, and vice versa. To test the dependency of GPR-1 cortical structures 
on GPB-1, one would ideally image endogenously tagged GFP::GPR-1 upon GPB-1 deple-
tion. As such a worm line was not available when performing the experiments, we de-
pleted instead GPB-1 from embryos overexpressing transgenic YFP::GPR-1. First, we im-
aged control embryos expressing YFP::GPR-1. Intriguingly, we found that YFP::GPR-1 
also forms elongated structures during pseudocleavage similar to elongated cortical 
structures of GFP::GPB-1 (Figure 52 A). Likewise, during mitosis cortical YFP::GPR-1 re-
sembles cortical GFP::GPB-1, with foci being present on the anterior cortex (Figure 52 
B). Again, this cortical distribution of YFP::GPR-1 is very distinct from the cortical distri-
bution of endogenous GPR-1/2 (Figure 47 E-F). YFP::GPR-1 is strongly overexpressed (Re-
demann et al., 2011), which likely causes the difference in distribution compared to en-
dogenous GPR-1/2. Consistent with this hypothesis, we found that during mitosis, 
YFP::GPR-1 is enriched on the embryo anterior instead of the posterior (Figure 52 B), as 
is the case for endogenous GPR-1/2 (Colombo et al., 2003; Gotta and Ahringer, 2001; 
Gotta et al., 2003; Srinivasan et al., 2003; Tsou et al., 2003) and endogenously tagged 
GFP::GPR-1 (see Figure 47 F). Perhaps in the wild-type, negative regulators of pulling 
forces enriched on the anterior side such as GPB-1 limit cortical GPR-1/2 binding on that 
side. YFP::GPR-1 overexpression might outcompete all such negative regulators on the 
anterior and thus bind to all binding sites available in that location. In contrast, binding 
sites on the posterior might already be saturated at endogenous levels of GPR-1/2 and 
might not be able to increase further. We depleted GPB-1 from embryos expressing 
YFP::GPR-1 and found that such fluorescently marked cortical structures form unabated 
during pseudocleavage and mitosis (Figure 52 A-D). However, during mitosis, the overall 
cortical level of GPR-1 increased significantly in embryos upon gpb-1(RNAi) (Figure 52 I), 
consistent with the known role of GPB-1 in negatively regulating GPR-1 cortical levels 
(Thyagarajan et al., 2011; Tsou et al., 2003). Overall, this experiment suggests that the 
formation of GPR-1 cortical structures is independent of GPB-1, but this tentative con-
clusion remains to be verified for endogenous GPR-1 structures.  

 To test the dependency of GPB-1 cortical structures on GPR-1/2, we imaged 
GFP::GPB-1 embryos upon GPR-1/2 depletion. We found that GPB-1 cortical structures 
form unaltered (Figure 52 E-H). Moreover, overall cortical levels of GFP::GPB-1 remained 
the same (Figure 52 J). Overall, we conclude that the formation of GPB-1 and GPR-1 
cortical structures is independent from one another.  
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Figure 52: GPB-1 and GPR-1 (overexpressed) cortical structures form inde-
pendently from one another. (A-H) Confocal spinning disk cortical live imaging of 
embryos harboring the indicated fusion proteins, with high magnification views of 
the boxed regions shown on the right. (A, B) YFP::GPR-1 control embryos during (A) 
pseudocleavage, N=6 or (B) mitosis, N=8. (C, D) YFP::GPR-1 embryos upon gpb-
1(RNAi) during (C) pseudocleavage, N=15 or (D) mitosis, N=6. (E, F) GFP::GPB-1 con-
trol embryos during (E) pseudocleavage, N=6 or (F) mitosis, N=9. (G, H) GFP::GPB-1 
embryos upon gpr-1/2(RNAi) during (G) pseudocleavage, N=11 or (H) mitosis, N=9. 
(I, J) Box plots of mean intensities of total cortical intensity of embryos shown in (A-
H). Statistical analysis was performed using an unpaired t-test.  

 

Although GPR-1 cortical structures form normally upon GPB-1 depletion, we 
found that their distribution along the AP axis is altered. In control embryos, during cen-
tration/rotation, YFP::GPR-1 foci are mainly enriched on the anterior and on the very 
posterior, but do not localize in a posterior band, likely where LET-99 resides (Figure 53 
A, C) (see also 1.2.6, Figure 6) (Krueger et al., 2010; Park and Rose, 2008; Rose and Kem-
phues, 1998; Tsou et al., 2002). In contrast, upon GPB-1 depletion, YFP::GPR-1 foci en-
richment gradually decreases along the AP axis (Figure 53 B, C).  Thus, GPB-1 is essential 
for the proper distribution of YFP::GPR-1 foci along the AP axis, possibly in an indirect 
manner by determining the proper localization of LET-99 in a posterior band. This has 
not been observed previously in immunofluorescence stainings of endogenous GPR-1/2, 
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although the posterior GPR-1/2 domain in P1 was found to be larger in some embryos 
(Tsou et al., 2003).  

 

Figure 53: GPB-1 determines the localization of YFP::GPR-1 foci along the 
AP axis.(A, B) Confocal spinning disk cortical live imaging of embryos during 
centration/rotation expressing YFP::GPR-1 (A) in control conditions, N=11 
and (B) upon gpb-1(RNAi) N=8. Boxed regions indicate areas in which the 
total cortical intensity of YFP::GPR-1 was determined for the plot profile 
shown in (C). (C) Mean cortical YFP::GPR-1 intensity (16 bit grey value) of 
control (red) and GPB-1 depleted (blue) embryos plotted along embryo 
length in %. 

 

 

 GPR-1 overexpression increases the amount of and overlap with 
PIP2 cortical structures 

As shown above, we found that GPR-1/2 depletion does not impact PIP2 or GPB-
1 cortical structures (Figure 50 E, F and Figure 52 E-H, J). However, we wondered if the 
overlap of PIP2 cortical structures and GFP::GPB-1 cortical structures might depend on 
GPR-1. We thus imaged gpr-1/2(RNAi) embryos expressing mCherry::PHPLC1δ1 and 
GFP::GPB-1 and found that the overlap does not change during either pseudocleavage 
or mitosis (Figure 54 A-D).  
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Figure 54: The overlap of PIP2 and GPB-1 cortical structures 
does not depend on GPR-1/2. (A-D) Dual color confocal spin-
ning disk cortical imaging of embryos expressing 
mCherry::PHPLC1δ1  and GFP::GPB-1, N=4. Note that the big light 
blobs in mCherry::PHPLC1δ1 (C, D, arrowheads) correspond to 
background signals stemming from the coverslip. 

 

 We reasoned that we could use mCherry::PHPLC1δ1 to monitor the impact of GPR-
1/2 overexpression on GPB-1 cortical structures. We thus imaged embryos overexpress-
ing YFP::GPR-1 (Redemann et al., 2011) crossed to mCherry::PHPLC1δ1. As described 
above, we found that during pseudocleavage, overexpressed YFP::GPR-1 forms much 
more elongated cortical structures than endogenously tagged GFP::GPR-1 (Figure 55 A, 
B; Figure 47 E, G). Hence, the overlap with PIP2/GPB-1 cortical structures increases; 
moreover, PIP2/GPB-1 cortical structures seem to be more abundant compared to con-
trol embryos (Figure 55 A, B; Movie 28). YFP::GPR-1 remains strongly enriched on the 
anterior side also during centration/rotation and mitosis (Figure 55 D, F, H). Moreover, 
in contrast to GFP::GPR-1 embryos (Figure 55 G, arrowhead), no enrichment is observed 
on the posterior side in YFP::GPR-1 embryos (Figure 55 H), as shown also above (see 
Figure 47 E-H). In addition, PIP2/GPB-1 cortical structures seem more abundant than 
normal also from the time of centration/rotation until anaphase in YFP::GPR-1 express-
ing embryos (Figure 55 E-H). During cytokinesis, there is strong ectopic accumulation of 
YFP::GPR-1 cortical structures close to the anterior of the forming cleavage furrow (Fig-
ure 55 J, arrow); such accumulation does not happen in GFP::GPR-1 embryos (Figure 55 
I). Intriguingly, PIP2/GPB-1 cortical structures also start to accumulate at this location, 
overlapping with YFP::GPR-1 cortical structures (Figure 55 I). Overall, we conclude that 
YFP::GPR-1 overexpression increases not only the formation of ectopic YFP::GPR-1-con-
taining structures, but also of PIP2/GPB-1 cortical structures, at sites coincident with 
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YFP::GPR-1. As GPB-1 is a negative regulator of GPR-1/2, one possibility is that this rep-
resents a feedback mechanism whereby PIP2/GPB-1 counteracts the increased forces 
produced by YFP::GPR-1 overexpression.  

 

Figure 55: GPR-1 overexpression leads to the formation of ectopic GPR-1 and PIP2 cortical structures. 
(A-J) Dual color confocal spinning disk cortical imaging of embryos expressing mCherry::PHPLC1δ1  and en-
dogenously tagged GFP::GPR-1, N=10. Magnified insets are shown below. (A, C, E, G, I) or 
mCherry::PHPLC1δ1 and overexpressed YFP::GPR-1, N=6 (B, D, F, H, J) at indicated stages. Note that GPR-1 
clearly enriches at the posterior only during anaphase and only in embryos expressing endogenously 
tagged GFP::GPR-1 (G, arrowhead). Also note the clear formation of ectopic cortical structures harboring 
both GPR-1 and PIP2 during cytokinesis (J, arrow). See also Movie 28. 

 

 We next quantified the apparent increase in PIP2/GPB-1 cortical structures upon 
YFP::GPR-1 overexpression. We found that PIP2/GPB-1 cortical structures cover approx-
imately twice as much of the anterior cortex as in control embryos, and this during both 
pseudocleavage and mitosis (Figure 56 A-H). In addition, the size of PIP2/GPB-1 cortical 
structures increases slightly, and becomes somewhat more elongated upon YFP::GPR-1 
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overexpression (Figure 56 C, G, D, H). We also found that in embryos overexpressing 
YFP::GPR-1, mitosis takes approximately twice as long as in control embryos (Figure 56 
B, F). Previous findings showed that abnormal mitotic spindle assembly can delay mitosis 
in the early C. elegans embryo by activating the spindle assembly checkpoint (Encalada 
et al., 2004). Maybe too much spindle pulling forces in embryos overexpressing GPR-1 
damage the spindle or result in attachement issues of microtubules to kinetochores, 
which then activates the spindle assembly checkpoint.  Overall, these results confirm 
that upon YFP::GPR-1 overexpression, the formation of PIP2/GPB-1 cortical structures 
increases.  
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Figure 56: GPR-1 overexpression increases and CSNK-1 depletion decreases the formation of PIP2 corti-
cal structures.(A, E, I, J) Cortical plane at pseudocleavage and mitosis from spinning disk confocal imaging 
of control (A, N=39), gpr-1/2(RNAi) (E, N=6), csnk-1(RNAi) (I, N=12/15, see also Movie 29) or csnk1-1(RNAi) 
(J, N=3/15, see also Movie 30) embryos expressing GFP::PHPLC1δ1 (A, I, J) or mCherry::PHPLC1δ1 (E). (B, F, K) 
Fraction of cell cortex covered by segmented PIP2 structures over time in control (B), YFP::GPR-1 overex-
pressed (F), and csnk-1(RNAi) (K) embryos. (C, G, L) Average size of segmented PIP2 cortical structures 
over time in control (C), YFP::GPR-1 overexpressed (G), and csnk-1(RNAi) (L) embryos. (D, H, M) Elongation 
Index of segmented PIP2 cortical structures over time in control (D), YFP::GPR-1 overexpressed (H), and 
csnk-1(RNAi) (M) embryos; larger values correspond to more elongated structures. 
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 The increase of PIP2/GPB-1 cortical structures in YFP::GPR-1 overexpressing em-
bryos could either result from too much GPR-1 protein being present, or else as a con-
sequence of too much cortical forces generated as a consequence. We reasoned that 
depleting CSNK-1, which also leads to increased cortical forces, might enable us to dis-
tinguish between these possibilities. Surprisingly, instead of an increase in PIP2/GPB-1 
cortical structures, we found that the amount of PIP2/GPB-1 cortical structures de-
creases in a dramatic manner (Figure 56 I, K; Movie 29). In addition, PIP2/GPB-1 cortical 
structures become smaller and rounder in csnk-1(RNAi) embryos (Figure 56 L, M). Inter-
estingly, in 3/15 embryos, we also found very elongated PIP2/GPB-1 cortical structures, 
which seem to connect different parts of the overly contractile cortex (Figure 56 J; Movie 
30). Overall, we found that CSNK-1 positively regulates the formation of PIP2 cortical 
structures. Moreover, these results show that the increase of PIP2 cortical structures 
upon YFP::GPR-1 overexpression is not observed in all cases with increased cortical 
forces, leading us to speculate that is might be caused by an increase in GPR-1 protein 
itself.  

 

 CSNK-1 regulates the cortical distribution of PPK-1. 

CSNK-1 was reported to negatively regulate the localization of PPK-1 at the anterior cor-
tex (Panbianco et al., 2008). It is thus surprising that the depletion of CSNK-1 should lead 
to a decrease of PIP2 cortical structures. We set out to test the cortical distribution of 
PPK-1::mGFP in csnk-1(RNAi) embryos. This analysis revealed that, during pseudocleav-
age, PPK-1 cortical structures are indeed strongly decreased in such embryos, as is the 
case for PIP2 cortical structures (Figure 57 A, B; Movie 31). From this, we conclude that 
CSNK-1 positively regulates the enrichment of PPK-1 at anterior cortical structures dur-
ing pseudocleavage, which might promote local PIP2 generation. In contrast to the de-
creased localization of PPK-1::mGFP at anterior cortical structures, we found an increase 
of overall PPK-1 cortical levels on the anterior at locations devoid of PIP2 cortical struc-
tures during pseudocleavage (Figure 57 B, arrowhead). Moreover, during mitosis, while 
10/12 control embryos exhibit a posterior enrichment of PPK-1 enrichment, we found 
that in CSNK-1 depleted embryos, only 1/6 embryos had a very weak PPK-1 posterior 
enrichment (Figure 57 C-F). In contrast, mCherry::PHPLC1δ1 remained essentially evenly 
distributed along the AP axis in control and CSNK-1-depleted embryos during pseudo-
cleavage and mitosis if PIP2 cortical structures are not taken into account (Figure 57 G, 
H). To summarize, we conclude that CSNK-1 positively regulates the localization of PPK-
1 to cortical structures in the anterior and to the posterior cortex. Moreover, while PPK-
1 levels at cortical structures in the anterior side correlate with the level of PIP2, this is 
not the case in cortical areas around them.  
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Figure 57: CSNK-1 depletion changes the cortical distribution of PPK-1.(A-D) Images acquired by dual color 
cortical confocal live imaging of C. elegans embryos expressing mCherry::PHPLC1δ1 and PPK-1::mGFP at indi-
cated stages of control (A,C; N=10) and csnk-1(RNAi) (B, D; N=6, see also Movie 31) embryos. Boxed regions 
in the anterior and posterior are magnified on the right. (E-H) Mean intensity (grey values) of PPK-1::mGFP  
(E, F) mCherry::PHPLC1δ1  and mCherry::PHPLC1δ1 (G, H) measured along the AP axis in control (E,G; N=12) and 
csnk-1(RNAi) (F, H; N=6) embryos. 

 

Altogether, positive force generator components and negative regulators form distinct 
cortical structures that do not overlap in large part. Thus, their opposite function is also 
largely represented in their cortical distribution (Figure 58 A-E). Elongated cortical struc-
tures of the negative force regulator GPB-1 perfectly overlap with PIP2 cortical structures 
monitored by mCherry-PHPLC1δ1 during pseudocleavage and depend on the correct level 
of PIP2 (Figure 58 F). Moreover, the formation of GPB-1/PIP2 cortical structures depends 
on GPR-1 overexpression and CSNK-1 depletion in the opposite manner, although both 
conditions lead to increased spindle pulling forces (Figure 58 G).  
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Figure 58:  Schematic summary of cortical structures of force generation components and regulators. 
(A, B) Positive force generation components such as DHC-1, GPR-1, and LIN-5 form small cortical foci dur-
ing pseudocleavage and mitosis, which are enriched on the very posterior during mitosis. (C, D) Negative 
force regulators, such as GPB-1, GPC-1, and CSNK-1, form elongated cortical structures on the anterior 
during pseudocleavage and foci enriched on the anterior during mitosis. (E) Cortical structures of positive 
force generation components and negative regulators show no substantial overlap. (F) Elongated cortical 
structures during pseudocleavage of GFP::GPB-1 and PIP2 monitored by mCherry::PHPLC1δ1 perfectly over-
lap. PIP2 cortical structures form and distribute independent of GPB-1, while the formation and localiza-
tion of GFP::GPB-1 cortical structurs depends on the correct level of PIP2. (G) Strong overexpression of 
YFP::GPR-1 increases the formation of GPR-1 cortical structures and PIP2/GPB-1 cortical structures, which 
overlap in large part. However, depletion of CSNK-1, which increases spindle pulling forces in a similar 
manner to YFP::GPR-1 overexpression, decreases the formation of PIP2/GPB-1 cortical structures. This 
might be mediated by the regulation of PPK-1 through CSNK-1.  

 



 

4. Discussion 

In this thesis work, we demonstrate that PIP2 forms cortical structures in the one-cell C. 
elegans embryo. We show that the formation and movement of these structures de-
pend on F-actin and, reciprocally, that PIP2 regulates F-actin organization, revealing an 
interdependence of these two components in the worm zygote (Figure 45). Moreover, 
likely through its impact on the actin cytoskeleton, PIP2 is also needed for the correct 
sizing of PAR domains, demonstrating that a plasma membrane lipid component partic-
ipates in setting AP polarity in the C. elegans embryo.  

In addition, we reveal that force generation mediators and negative force regula-
tors, which are essential for proper positioning of the mitotic spindle, also form distinct 
cortical structures. PIP2 cortical structures fully overlap with elongated cortical struc-
tures of the negative force regulators GPB-1 and CSNK-1 during pseudocleavage, but not 
with cortical foci of GPR-1 and LIN-5. Furthermore, we find that an increase of GPR-1 
cortical structures causes a likewise increase of overlapping PIP2/GPB-1 cortical struc-
tures, possibly possibly through a negative feedback mechanism.  

 

 PIP₂ is present in discrete cortical structures in  
zygotes 

 The distribution and dynamics of PIP2 at the plasma membrane of early C. ele-
gans embryos were not clear prior to this work, primarily because the middle embryo 
plane was analyzed in past investigations. Here, we assayed subcellular distributions at 
the cortex, where the function of PAR proteins and components critical for asymmetric 
division is exerted. We thus discovered that PIP2 is present in dynamic polarized cortical 
structures marked by the PIP2 biomarker GFP::PHPLC1δ1 and Bodipy-FL-PIP2, in line with 
recent observations mentioning a non-uniform distribution of the fusion protein  (Rodri-
guez et al., 2017; Wang et al., 2017). Although patches of plasma membrane enriched 
in PIP2 have been observed in other systems (Golub and Caroni, 2005; reviewed in 
Chierico et al., 2015; McLaughlin et al., 2002; Zhang et al., 2012), the stereotyped pro-
gression through the first cell cycle of the large worm zygote enabled us to probe such 
cortical structures with unprecedented resolution. Why were these structures not ob-
served in previous studies in the worm? In addition to the fact that they are not notice-
able when imaging the middle plane of the embryo, other plausible reasons are that PIP2 
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cortical structures appear only transiently during the cell cycle and that they are not 
preserved upon fixation. 

 How do PIP2 cortical structures assemble? PIP2 cortical structures could form ei-
ther by redistribution of existing PIP2 or by de novo synthesis through PIP5K1. In other 
systems, PIP2 has been suggested to diffuse much faster than it is synthesized (reviewed 
in McLaughlin et al., 2002), such that potential local synthesis alone is unlikely to dictate 
restricted PIP2 localization. However, we found that PPK-1, the sole PIP5K1 in C. elegans, 
is enriched at PIP2 cortical structures, which suggests that PIP2 generation contributes 
to enhancing PIP2 cortical structures formation. This view is supported by the finding 
that a decrease of PPK-1 enrichment at PIP2 cortical structures upon CSNK-1 depletion 
coincides with a decrease of PIP2 cortical structures. Previously, PPK-1 has been reported 
to be enriched in the posterior of the embryo (Panbianco et al., 2008), but the distribu-
tion of the protein had not been assessed at the cortex, but solely in the middle plane 
of the embryo. The enrichment of PPK-1 at anteriorly localized PIP2 cortical structures, 
in addition to its posterior enrichment, could only been uncovered by cortical live imag-
ing. This emphasizes again the importance of assaying the subcellular distributions of 
such proteins at the embryo cortical plane, where they exert their function.  

Interestingly, we find also that PIP2 cortical structures form and move inde-
pendently of actomyosin contractions powered by NMY-2. Nevertheless, it remains pos-
sible that PIP2 cortical structures form at membrane protrusions or ruffles. This would 
be consistent with PIP2 stimulating F-actin polymerization in curved but not flat mem-
branes (Gallop et al., 2013), and accumulating in membrane ruffles, nascent phago-
somes and the leading edge of motile cells, which are all sites of actin reorganization 
(reviewed in McLaughlin et al., 2002; Zhang et al., 2012). Moreover, in curved mem-
branes, PIP2 stimulates F-actin polymerization, functioning in this role together with 
Cdc42 (Gallop et al., 2013). Interestingly, we find also CDC-42 and a biosensor for active 
CDC-42 to be enriched at PIP2 cortical structures. In other systems, increased PIP2 in-
duces actin polymerization around membrane vesicles, generating actin comets that 
then propel vesicles forward (Ma et al., 1998; Rozelle et al., 2000). We also observed 
occasional vesicles and connected local F-actin accumulation upon increasing PIP2, alt-
hough no actin comets were observed in these embryos (data not shown). In summary, 
we propose that PIP2 cortical structures form in the C. elegans zygote through PIP2 gen-
eration by PPK-1, maybe supported by the redistribution of existing PIP2 at the plasma 
membrane, perhaps preferentially at membrane protrusions or ruffles. 
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 Interdependence of PIP₂ and F-actin  

PIP2 and F-actin exhibit a reciprocal relationship in a number of systems, and we uncover 
here that this is the case also in C. elegans. We find that PIP2 cortical structures and F-
actin movements are coupled, with PIP2 structures moving slightly ahead, at velocities 
compatible with actin polymerization driving these movements. Moreover, impairing 
the profilin PFN-1, which is essential for microfilament assembly (Severson et al., 2002; 
Velarde et al., 2007), reveals that PIP2 structure movements are actin driven. This leads 
us to propose that actin polymerization pushes PIP2 cortical structures, in a manner rem-
iniscent of other actin-dependent motility processes such as that of Listeria monocyto-
genes (reviewed in Mogilner and Oster, 1996). While being pushed ahead of F-actin in 
C. elegans, PIP2 structures might recruit factors promoting actin polymerization and 
branching, such as ECT-1, RHO-1 and CDC-42, thus guiding F-actin network reorganiza-
tion, as in other systems (Desrivières et al., 1998; reviewed in McLaughlin et al., 2002; 
De Craene et al., 2017; Brown, 2015; Yin and Janmey, 2003; Zhang et al., 2012; Wu et 
al., 2014; Di Paolo and De Camilli, 2006). Intriguingly, a biosensor for active CDC-42 dis-
tributes on the cortex like PIP2 in other systems (Cheng et al., 2015; Kumfer et al., 2010). 
Consistent with this result, we found that the active CDC-42 biosensor is enriched at PIP2 
cortical structures, indicating that CDC-42 at PIP2 structures is active. By contrast, the 
distribution of a biosensor for active RhoA overlaps with that of NMY-2 (Reymann et al., 
2016; Tse et al., 2012). The fact that we show here that PIP2 cortical structures do not 
overlap with NMY-2, whereas they overlap with GFP::RHO-1, suggests that the bulk of 
RHO-1 associated with PIP2 cortical structures is inactive. However, we found a partial 
and very temporary overlap of active RHO-1 with PIP2 cortical structures, raising the 
possibility that a subpopulation of RHO-1 at PIP2 cortical structures is active. Neverthe-
less, it is surprising that the bulk of RHO-1 at PIP2 cortical structures might be inactive, 
given that RHO-1 colocalizes with its activating GEF ECT-2, suggesting that the RhoA bi-
osensor might not detect all active RHO-1 species. Furthermore, it is interesting that 
non-muscle myosin 2 contributes to actin network disassembly in fish keratinocytes 
(Wilson et al., 2010). Extrapolating from this observation, it is tempting to speculate that 
PIP2, by promoting F-actin assembly, and NMY-2, by promoting F-actin disassembly (Wil-
son et al., 2010), in addition to powering network contractility, may together ensure 
proper F-actin dynamics in C. elegans embryos.  

 

 PIP₂ and PAR-dependent polarity  

PAR proteins are also distributed unevenly within their domain. Thus, cortical PAR-6 ex-
ists in two populations, one diffuse that depends on CDC-42, and one punctate that col-
ocalizes with PAR-3 (Beers and Kemphues, 2006; Robin et al., 2014). Moreover, PAR-3 
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forms clusters crucial for proper polarity that assemble in a manner dependent on PCK-
3, CDC-42, as well as actomyosin contractility (Rodriguez et al., 2017; Wang et al., 2017). 
Intriguingly, we find that PIP2 cortical structures colocalize within the more diffuse cor-
tical PAR-6 population, which lacks PAR-3 (Beers and Kemphues, 2006; Robin et al., 
2014; Rodriguez et al., 2017; Wang et al., 2017). Moreover, we establish that increasing 
PIP2 augments the segregation of both populations of PAR-6 to the anterior. As cluster-
ing of PAR-3 depends on actomyosin reorganization (Rodriguez et al., 2017; Wang et al., 
2017), we propose that increasing the level of PIP2 might reorganize the actin cytoskel-
eton in a way that promotes PAR-3 clustering and thereby aids segregation.  

PAR proteins and the actomyosin network are established players that regulate 
cell polarity in the C. elegans zygote. In contrast, how plasma membrane components 
such as phospholipids might be involved in polarity regulation has been only poorly in-
vestigated. Here, we show that a correct PIP2 level is essential for proper polarity estab-
lishment and maintenance. We found that increasing the level of PIP2 by the simultane-
ous depletion of two PIP2 5-phosphatases leads to two possible outcomes, with inter-
mediate situations. In some embryos, the actomyosin flow cannot be initiated properly 
(class 2) and therefore the posterior domain stays very small, whereas the anterior do-
main is very expanded. Such class 2 embryos often do not divide, and thus the root of 
this phenotype may be thought of as being rather unspecific. If, on the other hand, an 
actomyosin flow towards the anterior can be generated properly (class 1), PAR polarity 
domains are continuously resized. Since most embryos showing the class 1 phenotype 
divide successfully, the increase of PIP2 level in these embryos is most likely more mod-
erate than in class 2 embryos. Overall, we think that the class 1 phenotype shows more 
specifically the impact of increased PIP2 levels on cortical flows. The continuous flow 
towards the anterior in class 1 embryos constantly alters the relative size of anterior and 
posterior PAR domains also during the maintenance phase. Hence, in a way, the mainte-
nance phase becomes an extension of the establishment phase. This is reminiscent of 
changes in PAR domain sizing that occur upon RGA-3/4 depletion (Schonegg et al., 
2007). However, whereas rga-3/4(RNAi) embryos exhibit a hypercontractile actomyosin 
network, this is not the case of embryos with increased PIP2 level. We thus propose that 
actomyosin contractility regulated by NMY-2, and F-actin organization regulated by PIP2, 
together contribute in concert to correct movements of the actomyosin network, and, 
therefore, proper sizing of PAR polarity domains.  

Given that moderately increasing total PIP2 levels increases the cortical flow to-
wards the anterior, one could imagine that depleting PIP2 from the embryo would do 
the opposite, namely diminishing cortical flows. When we deplete PIP2, we observe that 
the pseudocleavage furrow remains ingressed for much longer than in the control con-
dition. Moverover, the pseudocleavage furrow continuously keeps moving towards the 
anterior side. Therefore, surprisingly, embryo flows superficially seem to increase also 
in PIP2 depleted embryos. We hypothesize that in such embryos the pseudocleavage 
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furrow keeps moving towards the anterior because proper F-actin polymerization regu-
lated by PIP2 does not take place anymore after PIP2 depletion and, therefore, that the 
F-actin network just “collapses” towards the anterior side, with the contracted pseudo-
cleavage furrow following it. Together, we suggest that moderately increasing PIP2 level 
increases F-actin polymerization and reorganization, leading to increased flow towards 
the anterior. In contrast, depletion of PIP2 leads to decrease of proper actin polymeriza-
tion and thus F-actin “collapses” because of NMY-2-depending contractions exerted on 
this network. 

Moreover, we suggest that PIP2 is essential for symmetry breaking and polarity 
establishment, as depletion of PIP2 before these events abolishes PAR-2 removal from 
the cortex and formation of a posterior PAR-2 domain. CDC-42 is essential to remove 
PAR-2 from the cortex and to localize PAR-6 to the cortex during meiosis II (Schonegg et 
al., 2007). Maybe PIP2 function upstream of, or together with, CDC-42 during this initial 
process. In the 8-cell stage mouse embryo, PLC-mediated cleavage of PIP2 is essential to 
trigger symmetry breaking and establishment of actomyosin and PAR polarity (Zhu et 
al., 2017). Perhaps PIP2 functions in an analogous manner in the C. elegans embryo.  

 

 On the role of the actomyosin network in polarity estab-
lishment and maintenance  

The actomyosin network plays a well-established role during polarity establishment, 
whereas its role during polarity maintenance has been a matter of debate (Goehring et 
al., 2011; Hill and Strome, 1990; Liu et al., 2010a; Severson and Bowerman, 2003). Our 
results, together with those of others, indicate that the actomyosin network regulates 
PAR domains in two ways. First, when the actomyosin network moves anteriorly during 
the establishment phase, PAR domains alter their distribution accordingly. This relation-
ship was clear prior to this work, and we demonstrate here that this is also the case 
during polarity maintenance. Second, actin has been suggested to play merely a passive 
role during the maintenance phase in preventing cortical PAR-2 removal through mem-
brane invaginations driven by microtubules (Goehring et al., 2011). We reveal here that 
this can lead to the near total disappearance of cortical GFP::PAR-2, further emphasizing 
the critical importance of actin also during the maintenance phase.  

Overall, our results in C. elegans are consistent with the role of PIP2 in F-actin 
reorganization and polarity in other organisms. Previous work in C. elegans showed that 
depletion of CSNK-1, which negatively regulates PPK-1 localization, although perturbing 
spindle positioning, does not impact cell polarity during cytokinesis (Panbianco et al., 
2008). By contrast, we establish here that alterations in the level of PIP2 impair polarity 
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establishment and maintenance during the first asymmetric division of C. elegans em-
bryos. Depleting CSNK-1, we observed that after polarity establishment, a flow from the 
anterior to the posterior is initiated in embryos expressing GFP::PHPLC1δ1, YFP::GPR-1, 
and GFP::moe, leading to the disappearance of the anterior PIP2, GPR-1, and F-actin do-
main (data not shown). Thereafter, a flow from the posterior back to the anterior is ini-
tiated, altogether leading to a variable distribution of cortical PIP2, GPR-1 and F-actin 
from embryo to embryo. The result that CSNK-1 depletion impacts cortical flows are 
consistent with findings that csnk-1(RNAi) embryos have excess cortical activity (Fievet 
et al., 2013), disturbed rotational cortical flows during the first and second cell division 
(Singh and Pohl, 2014), and increased cortical invaginations during meiosis caused by 
defective myosin patches disassembly (Flynn and McNally, 2017). Together, these find-
ings strongly suggest that PAR polarity is also defective in embryos depleted of CSNK-1, 
as cortical flows of the actomyosin network determine PAR polarity. Moreover, PAR do-
mains can be transported and even PAR polarity can be inverted by cortical flows alone 
(Mittasch et al., 2018). The finding of Panbianco et al. that PAR polarity is normal in csnk-
1(RNAi) embryos is thus very surprising and should be re-visited.  

 

 Cortical structures of force generation mediators and reg-
ulators.  

We found that the force generation mediators GPR-1 and LIN-5, as well as the negative 
force regulators GPB-1 and CSNK-1, form distinct cortical structures. GPB-1 and CSNK-1 
elongated cortical structures only partially overlap with a subpopulation of cortical GPR-
1 and LIN-5. Thus, force generation promoters and negative force regulators are not only 
distinct in their activity during mitotic spindle positioning, but also in their subcortical 
localization, which could be a prerequisite for their proper function. Interestingly, PIP2 
distributes essentially in the same way as negative force regulators at the cortex during 
pseudocleavage, which suggests that the PIP2 population enriched at cortical structures 
could also negatively regulate forces. However, during mitosis, when spindle positioning 
takes place, cortical structures of GPB-1 and PIP2 do not show much overlap.  In addition, 
decreasing the level of PIP2 did not suggest a major impact on cortical pulling forces, as 
merely the end position of the spindle was more variable (Figure 34). Nevertheless, in 
most embryos completely depleted of PIP2, spindle positioning could not be assessed 
(see 3.2.1). Moreover, when PIP2 level is increased, the oscillations of the posterior spin-
dle pole, as determined from their maximum velocity, decrease significantly (Figure 38 
G). This would again argue for a negative regulation of spindle pulling forces by PIP2. 
GPB-1 and GPR-1 compete for Gα binding (Afshar et al., 2004; Afshar et al., 2005; Tsou 
et al., 2003). Thus, the sites at which GPB-1 and GPR-1 partially overlap might represent 
areas where such competition is happening. To monitor the cortical distribution of Gα, 
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we set out to generate a fluorescently tagged Gα worm line (see 7.3), but did not find 
the time to actually produce it during the course of this thesis work. In the absence of 
such a line, we would predict Gα to localize all over the cortex, but being enriched at the 
minimum at the following three subcortical domains: first, where there are only GPB-1 
cortical structures; second, where there are only GPR-1 cortical structures; and third, in 
places where GPB-1 and GPR-1 overlap. In human cells, live imaging of GFP-tagged Gα 
revealed that Gα is localized throughout the cortex. In addition, in some cases distinct 
patches of Gα in the plasma membrane were observed (Hughes et al., 2001; Sheridan et 
al., 2002). Overexpression of YFP::GPR-1, which increased GPR-1 cortical structures, also 
increased GPB-1 cortical structures monitored by mCherry-PHPLC1δ1, with a significant 
overlap with GPR-1 cortical structures. Thus, we speculate that an increase in GPR-1 cor-
tical structures might engage a feedback mechanism that increases GPB-1 cortical struc-
tures in an attempt to compensate for the increase in cortical forces. However, deple-
tion of CSNK-1, which also increases cortical pulling forces, has the opposite effect and 
instead decreases GPB-1/PIP2 cortical structures. Thus, the increase of GPB-2/PIP2 cor-
tical structures might be a specific response to an increase of GPR-1 protein, and not to 
an increase in cortical pulling forces. It should be stated also that YFP::GPR-1 overex-
pression and CSNK-1 depletion might increase cortical forces through different mecha-
nisms, and the two conditions thus might not be fully comparable. Moreover, in contrast 
to the merely partial overlap of GPB-1 and GPR-1, anterior cortical structures of GPB-1 
and CSNK-1 fully overlap during pseudocleavage. Therefore, the fact that depletion of 
CSNK-1 decreases GPB-1/PIP2 cortical structures could reflect instead the fact that GPB-
1 and CSNK-1 are coupled and interdependent for their localization.   

 Overexpressed YFP::GPR-1 exhibits a different cortical localization than endoge-
nously tagged GFP::GPR-1. Thus, one could imagine that other transgenic fusion pro-
teins, including GFP::GPB-1, might also exhibit altered cortical distribution compared to 
the endogenous proteins. However, this issue likely pertains solely to YFP::GPR-1, since 
this fusion protein was designed purposefully to be strongly overexpressed, through co-
don usage optimization and insertion of synthetic introns. In contrast, all other trans-
genic fusion proteins analyzed in this work were generated by micro-particle bombard-
ment using the cognate sequence corresponding to the mRNA. This usually leads to sin-
gle-copy or low-copy number chromosomal insertions. Moreover, large extrachromoso-
mal arrays are silenced in the germline due to repetitive sequences (Praitis et al., 2001; 
Wilm et al., 1999; reviewed in Green et al., 2008). The above considerations indicate 
that, in contrast to YFP::GPR-1, the other transgenic fusion proteins are not overex-
pressed and suggests that their cortical distributions resembles that of the correspond-
ing endogenous proteins. This inference is supported for GFP::GPB-1 by the following 
facts. First, GFP::GPB-1 and GFP::GPC-2 distribute in the same way (Figure 47 A-D). Sec-
ond, in immunofluorescence stainings using GPB-1 antibodies of GFP::GPB-1 and endog-
enous GPB-1, imaged in the middle plane,  proteins levels appear to be similar (Thyaga-
rajan et al., 2011). Third, embryos expressing transgenic GFP::GPB-1 do not exhibit a 



4. Discussion 

114 
 

phenotype (Thyagarajan et al., 2011), whereas embryos with excess GPB-1 function 
would be expected to exhibit less pulling forces. Overall, we conclude that the expres-
sion levels of transgenic GFP::GPB-1 are likely to be comparable to those of endogenous 
GPB-1. 

 We found that GPR-1 and LIN-5 form foci that could conceivably be sites of active 
force generation. The fact that negative force regulators do not overlap with these foci 
supports this hypothesis. Partial depletion of the actomyosin network leads to cortical 
invagination that mark sites of force generation (Redemann et al., 2010). We found that 
these invaginations appear as foci at the cell cortex. Testing the overlap of these foci 
with GPR-1 and LIN-5 foci could reveal if GPR-1 and LIN-5 foci are indeed place of force 
generation. How do GPR-1 and LIN-5 foci form? One possibility is that GPR-1 and LIN-5 
form higher order oligomers similar to their mammalian homologues LGN and NUMA 
that form functional hetero-hexamers in mammary stem cells driving spindle positioning 
(Mapelli, M; Mechanisms of asymmetric cell division, Theo Murphy Meeting, November 
2016).  

GPR-1 cortical structures form normally upon GPB-1 depletion, but their distri-
bution is altered since the clear cortical band usually devoid of GPR-1 is not visible (Krue-
ger et al., 2010; Park and Rose, 2008; Rose and Kemphues, 1998; Tsou et al., 2002). 
Therefore, GPB-1 is essential for the proper distribution of YFP::GPR-1 foci, probably due 
to LET-99-dependent exclusion. LET-99 was shown to be a negative regulator of cortical 
GPB-1 levels (Tsou et al., 2003). Here, we show indirectly, that vice versa, GPB-1 seems 
also important for proper cortical LET-99 distribution. 

 Increasing the level of PIP2 reveals that proper PIP2 level is essential for the for-
mation of GPB-1 cortical structures, but not for GPR-1 foci. This is not surprising given 
that PIP2 cortical structures overlap with the former, but not with the latter. Moreover, 
the PIP2 level regulates the distribution of GPB-1 cortical structures, but seems to influ-
ence only partially the distribution of GPR-1 along the AP axis (data not shown). Alto-
gether, this supports the hypothesis that PIP2 cortical structures, together with GPB-1, 
negatively regulate forces rather than promoting them. In contrast, PPK-1 enriched on 
the embryo posterior might positively contribute to force generation, perhaps through 
its role in PIP2 generation (Panbianco et al., 2008). Although PPK-1 is enriched on the 
posterior, we did not detect posterior PIP2 enrichment, suggesting that the function of 
PPK-1 in recruiting GPR-1 to the posterior might be independent of PIP2 generation.  

 PIP2 cortical structures form independent of GPB-1 but the formation and locali-
zation of GPB-1 cortical structures depends on PIP2. How could Gβ be recruited to PIP2 
cortical structures? Together with PIP2, purified bovine Gβ binds in a cooperative man-
ner to the PH domain of purified bovine β-Adrenergic Receptor Kinase in vitro (Pitcher 
et al., 1995; Touhara, 1997; Touhara et al., 1994). Moreover, in human cells, Gβ proteins 
can interact with different Rho GEFs, which then activate Rho GTPases such as Cdc42, 
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leading to actin polymerization and reorganization (Niu et al., 2003; Runne and Chen, 
2013; Ueda et al., 2008; reviewed in Aittaleb et al., 2010). Altogether, it could thus be 
possible that GPB-1 is recruited to PIP2 cortical structures by binding to the PH domain 
of a protein or interacting in another way with a protein that also binds PIP2.  

CSNK-1 negatively regulates forces (Panbianco et al., 2008). Consistent with its 
function, CSNK-1 subcortical distribution resembles that of PIP2 and also of GPB-1 during 
pseudocleavage. Moreover, CSNK-1 was reported to negatively regulate PPK-1 localiza-
tion on the anterior, leading to a PPK-1 enrichment at the posterior (Panbianco et al., 
2008). Also in yeast, the casein kinase I homologues Yck1/2 negatively regulate plasma 
membrane association of the yeast PI4P5K Mss4 by direct phosphorylation of Mss4 
(Audhya and Emr, 2003). Surprisingly, we found that both PPK-1 and CSNK-1 are en-
riched at PIP2 cortical structures. Moreover depletion of CSNK-1 leads to a decrease of 
PPK-1 cortical structures and PIP2 cortical structures, while at the same time increasing 
the overall level of anterior PPK-1. This overall increase of the PPK-1 level at the anterior, 
however, is not correlated with an increase in the overall PIP2 level at the anterior. Per-
haps a cue activating PPK-1 is present at PIP2/PPK-1 cortical structures. Alternatively, a 
cue inhibiting PPK-1 kinase activity at the cortex is absent at PIP2/PPK-1 cortical struc-
tures. Overall, CSNK-1 does not only positively regulate PPK-1 enrichment at the poste-
rior, as previously reported (Panbianco et al., 2008), but also at anteriorly localized cor-
tical structures, as uncovered here. In fact, the localization of PPK-1 at anterior cortical 
structures as well as the regulation of this PPK-1 localization by CSNK-1 were not ob-
served by imaging the embryos’ middle plane (Panbianco et al., 2008). This emphasizes 
again the importance of cortical imaging, as performed here.  

 

 





 

5. Conclusion 

Confocal cortical live imaging revealed that many important factors regulating different 
aspects of asymmetric cell division in the early C. elegans embryo have an interesting 
dynamic subcortical distribution, forming elongated structures and foci. Such subcorti-
cal distribution could only been found and studied by cortical live imaging. Hence, this 
work emphasizes the importance of assaying the subcellular distributions of proteins at 
the cortical plane, where they exert their function. We describe for the first time the 
subcortical distribution of a plasma membrane lipid, PIP2, as well as of force generation 
mediator components, such as GPR-1, and negative force regulators, such as GPB-1. We 
found that positive and negative force regulators form distinct and mostly non-overlap-
ping cortical structures. Thus, their opposite function is largely represented also by their 
subcortical distribution. Interestingly, we found that increasing GPR-1 cortical structures 
leads to an increase in overlapping GPB-1 cortical structures, as monitored by PIP2 cor-
tical structures. This could reveal a counter-regulatory feedback mechanism between 
positive and negative force components. Moreover, we found that the formation of PIP2 
cortical structures depends on F-actin and their movement on F-actin polymerization. 
Vice versa, PIP2 is essential for proper F-actin reorganization, revealing a reciprocal pos-
itive feedback regulation between the two components. In addition, PIP2 regulates 
proper PAR polarity establishment and maintenance most likely through its impact on 
the F-actin cytoskeleton. Overall, results of this work reveal for the first time that a 
plasma membrane lipid component participates in regulating AP polarity in the one-cell 
stage C. elegans embryo.    
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7. Appendix 

 Attempts at developing an optogenetic tool to change cor-
tical PIP₂ structures in a spatially and temporally con-
trolled manner 

We decreased and increased the PIP2 level in the whole embryo by activating Phospho-
lipase C or depleting the PIP2 5-phosphatases OCRL-1 and UNC-26, respectively (see 
3.2.1 and 3.2.2). This gave us interesting new insights about the function of PIP2 in reor-
ganizing the actin cytoskeleton and polarity in the C. elegans embryo. Nevertheless, to 
specifically test the function of given PIP2 cortical structures, we aimed at changing them 
in a spatiotemporally controlled manner without altering overall PIP2 cellular levels. In 
principle, this could be achieved by controlling phosphoinositide metabolism with opto-
genetics. Two proteins from Arabidopsis thaliana, cryptochrome 2 (CRY2) and the tran-
scription factor CIB1, dimerize upon blue light illumination (Kennedy et al., 2010). The 
PIP2 5-phosphatase domain of OCRL can be fused to the photolyase homology region 
domain of CRY2 (CRY2PHR), and this construct then interacts upon light exposure with 
the N-terminal domain of CIB1 (CIBN), which can be targeted to the plasma membrane 
by fusing it to a CaaX domain (Idevall-Hagren et al., 2012). Thus, upon blue light illumi-
nation, OCRL-CRY2PHR should be recruited to plasma membrane bound CIBN-CaaX, and 
there OCRL acts to dephosphorylate PIP2 to PI4P within seconds. This could be moni-
tored by the release of a PHPLC1δ1 PIP2 marker (Figure 59 top). This dephosphorylation 
event is reversible within minutes after blue light illumination (Idevall-Hagren et al., 
2012). This system is thus well suited to rapidly, locally and reversibly change PIP2 levels 
at the plasma membrane and has been successfully used in different systems to this end. 
Thus, in COS-7 cells, cleavage of PIP2 with this system causes loss of peripheral actin and 
decreased membrane ruffling (Idevall-Hagren et al., 2012). Moreover, during Drosophila 
embryogenesis, this causes loss of actin and of apical constriction (Guglielmi et al., 
2015). A similar system, fusing PI3K to CRY2PHR for blue-light induced membrane re-
cruitment to CIBN-CaaX, can achieve phosphorylation of PIP2 to PIP3, leading to the for-
mation of actin-based structures in mouse hippocampal neurons (Kakumoto and Na-
kata, 2013); this second system was also already used in C. elegans neurons (Ohno et 
al., 2014). 

 We decided to set up the first system described above in the one cell stage C. 
elegans embryo, aiming to dephosphorylate PIP2 locally and temporarily at cortical 
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structures to specifically address the function of PIP2 at these structures. We cloned 
three constructs under the control of the pie-1 promoter for germline expression with 
the pie-1 3`UTR (Merritt et al., 2008). Using the MultiSite GatewayTM system, the con-
structs were set up in a way that promoter and 3`UTR are easily exchangeable in case of 
expression problems (Zeiser et al., 2011). Moreover, the constructs can be easily either 
put into a vector for bombardment or for MosSCI transgenic line generation, dependent 
on the desired method for generation of a worm line. We started with the constructs 
for bombardment.   

 

Figure 59: Schematic of the CRY-2/CIBN optogenetic system and constructs designed.Sche-
matic on the top adapted from (Idevall-Hagren et al., 2012). Designed constructs for generation 
of C. elegans worm lines and possible ways to change them. The unc-119 gene was utilized as 
a selection marker to determine rescued unc-119 mutant worms, which successfully integrated 
the vector containing the transgene and the unc-119 gene into their genome or as extrachro-
mosomal array.  

 

The first construct contains mKate-2 codon adapted for C. elegans (Dickinson et al., 
2013), the 5-ptase domain of human OCRL, and CRY2PHR from Arabidopsis thaliana (Fig-
ure 59 (1)). The second construct we cloned contains CIBN from Arabidopsis thaliana, 
GFP codon adapted for C. elegans, in which we inserted the A206K mutation needed for 
GFP to stay monomeric (Figure 60) (Dickinson et al., 2013; von Stetten et al., 2012; Zach-
arias et al., 2002), and a CaaX domain for membrane localization (Figure 59 (2)). We 
planned to use these two constructs to set up the system. We also generated a third 
construct containing only CIBN and a CaaX domain without a fluorescent protein for 
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later use together with GFP::PHPLC1δ1 to monitor PIP2 cleavage at the plasma membrane 
(Figure 59 (3)). Alternatively, a far-red fluorescent protein could have been used as a 
third color. 

 

Figure 60: Sequence and introduced mutations of GFP used in this study. On the top: orig-
inal wild type GFP sequence from Aequorea Victoria. Amino acids that are usually mutated 
in GFP transgenes are marked in red. The mutations are named and their purpose explained 
below. GFP used for C. elegans worm line generation in this study is based on the GFP con-
structed by Dickinson et al., which contains the mutations and characteristics marked with 
a green check mark (Dickinson et al., 2013). The A206K mutation to obtain monomeric GFP 
(mGFP) was added. The F64L mutation commonly used for EGFP in mammalian cells was 
not added as worms are not cultured at 37°C.  

 

 We bombarded unc-119 mutant worms with the three constructs. We could ob-
tain worm lines from all three bombardments, with successfully integration in the ge-
nome as screened by PCR. Unfortunately, however, the construct containing mKate-
2::OCRL::CRY2PHR did not get expressed in any of the 12 worm lines obtained from 2 
rounds of bombardment that were screened for fluorescence. However, we could ob-
tain one line expressing CIBN::mGFP::CaaX in the germline and early embryos, and the 
construct is successfully localized to the plasma membrane (Figure 61). However, the 
mKate-2::OCRL::CRY2PHR construct would probably need to be changed in a substantial 
way to obtain expression. Exchange of the promoter, 3`UTR, as well as codon adapta-
tion, insertion of synthetic introns, and usage of MosSCI or CRISPR instead of bombard-
ment to generate the worm line can be considered in future attempts. 
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Figure 61: The CIBN::mGFP::CaaX domain is expressed in the gonad and early 
embryos and localizes to the plasma membrane.  Design of construct 2) 
(CIBN::mGFP::CaaX) and its expression in the C. elegans gonad and early embryo, 
with plasma membrane localization, imaged using epi-fluorescent live micros-
copy. Scale bar left: 50 μm, scale bar right: 10 μm. 

 

 Attempts to generate an endogenous knock-in line of 
mKate-2::GPB-1 by CRISPR/Cas9 

We aimed to generate a worm line expressing endogenously tagged mKate-2::GPB-1 for 
the following two reasons. First, we wanted to be able to monitor the colocalization of 
GPB-1 and GPR-1 by dual color imaging of embryos expressing GFP::GPR-1 and mKate-
2::GPB-1. Second, in this manner, we could test the cortical distribution of endogenous 
GPB-1. Various strategies to generate endogenous knock-in lines by CRISPR/Cas9 are 
available for C. elegans (reviewed in Dickinson and Goldstein, 2016). We decided to use 
a Co-CRISPR method using the dpy-10 mutation as a marker and linear DNA as repair 
template (Paix et al., 2014). Guide RNA sequences and primer sequences to generate 
linear repair templates to obtain C-terminal or N-terminal mKate-2 tagged GPB-1 are 
listed in Figure 62. Guide RNA sequences were obtained using an online available CRISPR 
design tool (crispr.mit.edu). We then generated linear repair templates and introduced 
the respective sgRNA sequence into a Cas9 expression vector (Dickinson et al., 2013) 
(Figure 63). To set up the method, we first aimed to reproduce the generation of a line 
expressing GTBP-1::GFP in the same way as reported by Paix et al. (Figure 63). We in-
jected 100 worms in 3 rounds of injection with the required DNA constructs and repair 
templates as described (Paix et al., 2014) and screened the F1 offspring of those worms 
for so called “Jackpot  broods” containing many worms with Roller phenotype (Figure 
64, Table 2). Only the offspring of 21 worms contained very few Rollers, thus recombi-
nation had worked successfully, but not very efficient. One of the 21 plates contained 
18 F1 Rollers and the other 20 plates contained 1 to 5 Rollers each. In addition, 11 of the 
21 plates contained some worms with Dpy phenotype. We screened all 44 obtained 
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Roller and 28 Dpy worms for fluorescence, but could not obtain any fluorescent worm. 
Thus, the recombination events had only taken place for the dpy-10 Co-CRISPR marker, 
but not for GTBP-1::GFP. Genome editing using linear DNA as a repair template with the 
dpy-10 Co-CRISPR strategy has been reported later to be much more efficient if instead 
of expression of Cas9 and the respective sgRNA from an injected plasmid, a Cas9 ribo-
nucleoprotein complex assembled in vitro is injected (Paix et al., 2015). To improve the 
efficiency of a recombination event, synthetic crRNA, tracrRNA and purified Cas9 protein 
should be injected next (Figure 65).   

 

 

Figure 62: Design of primers for repair templates and chosen guide sequences. The described guide RNA 
sequences were chosen for the knock-in of fluorescent proteins by CRISPR-Cas9 to the N and C terminus 
of GPB-1, and to the N terminus of GPR-1. The sequences of primers used to generate linear repair tem-
plates by RNAi are listed also, with homology arms in blue, sequence between cut and insert in grey and 
primers for mKate-2 in red and for GFP in green. As a GFP::GPR-1 knock-in line by CRISPR-Cas9 has been 
published in the meantime (Portegijs et al., 2016), only the generation of an endogenously tagged mKate-
2::GPB-1 was followed up.  
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Figure 63: Generated repair templates and Cas9-sgRNA vectors. The following repair templates and 
Cas9-sgRNA vectors were generated and are ready to use. The knock-in of GFP near the C-terminus of 
GTBP-1 has proven to be very efficient  (Paix et al., 2014). All repair templates and Cas9-sgRNA-vectors 
listed above were thus generated for setting up the dpy-10 Co marker based Co-CRISPR strategy as 
described  (Paix et al., 2014). Image of worm expressing GTBP-1::GFP reprinted by permission from 
the Genetics Society of America (Paix et al., 2014).  
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Figure 64: Co-CRISPR strategy using linear DNA repair templates and dpy-
10 as selection marker. Schematic of Co-CRISPR strategy based on dpy-10 
as a co-selection marker, reprinted by permission from the Genetics Society 
of America (Paix et al., 2015). Expected phenotypes resulting from homozy-
gote or heterozygote dpy-10 mutation are listed below.  

 

Table 2: Injection rounds and obtained phenotypes of F1 offspring of injected P0 worms. Number of 
P0 worms injected per round. Injected P0 worms were singled to have one P0 worm per plate. Ob-
tained phenotypes of F1 offspring per plate are listed. 
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Figure 65: Injection mix for new strategy.Injection mix with re-
spective final concentrations of purified CAS9 protein and syn-
thetic tracrRNA and crRNA instead of plasmid for Cas9-sgRNA ex-
pression (Paix et al., 2015). The respective stock solution and re-
quired final concentrations are listed.  

 

 A possible way to generate a GFP-tagged Gα line 

The ternary complex generating pulling forces is anchored to the plasma membrane 
through myristoylation by two partially redundant Gα subunits, GOA-1 and GPA-16, with 
GPR-1 binding with its GoLoco motif to GDP bound Gα. GPB-1 competes with GPR-1 for 
Gα binding (see 1.2.6). The sub-cortical distribution of Gα could thus give interesting 
insights about places of force generation and its regulation, but no fluorescently tagged 
Gα C. elegans worm line for live imaging is available. Gα has to be internally tagged by 
GFP, as the C-terminus is needed for its interaction with the receptor GPCR and the N-
terminus is essential for the association of Gα with Gβγ and for myristoylation and pal-
mitoylation. There have been numerous successful approaches to tag Gα internally in 
other systems (Hughes et al., 2001; Janetopoulos et al., 2001; Sheridan et al., 2002; Yu 
and Rasenick, 2002; reviewed in Hynes et al., 2004) (Figure 66).   
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Figure 66: Possible internal sites of Gα for GFP tagging. Possible internal sites for 
Gα tagging with GFP that have been previously used successfully for GFP tagging 
in other systems are listed and marked in a crystal structures of adenylyl cylase 
activator Gsα (Sunahara et al., 1997). Adapted and reprinted by permission from 
Springer Nature. © Humana Press Inc. 2004. 

 

C. elegans has 21 genes encoding for Gα proteins, including at least one homolog 
of each mammalian Gα family (reviewed in Bastiani, 2006). GPA-16 and GOA-1 are most 
similar to mammalian Gαi proteins (reviewed in Bastiani, 2006). We used the web-based 
protein structure prediction tool Phyre2 to predict the 3D structures of GOA-1 and GPA-
16 because no solved protein structure exists for Gα proteins in C. elegans (Kelley et al., 
2015). We then aligned the predicted structures of C. elegans GPA-16 and GOA-1 with 
the solved crystal structures of a mammalian GDP-bound Gαi protein in complex with 
Gβγ (1GP2) in PyMOL to determine suitable sites for GFP tagging (Figure 67) (Wall et al., 
1995). We found that site 1 and site 2 used previously for tagging of Gα proteins aligned 
well with GOA-1 and GPA-16 of C. elegans (Figure 66, Figure 67). Potential attachment 
sites, to be tested in future experiments, are listed in Table 3. 
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Figure 67: Predicted structure of GPA-16 aligned to a mammalian GDP-bound Gαi 
protein in complex with Gβγ. The tertiary protein structures of C. elegans GPA-16 
(red) was predicted with Phyre2 and aligned to a GDP-bound Gαi protein (green) in 
complex with Gβ (cyan) and Gγ (pink) (PDB: 1GP2). Two possible sites for GFP attach-
ment (Site 1 and Site 2) are marked.   

 

Table 3: Possible sites for GFP tagging of GPA-16 and GOA-1. 

GPA-16   
Site 1 K92-SGGGGS-GFP-SGGGGS-F95 Removed: I93, S94 
Site 2 E115-SGGGGS-GFP-SGGGGS-E118 Removed: E116, D117 
GOA-1   
Site 1 G92-SGGGGS-GFP-SGGGGS-F95 Removed: V93, S94 
Site 2 D116-SGGGGS-GFP-SGGGGS-P119 Removed:T117, E118 
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 Movie legends 

All movies can be found at the following link:  
https://www.youtube.com/channel/UC8DaMJafa_Ase107jkeGbRg/videos 

 

Movie 1:  Cortical confocal spinning disk imaging of PIP2 structures monitored us-
ing GFP::PHPLC1δ1. In this and other movies, scale bar is 10 μm, time is 
indicated in minutes:seconds, and embryo anterior is to the left. 

Movie 2:  Cortical confocal spinning disk imaging of a perm-1(RNAi) wild-type (N2) 
embryo upon addition of Bodipy-PL-PIP2. 

Movie 3:  Cortical confocal spinning disk imaging of PIP2 monitored by 
mCherry::PHPLC1δ1 (red) and of mGFP::PPK-1 (green). (complete overlap 
of structures). Note: enrichment of PPK-1 on posterior. 

Movie 4:  Cortical confocal spinning disk imaging of PIP2 structures monitored by 
mCherry::PHPLC1δ1 (red) and of GFP::PAR-6 (green) during pseudocleav-
age. 

Movie 5:  Cortical confocal spinning disk imaging of PIP2 monitored by mNeon-
Green::PHPLC1δ1 (green) and of F-actin monitored by Lifeact::mKate-2 
(red) upon par-3(RNAi). 

Movie 6:  Cortical confocal spinning disk imaging of PIP2 monitored by mNeon-
Green::PHPLC1δ1 (green) and of F-actin monitored by Lifeact::mKate-2 
(red) (partial overlap). 

Movie 7:  Cortical confocal spinning disk imaging of PIP2 monitored by 
mCherry::PHPLC1δ1 (red) and of GFP::NMY-2 (green) (no overlap). 

Movie 8:  Cortical confocal spinning disk imaging of PIP2 cortical structures moni-
tored by mCherry::PHPLC1δ1 (red) and of GFP::CDC-42 (green) during 
pseudoclavage (complete overlap). 
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Movie 9:  Cortical confocal spinning disk imaging of PIP2 cortical structures moni-
tored by mCherry::PHPLC1δ1 (red) and of the active CDC-42 biomarker 
GFP::WSP-1 (green) (complete overlap). 

Movie 10:  Cortical confocal spinning disk imaging of PIP2 cortical structures moni-
tored by mCherry::PHPLC1δ1 (red) and of the active RhoA biomarker 
GFP::AHPH (green) (temporary partial overlap). 

Movie 11:  Confocal spinning disk imaging of a PIP2 cortical structure monitored 
with mNeonGreen::PHPLC1δ1 moving ahead of F-actin monitored with 
Lifeact::mKate-2. Scale bar: 1 μm 

Movie 12:  Cortical confocal spinning disk imaging of PIP2 monitored by mNeon-
Green::PHPLC1δ1 (green) and of F-actin monitored by Lifeact::mKate-2 
(red) upon pfn-1(RNAi). 

Movie 13:  Cortical confocal spinning disk imaging of PIP2 monitored by mNeon-
Green::PHPLC1δ1 (green) and of F-actin monitored by Lifeact::mKate-2 
(red) upon pfn-1(RNAi) with slower frame rate than Movie 12. Note the 
slight back and forth movement with occasional jumps, in contrast to 
the directed movement of PIP2 cortical structures and F-actin. Scale bar: 
5 μm. 

Movie 14:  Middle plane confocal spinning disk imaging of a perm-1(RNAi) embryo 
expressing GFP::PHPLC1δ1 and Lifeact::mKate-2upon Ionomycin/Ca2+ 

treatment. t1/2 at mitosis. Note disorganization of F-actin. 

Movie 15:  Middle plane confocal spinning disk imaging of a perm-1(RNAi) embryo 
expressing mNeonGreen::PHPLC1δ1 and Lifeact::mKate-2 upon Ionomy-
cin/Ca2+  plus Latrunculin A treatment; note F-actin spikes in the cyto-
plasm. 

Movie 16:  Cortical confocal spinning disk imaging of ocrl-1(RNAi) unc-26(s1710) 
class 1 embryo expressing GFP::PHPLC1δ1 and Lifeact::mKate-2. 

Movie 17:  Cortical confocal spinning disk imaging of ocrl-1(RNAi) unc-26(s1710) 
class 1 embryo expressing mCherry::PHPLC1δ1 and GFP::PAR-6. 
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Movie 18:  Cortical confocal spinning disk imaging of a ocrl-1(RNAi) unc-26(s1710) 
class 1 embryo expressing mCherry::PHPLC1δ1 and GFP::PAR-2. 

Movie 19:  Middle plane confocal spinning disk imaging of perm-1(RNAi) embryo 
expressing mCherry::PHPLC1δ1 and GFP::PAR-2 upon Ionomycin/Ca2+ 

treatment. t1/2 at pseudocleavage. 

Movie 20:  Middle plane confocal spinning disk imaging of perm-1(RNAi) embryo 
expressing mCherry::PHPLC1δ1 and GFP::PAR-2 upon Ionomycin/Ca2+ 

treatment. t1/2 at pseudoclavage. Note that the pseudocleavage does 
not retract. 

Movie 21:  Middle plane confocal spinning disk imaging of a perm-1(RNAi) embryo 
expressing mCherry::PHPLC1δ1 and GFP::PAR-2 upon Ionomycin/Ca2+ 

treatment. t1/2 at mitosis. 

Movie 22:  Middle plane confocal spinning disk imaging of a perm-1(RNAi) embryo 
expressing mCherry::PHPLC1δ1 and GFP::PAR-2 upon Ionomycin/ Ca2+ and 
Cytochalasin D treatment. Note that this movie was acquired with bin-
ning=2. 

Movie 23:  Middle plane confocal spinning disk imaging of a perm-1(RNAi) embryo, 
expressing mCherry::PHPLC1δ1 and GFP::PAR-2 upon Ionomycin/Ca2+ and 
Latrunculin D treatment. Note embryo movement caused by flow of the 
buffer after Latrunculin A addition. 

Movie 24:  Cortical confocal spinning disk imaging of PIP2 monitored by 
mCherry::PHPLC1δ1 (red) and of GFP::GPB-1 (green). 

Movie 25:  Cortical confocal spinning disk imaging of PIP2 monitored by 
mCherry::PHPLC1δ1 (red) and of GFP::GPR-1 (green) (endogenously 
tagged). 

Movie 26:  Cortical confocal spinning disk imaging of PIP2 monitored by 
mCherry::PHPLC1δ1 (red) and of GFP::LIN-5 (green) (endogenously 
tagged). 

Movie 27:  Cortical confocal spinning disk imaging of ocrl-1(RNAi) unc-26(s1710) 
class 1 embryo expressing mCherry::PHPLC1δ1 and GFP::GPB-1. 
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Movie 28:  Cortical confocal spinning disk imaging of PIP2 monitored by 
mCherry::PHPLC1δ1 (red) and of YFP::GPR-1 (green) (strongly overex-
pressed). 

Movie 29:  Cortical confocal spinning disk imaging of PIP2 structures monitored us-
ing GFP::PHPLC1δ1 upon csnk-1(RNAi). 

Movie 30:  Cortical confocal spinning disk imaging of PIP2 structures monitored us-
ing GFP::PHPLC1δ1 upon csnk-1(RNAi). Note the extremely elongated PIP2 
cortical structures. 

Movie 31:  Cortical confocal spinning disk imaging of PIP2 monitored by 
mCherry::PHPLC1δ1 (red) and of mGFP::PPK-1 (green) upon csnk-1(RNAi). 
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