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Introduction

The Oocyte-to-Embryo Transition

Different animal species share the same principle for sexual reproduction: two haploid 
gametes, the spermatozoon (male) and the oocyte (female), fuse to form a new diploid cell, the 
zygote, which develops into a new individual. While in the male germ line, spermatogonia 
continuously proceed through the two meiotic divisions, giving birth to four haploid spermatids 
[1], oocyte development is characterized by one or two meiotic arrests. The first meiotic arrest 
occurs at the prophase stage of meiosis I, and can last up to several decades in large mammals, 
including humans. Ultimately, this first arrest is relieved by an external cue (e.g. hormones), 
after which the oocyte proceeds into a process called meiotic maturation [2, 3]. One of the 
first characteristics of meiotic maturation is nuclear envelope breakdown, also referred to as 
germinal vesicle breakdown (GVBD), which marks the onset of meiotic resumption. In most 
species, meiosis arrests once more in anticipation of sperm entry. The phase at which the 
second meiotic arrest occurs differs between species, ranging from metaphase I (in insects) 
until after completion of both meiotic divisions (in sea urchins). In most vertebrates however, 
maturing oocytes arrest at metaphase II and the second maternal meiotic division is completed 
only after fertilization, within the zygote. Sperm entry also triggers egg activation, a process 
during which the zygote is prepared to enter embryogenesis. Collectively, meiotic maturation 
and egg activation are referred to as oocyte-to-embryo transition. 
 Knowledge of the molecular mechanisms that regulate meiotic maturation and egg 
activation is required to understand causes of infertility, miscarriages and aneuploidy (trisomy 
or monosomy of chromosomes). The meiosis-specific processes of homologue recombination 
and sister chromatid segregation are regulated by molecular mechanisms that are related to 
but distinct from those that drive mitosis (reviewed in [4]). Errors in meiosis may lead to 
chromosomal non-disjunction, causing aneuploidy, which is the main cause of miscarriages 
and developmental defects [5]. Also, male infertility might be caused by the inability of the 
sperm cell to initiate egg activation [6]. Next to answering pathology-related questions, 
understanding the molecular mechanisms behind the oocyte-to-embryo transition is required 
to further optimize the success rate of IVF and to discover new targets for anti-conception 
treatment. Especially in veterinary medicine the ability to control ovulation, meiotic maturation 
and IVF is important to support efficient breeding programmes. Since experimental materials 
from humans and large mammals are relatively scarce and their availability suffers from 
ethical issues, sea urchins and Xenopus have long been used as model organisms to study 
oocyte-to-embryo transition. 
 The basic molecular principles of oocyte-to-embryo transition are discussed in the 
following sections. The molecular pathways described here have all been discovered in Xenopus, 
unless stated otherwise (Figure 1). Over the last decades, the nematode Caenorhabditis elegans 
has also proven to be a valuable model organism to study developmental processes at the 
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molecular level. Its hermaphroditic sexual nature, complete transparency, high reproduction 
rate and ease of genetic manipulation, have turned C. elegans into our model of choise.

The Molecular Mechanisms Regulating Meiotic Maturation

The molecular network regulating meiotic maturation consists of multiple positive and 
negative signalling cascades and feedback loops, eventually culminating in the activation 
of Maturation Promoting Factor (MPF) (excellently reviewed in [7]). MPF was discovered 
in 1971 in frog oocytes as an intrinsic factor that induces meiotic maturation in response 
to an external hormonal signal [8]. MPF is a protein heterodimer consisting of the catalytic 
subunit Cyclin-dependent kinase 1 (Cdk1, also known as Cell division cycle 2, Cdc2) and 
the regulatory subunit Cyclin B [9-11]. Both are members of the cyclin family and also 
regulate the mitotic cell cycle of somatic cells [12]. Due to its comparable role in the mitotic 
and meiotic cell cycles, MPF is also referred to as M-phase Promoting Factor. In immature 
oocytes, MPF is kept inactive through phosphorylation of its Cdk1 subunit at Thr14 and Tyr15 
by the kinase Myt1/Wee1. Activation of MPF requires dephosphorylation of these residues 
of Cdk1 by the phosphatase Cdc25. In immature oocytes, cytosolic cyclic AMP (cAMP) is 
high due to activity of adenylate cyclase, which is driven by heterotrimeric G-protein coupled 
receptors (GPCRs). cAMP activates Protein Kinase A (PKA), which is thought to directly or 
indirectly phosphorylate both Myt1 and Cdc25, thereby activating the first and de-activating 
the latter (Figure 1, left panel). Upon hormonal stimulation of the oocyte, GPCR signalling is 
abolished leading to a decrease in cAMP and the inactivation of Myt1 and activation of Cdc25 
by dephosphorylation. The elaborate signalling networks that regulate the balance between 
the activation and inactivation of both Myt1 and Cdc25, culminating in the activation of MPF, 
are still not completely understood. A detailed discussion of these regulatory mechanisms 
goes beyond the scope of this introduction, but can be found in [2, 3, 7, 13]. Activation of 
MPF eventually triggers meiotic resumption, leading to a fertilization competent oocyte. The 
second meiotic arrest is achieved as a consequence of prolonged activation of MPF, through 
the activity of Cytostatic Factor (CSF) [8]. Extensive research in Xenopus oocytes revealed 
that CSF is actually a signalling cascade that inhibits the anaphase promoting complex/
cyclosome (APC/C). The APC/C is a large multisubunit protein complex with E3 ubiquitin 
ligase activity that is responsible for the ubiquitination of Cyclin B, driving its degradation by 
the proteasome, therewith inactivating MPF. In response to a hormonal signal, the mitogen-
activated protein kinase (MAPK) is activated due to the active translation of Mos, an upstream 
regulator of MAPK, which subsequently phosphorylates the kinase p90RSK (of which Xenopus 
has two isoforms) [14, 15]. The protein Emi2, an inhibitor of the APC/C, is stabilized and 
activated through its phosphorylation by p90RSK, leading to a decrease in APC/C activity and 
maintenance of MPF levels [16, 17]. To control overstimulation of MPF in the arrested oocyte 
due to the constant synthesis of Cyclin B, Emi2 activity is controlled by a feedback loop. 
Phosphorylation of Emi2 by p90RSK recruits the phosphatase PP2A, which removes inhibitory 
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phosphate groups from Emi2, resulting in its activation and subsequent inhibition of the 
APC/C. Cyclin B is now able to accumulate in the oocyte, leading to enhanced MPF activity 
and competition with PP2A for the phosphorylation sites on Emi2. Increased phosphorylation 
by MPF leads to inactivation of Emi2 and alleviation of the APC/C inhibition, thereby tagging 
Cyclin B for degradation [18] (Figure 1, middle panel). The regulation mechanism of Emi2 
activity by the Mos- p90RSK pathway in Xenopus oocytes is evolutionary conserved, but does 
not seem essential in mammals, since oocytes from triple Rsk-knockout mice were still 
able to maintain a metaphase II arrest (the triple knockout was generated to abolish all Rsk 
activity, of which mice have three isoforms) [19]. However, also in mouse Emi2 was shown 
to be crucial for maintenance of meiotic arrest [20], suggesting that Emi2 can be considered 
an evolutionary conserved key CSF protein, which is regulated differently between species. 
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Figure 1: Molecular signalling pathways regulating meiotic progression during oocyte-to-
embryo transition.
The molecular pathways that regulate the two stages of oocyte meiotic arrest and their  
release mechanisms are depicted as elucidated in Xenopus. Many of these have been confirmed 
to also apply to other vertebrates. The left panel depicts the first meiotic arrest at prophase I, 
where constitutive GPCR signalling keeps MPF (the heterodimer of CDK1 and Cyclin B) in an 
inactive state. Upon hormonal stimulation, this signalling is abrogated, leading to the activation of 
MPF and meiotic maturation (middle panel). Meiosis arrests once more at metaphase II, due to 
the continuing activity of MPF, regulated by a feedback loop containing Emi2 and MPF itself. After 
fertilization (right panel), egg activation ensures the degradation of Cyclin B, therewith releasing 
the second arrest, leading to the completion of meiosis. See text for details.
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Also MAPK appears to be an important evolutionary conserved regulator of both meiotic 
resumptions, but again its precise role differs between species [21]. 

Egg Activation: Sperm Pulls the Trigger

Meiotic maturation prepares the oocyte for fusion with a sperm cell, after which meiosis arrests 
once more due to the activity of CSF. Relief of the second meiotic arrest requires permanent 
inactivation of Emi2, which is accomplished after entry of the sperm cell. Upon fertilization, 
the oocyte undergoes a series of dramatic changes in order to ensure correct progression 
into embryogenesis, which is referred to as egg activation. In most species, egg activation is 
triggered by the fusion of the oocyte with a sperm cell, but in certain insects, which are also 
able to reproduce parthenogenetically, or shrimp and starfish, egg activation can be triggered 
by mechanical stimulation or changes in the ionic environment, respectively (reviewed in 
[22]). In all types of egg activation however, there is one common denominator triggering all 
the downstream events: a fast and dramatic increase in the free cytosolic Ca2+ concentrations. 
 The suggestion that egg activation is mediated by changes in ion concentrations within 
the oocyte was already made at the turn of the 20th century [23], but it was not until the 1970’s 
that Ca2+ was identified as the essential mediator [24, 25]. Nowadays, there are two hypotheses 
how sperm induces Ca2+ release: the soluble sperm factor model and the membrane receptor 
model (reviewed in [6]). Both models converge on the activation of Phospholipase C (PLC), 
which hydrolyzes the phospholipid phosphatidylinositol-bisphosphate (PIP2) to generate 
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 then binds to its receptor on 
the endoplasmic reticulum (ER), causing Ca2+ to be released into the cytosol. For mammalian 
egg activation, the first model has now been widely accepted, where the sperm cell introduces 
an already active PLCζ into the oocyte which triggers the downstream events [26]. PLCζ has 
not been identified in every species however (e.g. in Xenopus), and here other members of the 
PLC family (mainly PLCγ) have been shown to drive the Ca2+ release. In these cases, PLC is 
already present but inactive in the oocyte and activated by sperm binding or fusion, possibly 
via GPCRs, in line with the second model [27]. Two immediate responses to Ca2+ increase are 
cortical granule exocytosis and the resumption of meiosis, both of which are dependent on the 
Ca2+/calmodulin-dependent protein kinase II (CaMKII), and will be discussed in the following 
sections. 

Cortical Granule Exocytosis: Preventing Polyspermy 

To prevent the formation of a polyploid embryo, the oocyte must guarantee that it is fertilized 
by only one sperm cell. Next to a change in the oocyte plasma membrane potential due to 
the increase in cytoplasmic Ca2+, this is accomplished through fast secretion of proteases, 
glycosidases and cross-linking enzymes. These enzymes further modify the outer surface of 
the oocytes in such a way that it is no longer penetratable for sperm cells. During oogenesis, 
these enzymes are stored in specialized secretory vesicles, the cortical granules (CGs), which 
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are generated at the Golgi complex and stored at the cortex of the oocyte (for an extensive 
review regarding all aspects of CGs, see [28]). Their precise localization prior to fertilization 
differs between species. In sea urchins, starfish and frogs CGs are already docked at the 
oocyte plasma membrane [29]. In the mouse they remain at a 1-2 µm distance [30] and dock 
to the plasma membrane only after fertilization. Ca2+ activates the myosin light chain kinase 
(MLCK), enabling CG translocation via myosin II [31]. Once properly positioned, the CGs 
fuse with the plasma membrane through the action of soluble N-ethylmaleimide-sensitive 
factor attachment protein receptor (SNARE) proteins. In different model organisms, SNAREs 
and/or SNARE-interacting proteins have been shown to regulate CG exocytosis, depending 
on CaMKII or Ca2+ directly [32-34].

Cell Cycle Resumption

As discussed above, in most vertebrates, oocytes arrest again after meiotic resumption at 
metaphase II due to the activity of CSF, represented by Emi2. Sperm entry triggers the re-
entry into the second meiotic cell cycle and this is also dependent on the rise in cytosolic 
Ca2+ after fertilization. In Xenopus, Emi2 is a direct target of the kinase CaMKII, which is 
activated by Ca2+ upon fertilization. Phosphorylation by CaMKII creates a binding site on 
Emi2 for the Polo-like kinase Plx1. Plx1 additionally phosphorylates Emi2 [35], resulting in 
rapid ubiquitination and degradation of the protein. Emi2 degradation relieves the inhibition 
of the APC/C which is now able to ubiquitinate Cyclin B, leading to its degradation by the 
proteasome (Figure 1, right panel). Disruption of the MPF complex results in de-activation of 
Cdk1 and exit from metaphase II [36, 37]. Sperm thus controls both exocytosis of CGs and the 
resumption of meiosis by triggering Ca2+ release into the oocyte cytosol.

Control of Protein Expression: Reshuffling the Pool of mRNAs and Turn-over 

of Proteins

The oocyte supports oocyte maturation and egg activation without active transcription. In fact, 
zygotic transcription does not start until the embryo has reached a 2-cell up to midblastula 
stage, depending on the species (referred to as zygotic gene activation (ZGA), reviewed in 
[38]). The mRNAs and proteins that are required for oocyte maturation and early embryo 
development are already produced and deposited in the developing oocyte, and selectively 
translated, activated or degraded during the oocyte-to-embryo transition. Genomic and 
Proteomic studies in sea urchin and Drosophila have revealed that within minutes after 
fertilization, total protein content increases with more than 20%, most of which is required to 
support the first mitotic divisions and patterning of the early embryo [22, 39]. This increase 
in protein synthesis is facilitated by the polyadenylation of mRNA transcripts, resulting in 
increased translational capacity [40]. De-adenylation on the other hand promotes mRNA 
degradation, and in Drosophila 20% of all maternal transcripts are degraded upon egg 
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activation in a process that is largely regulated by the protein Smg [41]. Degradation of mRNAs 
supports the removal of the corresponding proteins, when they are no longer required after 
meiotic maturation or egg activation. Removal of selected mRNAs at one side of the cell in 
concert with their continuous translation at the opposite side enables the formation of graded 
distributions of proteins, such as Nanos in Drosophila, which is uniformly distributed in the 
mature oocyte, but degraded everywhere except at the posterior pole after egg activation, 
where it is actively translated [42].
 The resumption of meiosis after fertilization and the subsequent mitotic divisions 
are regulated by the cyclin protein family [12] and they need to be synthesized and degraded 
during the course of each cell cycle. Cell cycle proteins are thus among the first proteins to 
be degraded upon egg activation. Next to this class of proteins, a large diversity of other 
proteins is also tagged for degradation. Proteomic studies in sea urchin for instance showed a 
reduction of 23% in the total number of proteins within 2 minutes after fertilization, indicating 
a large degree of protein loss through degradation [39]. More functional studies were done 
with the nematode C. elegans, where in the 1-cell embryo the kinase MBK-2 marks proteins for 
degradation by phosphorylation, thereby enabling meiosis-to-mitosis transition and germline 
versus somatic cell determination by polarization of the 1-cell cytoplasm [43]. 

C. elegans as a Model Organism

The first scientific papers on C. elegans appeared in the early 1970s by the group of Sydney 
Brenner, who used it as a simple model system to study development and nervous system 
function using genetics [44, 45]. From that moment onwards, the nematode has been used 
extensively as a multicellular model organism, particularly to study developmental processes. 
C. elegans research reached a milestone in 1998, when it was the first multicellular organism 
of which the entire genomic sequence was published [46]. Its genome is 97 megabases long 
and contains over 19.000 protein-encoding genes, of which more than 40% share significant 
homology with evolutionary higher organisms. Entire molecular signalling pathways 
controlling development, like Wnt or apoptotic pathways appeared to be largely conserved 
between C. elegans and vertebrates [47]. Why is C. elegans such an ideal model organism to 
work with? This soil nematode offers great potential for genetic analysis, partly because of 
its rapid (3-day) life cycle, small size (1.5 mm long adult), and ease of laboratory cultivation. 
In addition, its sexual nature offers great value for genetic studies, since it largely reproduces 
as a self-fertilizing hermaphrodite (producing over 300 progeny by a single animal), while 
the natural existence of males (0.1% in a natural population) offers the ability of crossing 
experiments. The transparency of the animal has led to the complete determination of cell 
fates, from the fertilized zygote up to the adult animal. A hermaphrodite adult contains exactly 
959 somatic cells, including a nervous system counting 302 cells (for detailed descriptions 
of worm development and anatomy, see [48]). In the same year as the publication of the 
genomic sequence, another scientific breakthrough appeared: Andrew Fire and Craig Mellow 
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discovered that injection of double stranded RNA (dsRNA) into worms leads to specific 
degradation of the corresponding mRNA, a process termed RNA interference (RNAi) [49]. 
Together with the known sequence of the entire genome, and other, more simple ways to 
apply RNAi [50], scientists were now able to specifically shut down every gene desired, in a 
high throughput fashion, leading to genome wide screens to elucidate gene function [51, 52]. 
These characteristics, together with the ease of creating transgenic animals -e.g. to express 
fluorescently tagged proteins- have pushed the field of C. elegans research further at high 
speed.
 The following sections will elaborate on the reproductive strategy of the hermaphrodite 
animal, with focus on the oocyte-to-embryo transition.

Life-cycle and Germline Formation

At optimal growth conditions (25 °C and in the presence of food), the development of a fertilized 
oocyte into a reproducing adult worm takes less than three days. Embryogenesis, starting in 
the uterus and continuing after the eggs are laid, takes 12 hrs, after which the larvae hatch. 
C. elegans undergoes four larval stages (L1 to L4), which are intersected by moulting phases, 
where the old cuticle is replaced with a new one. The entire post-embryonic development 
takes 36 hours, after which the L4 larva moults into a young adult. The adult animal continues 
to grow for about 8 hours, after which it starts laying eggs. Adult hermaphrodites live for 
another 10-15 days, producing 300-350 progeny. During its L1 larval stage, C. elegans has the 
ability to arrest in the absence of food, moulting into a Dauer stage larva. The Dauer stage is a 
slow-aging stage which can last up to several months. When conditions are favourable again, 
the Dauer moults directly to an L4 stage larva [48].
 As in most species, the specification of the germline in C. elegans already starts during 
embryogenesis by determination of the germline blastomeres [53]. When hatched, the L1 
larva contains four cells which will develop the entire gonad: Z2 and Z3 are the primordial 
germ cells that give rise to the germline, while Z1 and Z4 form the somatic gonad. During the 
subsequent larval stages, descendants of these cells form 2 mirrored U-shaped gonad arms, in 
which cell proliferation and migration are dependent on a specialized somatic gonad cell, the 
distal tip cell (DTC). During the L4 stage, spermatogenesis gives rise to around 150 sperm cells 
per gonad arm. Thereafter, gametogenesis is switched to the generation of oocytes in the adult 
animal. For extensive reviews on germline and somatic gonadogenesis, spermatogenesis and 
the sperm/oocyte switch, the reader is referred to [54-57].

The Adult Hermaphrodite Gonad

When a hermaphrodite animal has reached adulthood, the two U-shaped gonads are fully 
developed and composed of somatically derived cells that enclose the germline cells (Figure 
2A). The somatic parts of the gonad consist of the DTC, the gonadal sheath cells and the 
spermatheca, an organ directly juxtaposed to the most proximal oocyte, where the sperm cells 
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are stored and fertilization takes place. The adult germline can be divided into several regions, 
with each region containing germ cells in a specific cell cycle stage (from distal to proximal): 
the mitotic zone, where germline proliferation takes place; the transitional zone, where germ 
cells enter meiosis; the pachytene region, the stage where chromosomal crossover takes place; 
and the diakinesis stage of prophase I, the zone where oocytes are arrested until they are 
triggered for meiotic maturation (Figure 2B and C). Until after the pachytene stage, germ 
cell nuclei are located in a large syncitium called the rachis. Cytokinesis only starts around 
the time migrating germ nuclei make the U-turn around the gonad arm. Subsequently, the 
oocytes start to increase their cytoplasmic volume, giving rise to the large, arrested oocytes at 
the most proximal part of the gonad. 
 To continuously produce oocytes, the existence of a germline stem cell pool is required, 
which ensures mitotic proliferation of cells before meiosis sets in. This stem cell pool resides in 
the most distal, mitotic zone of the gonad and stem cell renewal is supported by signalling of 
the DTC. The DTC lies directly adjacent to the most distal germ cells, and it sends protrusions 
proximally along the surface of the germ line (Figure 2C). The first evidence that the DTC 
is required to sustain the mitotic germline divisions came from studies where all germ cells 
entered meiosis after laser ablation of the DTC [58]. The germline stem cell maintenance 
divisions are controlled by the Delta/Notch signalling pathway. The DTC produces the Delta 
ligand LAG-2 [59], which is received by the GLP-1 Notch receptor expressed in the germline 
[60]. glp-1 mutants germ cells enter meiosis immediately and a glp-1 gain-of-function mutant 
results in a germline tumour with all cells in the mitotic cell cycle [61], showing that GLP-1/
Notch signalling is both necessary and sufficient to support germline mitotic divisions. When 
the germ cell nuclei are physically pushed proximally into the gonad, they get out of range of 
the DTC LAG-2 signal, which relieves the repression to enter meiosis [56]. As the germ cells 
progress through the transitional zone, they start meiosis and enter the pachytene zone of 
the gonad. Progression through the pachytene stage of prophase I requires the activity of the 
MAPK MPK-1. Mutation of any of the genes in the MAPK signalling pathway results in the 
failure of germ cells to progress from pachytene into oogenesis [62]. However, after pachytene 
exit, MPK-1 needs to be de-activated to enable the oocytes to arrest in diakinesis. This is 
mediated by the phosphatase LIP-1, since in its absence oocytes fail to obtain the meiotic 
arrest and enter a mitotic cell cycle without fertilization [63, 64].
 As the germ cell nuclei migrate around the loop of the gonad, the corresponding 
cytoplasmic volume increases and the plasma membranes start to close around the nuclei. The 
number of oocytes that finally forms during this stage is far less than the amount of germ cell 
nuclei at the exit of pachytene. The reduction in nuclei is accomplished by apoptosis of many 
germ nuclei in the loop of the gonad. The reason and exact molecular mechanism behind 
this apoptosis are not yet clear. Once nuclei are triggered to enter apoptosis, they are rapidly 
and tightly surrounded by a plasma membrane, forming a cell with very little cytoplasm; the 
excess of cytoplasm is provided to the rachis, supporting oocyte growth. When the cells have 
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died, corpses are engulfed by the surrounding somatic sheath cells, and degraded [65].
 The increase in cytoplasmic content of the proximal oocytes is not only supported 
by protein synthesis of the pachytene germ cells. They also actively take up yolk, lipoprotein 
particles composed of lipids and the lipid binding protein vitellogenin, produced and secreted 
by the intestine. The oocytes take up yolk via the low-density lipoprotein receptor (LDLR) 
RME-2, which after binding of yolk, is internalized via clathrin-mediated endocytosis. The yolk 
is subsequently delivered to specialized storage organelles, the yolk granules, while RME-2 is 
recycled back to the plasma membrane for a new round of yolk uptake [66]. After fertilization, 
yolk is used to support the growth of the embryo and even postembryonic development. 
 At the most proximal regions of the gonad, the oocytes that are arrested at the diakinesis 
stage of prophase I have now sufficiently acquired volume, proteins and nutrients to support 
the early phases of embryogenesis. Just as in vertebrates, they now await the external cue to 
enter meiotic maturation, which triggers their ovulation into the spermatheca where they are 
fertilized and embark on embryogenesis. 

Meiotic Maturation in C. elegans: Sperm is in Charge

Several characteristics of C. elegans biology (next to the ones aforementioned) make this animal 
an excellent model organism to study the processes of meiotic maturation, fertilization and 
egg activation. Due to its complete transparency these processes are directly observable in the 
intact animal, and the fast maturation and ovulation rates (in the presence of sperm, an oocyte 
matures and ovulates approximately every 23 minutes [67]) makes them easy to study. Also, 
C. elegans is one of the few model organisms in which the external maturation signal for the 
oocyte has been identified, while the subsequent signalling pathways share homology with 
those in vertebrates. 
 Like in other animals, mitotic divisions and progression through meiosis in C. elegans 
are dependent on the cell cycle proteins cyclins and cyclin-dependent kinases [68], and it was 
shown that RNAi-mediated depletion of CDK-1 (previously known as NCC-1) in arrested 
oocytes prevented GVBD and the transition from diakinesis to metaphase I of meiosis, two 
hallmarks for meiotic maturation [69]. Also, MPF activation is negatively regulated in the 
arrested oocytes by the C. elegans Myt1 homolog WEE-1.3, since depletion of this protein 
led to premature meiotic maturation [70]. Next to its role in pachytene progression, MAPK 
has also been shown to be essential for certain aspects of meiotic maturation, but its exact 
function in this process is still far from clear [71]. Given that MAPK is activated in the 3-5 most 
proximal oocytes while only the oocyte adjacent to the spermatheca undergoes maturation 
and ovulation, other non-identified cues are also likely to exist. Since there is no apparent 
time-lag between the onset of meiotic maturation and fertilization [67], C. elegans oocytes do 
not show a second meiotic arrest at wild type conditions. However, in mutant backgrounds 
where sperm are unable to fertilize, oocytes fail to undergo the transition from anaphase I to 
metaphase II [72], indicating that also in C. elegans fertilization is required for the completion 
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of both meiotic divisions. 
 The core molecular mechanisms regulating meiotic maturation thus seem to be 
largely conserved between C. elegans and vertebrates. The triggering mechanisms are 
however, completely different: while in most vertebrates the cue has a somatic hormonal 
origin, in C. elegans, sperm cells are responsible for signalling towards meiotic maturation 
(Figure 2D). Already in the 1970s, it was recognized that sperm is required for the proper 
production of oocytes [73], but only in 2001 the responsible sperm-derived factor, major 
sperm protein (MSP), was found [74]. Nematode sperm -which are amoeboid-like rather 
than flagellated cells- use MSP to propel their pseudopod in a mechanism comparable to 
actin-based pseudopodal movement [75]. Purification and injection of MSP into the uteri of 
feminized fog-2 animals demonstrated that MSP is required and sufficient to induce meiotic 
maturation (as monitored by MAPK activation) and ovulation of oocytes [74]. This sperm 
sensing mechanism thus ensures that energy costly oocytes are not wasted by ovulation 
when sperm is absent. In the spermatheca, sperm cells secrete cytosolic MSP by budding 
vesicles from their plasma membrane [76], and the MSP signal is received by both the gonadal 
sheath cells and the oocytes, to antagonize inhibitory receptor signalling in both of these cells 
(Figure 2D). The MSP receptor on the oocyte and sheath cell surface was identified to be 
the VAB-1 Ephrin receptor-tyrosine kinase [77]. How a membrane-enclosed ligand (MSP) 
can interact with the exoplasmic domain of VAB-1 remains unresolved, however. In the 
absence of sperm, EFN-2, another VAB-1 ligand, signals to inhibit meiotic maturation. At the 
oocyte cell surface, MSP is thought to compete with EFN-2 for binding to VAB-1, relieving 
the inhibitory signalling of the VAB-1 receptor. Through yet unknown signalling cascades, 
this converges into the activation MAPK and meiotic maturation. The C. elegans specific and 
redundant proteins OMA-1 and OMA-2 might be involved in transmitting the MSP signal 
towards MAPK and MPF [78]. Oocytes mutant for oma-1/2 showed the initiation, but not the 
completion of meiotic maturation, which might be due to the inability to sustain the activation 
of MAPK: in these oocytes only the initial sperm dependent activation of MAPK was seen, but 
active MAPK levels decreased fast, leading to an arrest in meiotic maturation and a failure 
of ovulation. Depletion of WEE-1.3 in these situations relieved the oocytes from this arrest, 
suggesting that OMA-1/2 acts upstream of this protein in inducing meiotic maturation. Also, 
it has been shown that binding of MSP to VAB-1 activates CaMKII, which signals towards 
meiotic maturation [79], but the downstream targets of CaMKII are not known. MSP binding 
to VAB-1 receptors present on the sheath cells signals for increased contraction of the sheath 
cells, supporting ovulation of the oocyte [77].
 In addition to the EFN-2/VAB-1 signalling in oocytes, MAPK activation and meiotic 
maturation are inhibited through gap junctional communication between oocytes and sheath 
cells [80]. It is not clear whether a signalling molecule passing through these gap junctions 
or the junctions themselves are responsible for the inhibition. Genetic experiments however, 
have demonstrated that in the absence of sperm, inhibitory GPCRs present on the plasma 
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membrane of sheath cells inhibit PKA signalling via the activation of KIN-2, a negative 
regulator of PKA, which sustains the presence of the gap junctions between sheath cells and 
oocytes [81]. When sperm is present, MSP is thought to bind the inhibitory and probably still 
unidentified stimulatory GPCRs on the sheath cells, now leading to the activation of PKA and 
subsequent dissociation of the gap junctions. Next to the abrogation of possible maturation 
inhibiting communication, this disruption of the physical interaction between sheath cells and 
the oocyte enables the oocyte to undergo cortical rearrangement and ovulation. 
 Although the core molecular pathways that regulate meiotic maturation in vertebrates 
are also present in the C. elegans oocyte, the way these pathways are inhibited and activated 
appear to be different and are still far from complete elucidation. In C. elegans, both the 
sheath cells and the oocytes themselves inhibit maturation in the absence of sperm, and this 
inhibition is relieved upon MSP signalling. However, it is not known whether these pathways 
converge onto a single cascade or act in parallel to inhibit MAPK in the absence of sperm. 
When triggered, MAPK is activated in the 3-5 most proximal oocytes, but maturation is 
spatially restricted to the -1 (most proximal) oocyte only. The question thus remains whether 
maturation is a direct consequence of MAPK activation or if other signalling pathways are 
required to restrict maturation to the -1 oocyte only, possibly occurring via yet unidentified 
MSP receptors. Intriguing resemblances between C. elegans and vertebrates are the roles of 
GPCR signalling and gap junctions between oocytes and somatic gonadal cells to regulate 
meiotic maturation. In mammalian ovaria, gap junctions between the oocyte and cumulus 
cells play a vital role in the development of the follicle and to relay hormonal maturation 
signals received by the granulosa cells [82]. In mammals, GPCR signalling on the oocyte 
surface itself is required to maintain the first meiotic arrest, by sustaining high levels of cAMP 
[83]. The hormone that triggers meiotic maturation in mammals, luteinizing hormone (LH), 

Figure 2: Organization of the adult hermaphrodite gonad and the molecular mechanisms of 
oocyte maturation in C. elegans. 
(A) Schematic representation of an adult C. elegans hermaphrodite with its two U-shaped gonads 
depicted in colour. The box outlines the area of the gonad shown in (B), which is a confocal micro-
scopic image of a DAPI stained gonad. The white lines indicate the different cell cycle stages of the 
oocyte germ cells, or the small sperm cells in the spermatheca. A schematic representation of this 
gonad is given in (C), with the somatic gonad, spermatheca and uterus depicted in gray. Germ cell 
renewal is ensured by the distal tip cell (DTC), which signals for maintenance of mitotic cell cycles 
(yellow). As the germ cell nuclei migrate away from the DTC, they enter prophase of meiosis I 
(green). When the cells have made the turn around the gonad arm, they cellularize completely and 
increase there cytoplasmic volume, indicated as oogenesis (pink), where the oocytes ultimately ar-
rest at diakinesis of meiosis I. The most proximal oocyte (-1) receives the MSP signal secreted by 
the sperm cells residing in the spermatheca, leading to meiotic maturation and ovulation, of which 
the driving molecular mechanisms are depicted in (D). Meiotic arrest (in the -2 and more distal 
oocytes) is mediated through the maintenance of inhibitory pathways originating from the sheath 
cells and oocytes themselves. Meiotic maturation is induced in the -1 oocyte through the binding 
of MSP on both sheath cell and oocyte receptors, which antagonizes the inhibitory signalling and 
induces sheath cell contraction leading to ovulation. See text for details. 
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binds to the LH receptor on the granulosa cells, which is also a member of the GPCR family 
[84]. Control of meiotic maturation by somatic cells, via GPCRs and gap junctional signalling 
thus appears to be an evolutionary conserved feature of reproduction from C. elegans up to 
mammalia. 

Fertilization and Egg Activation

As soon as the oocyte enters the spermatheca during ovulation, it is immediately fertilized 
by a single sperm cell [85]. Fertilization requires recognition between the oocyte and 
spermatozoon, which is followed by cell fusion. In C. elegans, several mutations have been 
identified that prevent sperm to fuse with the oocyte, but do not interfere with its ability 
to crawl or signal for oocyte maturation, suggesting that their gene products are required 
for interaction or fusion with the oocyte. These mutants are called the spe-9-Class mutants, 
after SPE-9, the first protein that was characterized as a sperm-specific receptor involved in 
fertilization [86, 87]. Other members of this group are spe-13, spe-38, spe-42, fer-14 and trp-3 [88-
90]. On the surface of the oocyte, so far only two closely related proteins have been identified 
which are specifically involved in fertilization: EGG-1 and EGG-2 [91], both of which contain 
LDL-receptor-repeats. Nowadays, it is still not known which molecules on the surfaces of the 
oocyte and sperm cell interact with each other to enable the fusion process, nor whether there 
is homology with higher animal species. 
 As soon as an oocyte is fertilized, it undergoes egg activation, as characterized by 
the polyspermy block, cortical granule exocytosis, meiotic resumption, and the activation 
and degradation of selected maternal mRNAs and proteins, to allow the zygote to enter 
embryogenesis. In most species, the entrance of the sperm cell causes a steep increase in 
cytoplasmic Ca2+, which is thought to be the trigger for egg activation. Also in C. elegans, 
fertilization is accomplished by a Ca2+ wave [92], but its functional consequences have not 
been addressed in this model system. As indicated above, in vertebrate oocytes Ca2+ triggers 
the activation of the APC/C, thereby facilitating the relief of the second meiotic arrest. In C. 
elegans however, activation of the APC/C does not require fertilization, since in fertilization 
incompetent animals, meiosis arrested after anaphase I [72], while mutant animals for APC/C 
arrested at metaphase I [93], an earlier stage of meiosis. Proper completion of meiosis in C. 
elegans thus requires both fertilization and activation of the APC/C, where APC/C activation 
occurs upstream of and independently from fertilization. Acting redundantly with the APC/C, 
other E3 ubiquitin ligase complexes have also been shown to be involved in meiotic progression 
[94], which might be responsible for the fertilization dependent phases, downstream of APC/C. 
In C. elegans, other features of egg activation are closely linked to the progression through the 
meiotic cell cycle since they also appear to be controlled by cell cycle regulatory proteins, as 
will be discussed below.
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Cortical Granule Exocytosis and Eggshell Synthesis

Just like the oocytes of many other animal species, C. elegans oocytes contain cortical granules 
(CGs), which are exocytosed after fertilization. Extensive characterization of C. elegans CGs 
did not occur until recently [95], where they could be identified with markers that are also 
characteristic for human oocytes. A C. elegans specific marker for CGs appeared to be the 
caveolin-1 homolog CAV-1, which was shown to behave very dynamically during oocyte-to-
embryo transition [96]. CAV-1::GFP positive vesicles in the oocyte colocalized with and behaved 
identical as wheat germ agglutinin (WGA) labelled CGs [33]. The timing of cortical granule 
exocytosis (CGE) is strictly regulated and occurs during anaphase I. CGE was inhibited when 
subunits of the APC/C were depleted by RNAi, but did occur in the absence of fertilization 
[95, 96]. The link between progression through anaphase I and CGE might be provided by 
the C. elegans homolog of separase, SEP-1, which is required for the degradation of cohesin, a 
protein that tethers chromosomes together during metaphase. Separase itself is kept inactive 
by securin, which is targeted for degradation by the APC/C, allowing the activation of separase 
and thus the transition from metaphase to anaphase [97]. During anaphase I, SEP-1 was also 
found on the surface of the CGs and demonstrated to be required for the exocytosis of these 
vesicles [95]. Activation of SEP-1 via the APC/C regulated degradation of securin, thus seems 
to synchronize CGE with anaphase I progression. In a wild type situation, CGE occurs too 
late after fertilization to facilitate the polyspermy block in C. elegans. Moreover, fertilization 
per sé is not required for CGE to take place. Secretion of the CG content must thus serve 
other purposes in this model system, and several lines of evidence have shown a role in the 
synthesis of an eggshell around the embryo.
 Shortly after fertilization, an eggshell is laid down around the zygote, to protect 
it from environmental stress. The C. elegans eggshell consists out of three layers: the outer 
vitelline membrane, a proteinous layer derived from the oocyte surface and directly shed 
after fertilization (hence probably providing the polyspermy block); a middle chitinous layer, 
providing mechanical protection; and an inner lipid rich layer, preventing permeability for 
small molecules [98, 99]. The middle chitinous layer does not only provide protection, but also 
forms a framework necessary to support the early embryonic events of polar body extrusion, 
polarization and cytokinesis [100]. Chitin is synthesized and secreted by the chitin synthase 
protein CHS-1 [101], a transmembrane protein channel on the oocyte plasma membrane. 
Depletion of CHS-1, or of any other protein involved in the pathway leading to chitin 
synthesis, resulted in fertilized oocytes lacking an eggshell and failure of polar body extrusion 
and cytokinesis [100]. Next to chitin, the middle eggshell layer also contains a large amount 
of chitin binding chondroitin proteoglycans. Mutations in these proteins (CPG-1 and -2), or 
in proteins providing their sugar modification at the Golgi complex, resulted in the same 
phenotypes as described above [102, 103]. While chitin is synthesized and probably secreted 
by the transmembrane protein CHS-1, the proteoglycans are stored into and secreted by the 
cortical granules [33]. In C. elegans, CGE thus supports the formation of a functional eggshell, 
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which is necessary for polar body extrusion, cytokinesis and protection of the embryo.

Degradation of Maternal Proteins Upon Egg Activation Requires MBK-2

Next to the cyclins, which regulate the timing of crucial events during progression through 
the cell cycle (in both meiosis and mitosis) [104], other maternal proteins supporting either 
meiosis or early embryonic pattern formation, need to be degraded in the developing embryo to 
ensure proper entrance into mitosis and cell fate determination. A key protein regulating these 
events is the dual-specificity tyrosine-phosphorylation regulated kinase, or dual-specificity 
YAK-1-related kinase (DYRK) MBK-2. DYRK kinases are a family of proteins that have been 
highly conserved during evolution, and are found in all eukaryotic species from yeast to man. 
During their synthesis at the ribosome, they autophosphorylate a tyrosine residue, while 
the mature protein only has kinase specificity for serines or threonines [105]. In human, an 
extra copy of DYRK1A, located on chromosome 21, has been implicated in Down’s syndrome 
associated pathologies [106]. The C. elegans genome contains three DYRK genes, hpk-1, mbk-1 
and mbk-2, of which the latter two have the strongest homology to the human DYRK1A and 
DYRK2, respectively [107]. Mutants for mbk-1 (normally expressed in the nuclei of all somatic 
cells) did not reveal any noticable defects, but mbk-1 overexpression impaired the function of 
differentiated olfactory neurons, possibly reflecting the role of DYRK1A in Down’s syndrome. 
mbk-2 is expressed in the cytosol of the nervous system, body wall muscle and pharynx [107]. 
Its role in the 1-cell embryo was first published in 2003 [108, 109], where mutants or RNAi 
knock-downs showed defects in microtubule dependent processes during mitosis, yielding 
multinuclear 1-cell embryos. These phenotypes were a consequence of failing degradation of 
the maternal proteins MEI-1 and OMA-1, and the absence of asymmetric distribution (and 
degradation) of the germ plasm constituents PIE-1, POS-1 and the P-granules (which define 

Figure 3: Activation of MBK-2 during meiotic progression is regulated by EGG-3 and CHS-1. 
(A) in situ confocal micrograph of a GFP::MBK-2 expressing worm depicting the distinct subcel-
lular localizations of MBK-2 in oocytes and embryos. MBK-2 is localized to the cortex of the most 
proximal -1 oocyte and redistributed to intracellular loci and cytosol in the +1 and +2 embryo, 
respectively. In the +3 embryo, GFP::MBK-2 positive P-granules of the germline precursor cell are 
indicated with an arrow. Spt = spermatheca.
(B) Schematic representation of MBK-2 activation during meiotic progression. Up to metaphase 
I, MBK-2 is sequestered to the oocyte cortex through its interaction with EGG-3, which is on its 
turn is associated to CHS-1 (left panel). This sequestration prevents OMA-1 and MEI-1 from be-
ing prematurely phosphorylated, enabling meiotic maturation and spindle formation, respectively. 
During the progression through meiosis (and independently of fertilization), MBK-2 and EGG-3 are 
redistributed towards intracellular loci (middle panel). Between the completion of meiosis and the 
first mitotic division, MBK-2 is released from these loci, thus allowing MBK-2 activity in the cytosol 
(right panel). MBK-2 now phosphorylates MEI-1, driving its immediate degradation, and OMA-1 
and MEX-5/6, which both act in the regulation of the asymmetric distribution of germ plasm. In the 
1-cell embryo, MBK-2 phosphorylated OMA-1 serves as a mediator of transcriptional repression 
and is degraded only after the first mitotic division, regulated through its additional phosphoryla-
tion by GSK-3. After dissociation of MBK-2, EGG-3 is degraded, mediated by the APC/C and the 
proteasome.
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the germline precursor cells of the new embryo). Germline specific expression of a GFP-tagged 
version of MBK-2 revealed that it is cortically localized in the most proximal oocytes, but 
during meiotic progression is rapidly distributed via unidentified intracellular loci, towards 
the cytosol of the 1-cell embryo. During subsequent mitotic divisions, MBK-2 is also found 
on the centrosomes and chromosomes of the mitotic spindle and on the P-granules of the 
germline blastomeres [108] (Figure 3A). Redistribution of MBK-2 from the cortex towards 
the intracellular loci is dependent on the progression through meiosis I. When meiotic 
maturation is induced prematurely (e.g. at wee-1.3(RNAi) conditions), MBK-2 is redistributed 
to intracellular loci already in oocytes, while inhibition of progression through meiosis I (mat-
1(RNAi) conditions) leads to its retention at the plasma membrane [110]. Redistribution of 
MBK-2 from the cell cortex, via intracellular loci towards the cytosol, is thus dependent on 
meiotic maturation and required for its activation as a serine/threonine kinase.
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 MEI-1 and MEI-2 form the two subunits of the microtubule severing complex katanin, 
and are specifically required for oocyte meiotic spindle formation [111, 112]. Absence of either 
of the subunits caused failure of meiotic spindle formation, while absence of post-meiotic 
degradation of these proteins resulted in the formation of small, misoriented mitotic spindles 
[113]. For the 1-cell embryo to transit from meiosis to mitosis, MEI-1 and -2 thus need to be 
rapidly degraded, and this is facilitated through phosphorylation of MEI-1 by MBK-2, directly 
after meiosis [110]. The phosphorylation of MEI-1 marks it for ubiquitination by the MEL-26/
CUL-3 E3 ubiquitin ligase complex, thus allowing subsequent degradation by the proteasome 
(Figure 3B). APC/C might act as a redundant ubiquitin ligase to ensure the rapid degradation 
of MEI-1/MEI-2 [114]. The redistribution of MBK-2 and its subsequent release into the cytosol 
are a prerequisite for MEI-1 degradation, hence MEI-1 was degraded prematurely at wee-
1.3(RNAi), and failed to be degraded at mat-1(RNAi) conditions [110].
 Other direct substrates of MBK-2 after its activation are OMA-1 and OMA-2, which 
are required for proper meiotic maturation of the oocyte after receiving the sperm MSP signal. 
OMA-1 and OMA-2 are closely related homologues of each other and act redundantly in oocyte 
maturation [78]. Since most research is performed on OMA-1, I will only refer to this protein in 
the following sections. OMA-1 is a TIS11 zinc finger containing protein, a class of proteins that 
is able to bind mRNAs [115]. Unlike phosphorylated MEI-1, MBK-2 phosphorylated OMA-
1 remains present until after the first mitotic division, only after which most is degraded, 
leaving the P-granules of the germline blastomeres positive. These observations raised the 
hypothesis that OMA-1 might have a function in the 1-cell embryo as well as in the P-granules, 
next to its function in meiotic maturation. Indeed, a gain-of-function allele of OMA-1 (oma-
1(zu405)), which failed to be degraded after the first cell cleavage, compromised proper cell 
fate determination, due to the perseverance of the germline determinants PIE-1, MEX-1 and 
POS-1 (also TIS11 zinc finger containing proteins) in somatic daughter cells [116]. Later studies 
revealed that the failure in degradation of the oma-1(zu405) gene product is a result of the 
inability of MBK-2 to phosphorylate OMA-1 [117]. It appeared that MBK-2 phosphorylates 
OMA-1 directly at T239, which in oma-1(zu405) encoded OMA-1 is prevented due to a P240L 
substitution. OMA-1 thus seems to function in the asymmetric distribution and degradation 
of maternal proteins that are required for proper cell fate determination, explaining why 
similar defects are also seen in mbk-2 mutants. This hypothesis was further enforced by the 
observation that OMA-1 remains present on the P-granules after the first mitotic division. 
P-granule association of OMA-1 is required for the distribution of the P-granules towards the 
germline precursor cells, as well as to properly distribute the germline determinants PGL-
1, PIE-1 and MEX-1 to these cells [118]. OMA-1 degradation after the first mitotic cleavage 
requires its additional phosphorylation at T339 by GSK-3, which is dependent on the initial 
priming by MBK-2 [117] (Figure 3B). OMA-1 degradation is also dependent on two other 
kinases, CDK-1 and KIN-19, which drive its recognition by the CUL-2/ZYG-11 E3 ubiquitin 
ligase complex, targeting it to the proteasome [119]. It should be noted that the inhibition 
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of germline determinant degradation by OMA-1 is independent of its phosphorylation by 
MBK-2, since conditions where either MBK-2 or subsequent GSK-3 phosphorylation were 
prevented resulted in the perseverance of germ plasm in the somatic blastomeres [116, 119]. 
Only the actual degradation of OMA-1 after the first mitotic cell division (dependent on its 
phosphorylation by MBK-2 and GSK-3), ensures the subsequent degradation of germline 
determinants in the somatic blastomere. 
 Next to its role in regulating germ plasm asymmetry, OMA-1 also functions as a 
transcriptional repressor in P0 (the 1-cell embryo) and P1 (the first germline blastomere). 
Transcriptional repression in the germline blastomeres is normally provided by PIE-1, but 
PIE-1 activity is only evident in P2-P4 [120]. In P0 and P1, this function is mediated by OMA-
1. After priming by MBK-2, OMA-1 interacts directly with TAF-4 (TATA-binding protein 
associated factor 4), an essential subunit of TFIID, therewith sequestering it in the cytosol, 
repressing all RNA polymerase II-dependent transcription [121]. OMA-1 phosphorylation by 
MBK-2 is thus essential for its function as a transcriptional repressor, but not as an inhibitor of 
germline determinant degradation.
 Regulation of germ plasm asymmetry by MBK-2 not only involves the phosphorylation 
of OMA-1, but also the priming of two other closely related and redundant TIS11 zinc finger 
proteins, MEX-5 and MEX-6. MEX-5/6 is asymmetrically distributed in the 1-cell cytoplasm, 
before the first cell cleavage, and is eventually enriched in the anterior, somatic daughter cell, 
as apposed to the germline determinants PIE-1, POS-1 and MEX-1. Indeed, MEX-5/6 has been 
shown to regulate the asymmetric distribution of PIE-1 to the germline blastomere as well 
as the degradation of PIE-1 remnants in the somatic blastomere, a process that is reiterated 
during each P-lineage cell division [122, 123]. The degradation of PIE-1 is mediated by the 
MEX-5/6 activated CUL-2/ZIF-1 E3 ubiquitin ligase complex, where ZIF-1 provides the target 
specificity due to its TIS11 zinc-finger binding characteristics [123]. Recently, it was shown 
that the activation of MEX-5/6 requires its association with the polo kinase PLK-1 [124]. Since 
PLK-1 is already active in the maturing oocyte, where it is involved in GVBD and completion 
of meiosis [125], its interaction with MEX-5/6 must be ensured to take place after meiotic exit. 
Nishi et al. [124] have shown that this is mediated by MBK-2, which after its activation during 
meiosis II, phosphorylates MEX-5/6, thereby providing binding affinity for PLK-1 (Figure 
3B). 
 In summary, the regulation of germ plasm asymmetry by OMA-1 and MEX-5/6 can 
be explained as follows (Figure 4). During meiosis II, MBK-2 is activated by its release into the 
cytosol, where it phosphorylates both OMA-1 and MEX-5/6. The presence of OMA-1 in the 
1-cell embryo inhibits ZIF-1 dependent proteolysis (independently of its phosphorylation  by 
MBK-2) [119], possibly by preventing its mRNA translation, to ensure the co-existence of PIE-
1 and MEX-5/6 in the single cell cytosol prior to polarization. After the first mitotic division, 
OMA-1 is rapidly degraded (probably timed by CDK-1 and GSK-3, phosphorylation events 
depending on initial MBK-2 priming), giving MEX-5/6 the opportunity to activate ZIF-1 (by 
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promoting its translation), resulting in the degradation of the germline determinants and 
itself in the somatic blastomere. 

Cell Cycle Dependent Activation of MBK-2 is Mediated by EGG-3

As described above, MBK-2 plays a pivotal role during egg activation by ensuring proper 
mitotic spindle formation, transcriptional repression and germ plasm asymmetry. All these 
processes need to be initiated after completion of meiosis, and activation of MBK-2 thus needs 
to be tightly regulated. Activation of MBK-2 occurs through its redistribution from the cortex 
to the cytosol via intracellular loci, which is dependent on meiotic progression (and not on 
fertilization). How the redistribution of MBK-2 is accomplished is not clear. Two studies 
published in 2007 have shed some light on this matter by the identification of the protein-
tyrosine phosphatase-like (PTPL) protein EGG-3, which was shown to play an important role 
in regulating the dynamics of MBK-2 [126, 127].
 PTPL proteins are catalytically inactive members of the protein-tyrosine phosphatase 
(PTP) family, which is divided into four subfamilies, based on the specificity of their targets. 
The “class I cysteine-based” subfamily is the largest group, that also contains several inactive 
PTPLs [128]. All four subfamilies, however, contain the protein-tyrosine phosphatase domain, 
which defines this family of phosphatases [129]. The most highly conserved motif within 
this domain is the PTP-loop with its signature sequence VHCSxGxGR(T/S)G, containing the 
essential catalytic cysteine (C) and arginine (R), required to dephosphorylate a target protein. 
The PTPL proteins are characterized by the lack of these cysteine or arginine residues, but 
they are able to recognize and bind to the phospho-tyrosine residues of their target proteins 
[130]. Through this capacity, they might function in preventing the dephosphorylation of their 
targets by active phosphatases, or they might act as scaffold or adaptor proteins, regulating 
the function of their target proteins. For example, the Arabidopsis PTPL PAS2 has been 
shown to protect CDK-A from being dephosphorylated, thereby regulating cell division and 
differentiation [131]. In C. elegans, the PTPL proteins SDF-9 and EAK-6 are thought to form a 

Figure 4: Regulation of germ PIE-1 asymmetry by MBK-2 involves OMA-1 and MEX-5/6.
In the maturing oocyte, OMA-1 inhibits the CUL-2/ZIF-1 E3 ubiquitin ligase complex, thereby al-
lowing co-existence of PIE-1 and MEX-5/6 in the cytosol (yellow shading). After completion of 
meiosis, MBK-2 is activated and phosphorylates both OMA-1 and MEX-5/6 in the 1-cell embryo. 
Phosphorylated MEX-5/6 recruits PLK-1, by which it is activated. OMA-1 however, continues to 
inhibit CUL-2/ZIF-1, thereby preventing its activation by MEX-5/6. At the same time, MEX-5/6 is 
distributed towards the anterior pole of the embryo (green shading), while the distribution of PIE-1 
is oriented to the posterior pole (red shading). After cytokinesis, OMA-1 is degraded in the 2-cell 
embryo due to its second phosphorylation, allowing MEX-5/6 to fully activate CUL-2/ZIF-1. CUL-2/
ZIF-1 now ensures the rapid degradation of the remnants of PIE-1 in the anterior somatic daugh-
ter cell, while in the posterior germline blastomere PIE-1 levels remain high due to the absence 
of MEX-5/6 and probably the presence of OMA-1 on the P-granules. Eventually, MEX-5/6 is also 
degraded via CUL-2/ZIF-1.
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protein adaptor complex that regulates the activity of the DAF-2 receptor during insulin-like 
signalling [132, 133]. Other examples are the myotubularins, PTPs with specificity for the 
lipid phosphatidyl-inositol-3-phosphate, that often form heterodimers between catalytically 
active and inactive subunits in order to be functional [134, 135]. The functions of the majority 
of PTPL proteins remain elusive, however. 
 EGG-3 is characterized as a PTPL by the lack of a catalytically required arginine in 
the PTP-loop and was shown to act as an adaptor protein, keeping MBK-2 sequestered at 
the oocyte plasma membrane. The dynamic behaviour of EGG-3 during oocyte maturation 
is largely identical to that of MBK-2, but in contrast to MBK-2, which is ultimately released 
into the cytosol, EGG-3 is degraded during the first embryonic cell cleavage [127]. In the 
absence of EGG-3, MBK-2 was constitutively localized to the cytoplasm of the oocytes, leading 
to premature degradation of MEI-1 during the meiotic divisions rather than after meiosis 
[126]. These observations, together with the demonstration that EGG-3 directly interacts with 
MBK-2, both in vitro and in vivo, led to the hypothesis that EGG-3 acts as a scaffold protein, 
keeping MBK-2 quiescent at the oocyte cortex, sequestering it away from its cytosolic targets. 
Meiotic progression triggers the redistribution of EGG-3 and MBK-2 towards intracellular 
loci, the subsequent release of MBK-2, enabling it to phosphorylate its target proteins, and 
the degradation of EGG-3 (Figure 3B). Indeed, just as for MBK-2, the redistribution of EGG-
3 is dependent on the meiotic cell cycle [126, 127]. EGG-3 might represent a target protein 
for APC/C, triggering the internalization of the EGG-3/MBK-2 complex during meiosis and 
subsequent degradation of EGG-3. This hypothesis was raised since EGG-3 contains 6 D-boxes 
(RxxL), which are the recognition motifs for the APC/C, and mutations in two of these boxes 
resulted in the erroneous redistribution of EGG-3 back to the plasma membrane after its 
redistribution to the intracellular loci [126]. 
 EGG-3 thus sequesters MBK-2 to the oocyte cortex until MBK-2 needs to be activated 
after the completion of meiosis. However, EGG-3 itself does not contain a transmembrane 
domain nor a plasma membrane anchor, and the egg-3 mutant phenotype is far more severe 
then one would expect, as compared to mbk-2 mutant phenotypes [108, 127]. The explanation 
came from the observation that the transmembrane chitin synthase protein CHS-1 probably 
functions as a receptor for EGG-3. The earliest defects seen in egg-3 mutants are failure of polar 
body extrusion (while progression through meiosis occurs normally), and lack of chitinous 
eggshell synthesis, leading to amorphous multinuclear embryos [127]. These phenotypes are 
identical to those where chitin synthesis or secretion of chitin binding proteins is compromised. 
Indeed, in the absence of CHS-1, both EGG-3 and MBK-2 were not targeted to the plasma 
membrane, suggesting that CHS-1 provides the membrane anchor for EGG-3. Loss of MBK-2 
does not interfere with the dynamics or degradation of EGG-3, thus EGG-3 must provide the 
link between MBK-2 and CHS-1. Moreover, in egg-3 mutants, CHS-1 failed to localize at the 
oocyte cortex, explaining the lack of eggshell synthesis and its associated phenotypes at these 
conditions [127]. Whether CHS-1 and EGG-3 interact directly is not known.
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 Another function of EGG-3 might be to sense sperm entry, since its mutant phenotype 
exactly phenocopies that of spe-11, a sperm provided protein required for egg activation. Sperm 
cells lacking SPE-11 showed all characteristics of wild type sperm, while the fertilized oocyte 
behaved like an unfertilized one [136, 137]. When transgenic oocytes expressing SPE-11 were 
fertilized by a spe-11 sperm cell, progeny was viable, indicating that SPE-11 is dispensable for 
spermatogenesis and solely required to promote egg activation [136]. How SPE-11 triggers 
egg activation is not known, but given that EGG-3 and SPE-11 drive similar processes the 
zygote, EGG-3 is a likely effector of SPE-11. 
 EGG-3 has no clear homologues in species other than nematodes. However, since the 
functions of PTPL proteins are just on the verge of being elucidated it is well possible that 
other PTPLs interact with DYRK kinases in oocytes of higher species. 

Outline and Scope of this Thesis

As described above, MBK-2 is required in the 1-cell embryo to drive the selective degradation 
of proteins, to switch from meiosis to mitosis, as well as for the asymmetric distribution of 
germ plasm leading to proper segregation of the germ cell lineage. The timing of MBK-2 
activation relies extensively on the PTPL protein EGG-3, which serves as an anchor for MBK-
2, keeping it quiescent at the oocyte cortex until progression through meiosis. Activation of 
MBK-2 is mediated through dynamic redistribution from the cortex towards intracellular loci, 
after which EGG-3 is degraded and MBK-2 released into the cytoplasm, where it is now able 
to phosphorylate its targets. 
 The work presented in the experimental chapters of this thesis focuses on the 
dynamics of EGG-3 and MBK-2 in both the oocyte and early embryo, and how this relates 
to their function. It will become clear that intracellular vesicular trafficking is responsible for 
the positioning of EGG-3 and MBK-2 at the oocyte cortex, as well as for their redistribution 
in the 1-cell embryo. Vesicular trafficking pathways have been implicated in many processes 
during the oocyte-to-embryo transition. Next to their involvement in processes like the uptake 
of yolk and the cortical granule reaction, vesicular trafficking has recently also been shown to 
play an active role in the maintenance of the meiotic arrest. In Xenopus oocytes, continuous 
GPCR signalling maintains high levels of cAMP. GPCRs are taken up via clathrin-mediated 
endocytosis and need to be recycled to the plasma membrane to prevent attenuation of cAMP 
production. Indeed, when fusion of secretory vesicles (containing the GPCRs) with the plasma 
membrane was inhibited, oocytes progressed into meiotic maturation without the need of 
a hormonal stimulus. Moreover, by preventing clathrin-mediated endocytosis of GPCRs, 
meiotic maturation in response to progesterone was severely compromised [138]. Simalarly, 
in C. elegans, transfer of the VAB-1 MSP/Eph receptor to the recycling endosome of the oocyte 
is required for the maintenance of meiotic arrest [139], indicating that the regulation of meiotic 
maturation by vesicular trafficking is conserved. 
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 In chapter 2 we show that the ER-Golgi secretory pathway is required to transfer EGG-
3 to the oocyte cortex.  It is demonstrated that EGG-3 and CHS-1 are mutually dependent on 
each other for ER exit and transfer to the cortex, while MBK-2 only associates with EGG-3 and 
CHS-1 after they have been transferred to the oocyte cortex. When the distribution of EGG-3 
to the cortex is reduced by interference with ER-exit, MBK-2 is targeted to the oocyte nuclei, a 
novel location for MBK-2 that was also observed in developing diplotene oocytes at wild type 
conditions.
 Chapter 3 focuses on the redistribution of EGG-3 and MBK-2 after fertilization. 
Both EGG-3 and MBK-2 are targeted towards early endosomes via a RAB-5 dependent, but 
clathrin-independent endocytosis pathway. During endosome maturation, MBK-2 is released 
from EGG-3, after which EGG-3 is transferred to and degraded by the lysosome. Trafficking of 
MBK-2 to early endosomes is crucial for its activation, as measured by the interaction of one 
of its target proteins, OMA-1, with the transcription factor TAF-4.
 Chapter 4 describes the role of two novel PTPL proteins, EGG-4 and EGG-5, which 
regulate the proper localization, function and redistribution of EGG-3, MBK-2 and CHS-1. 
EGG-4 and EGG-5 are 98% identical, act redundantly, and their RNAi knock-down phenotypes 
are identical to that of EGG-3. EGG-4/5 is not required to localize EGG-3 at the cortex, but 
association of MBK-2 with EGG-3 is prevented when EGG-4/5 is depleted by RNAi. These 
observations suggest that both EGG-3 and EGG-4/5 both are essential adaptor/anchoring 
proteins for a cortical recruitment of MBK-2.
 In the summarizing discussion (chapter 5), the findings described in chapters 2-4 
are integrated in a single model, where missing links are addressed and clarified as much 
as possible. Additionally, possible conservation of these mechanisms in higher organisms is 
discussed.
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Summary

In C. elegans, transition of fertilized oocytes into early embryos is regulated by the DYRK 
kinase MBK-2. In meiotic prophase I arrested oocytes, MBK-2 is located and kept quiescent 
at the oocyte cortex through its interaction with the protein-tyrosine-phosphatase-like (PTPL) 
protein EGG-3. After fertilization, both proteins are redistributed to endosomes from where 
active MBK-2 is spread into the cytosol. We here show that during oocyte development cytosolic 
EGG-3 is first recruited to the endoplasmic reticulum by the transmembrane protein CHS-1. 
Subsequently, EGG-3 and CHS-1 are transferred via the Golgi to the plasma membrane in a 
mutually dependent manner. Having reached the cortex of prophase I arrested oocytes, EGG-3 
is able to recruit MBK-2, keeping it quiescent until after fertilization. In diplotene oocytes, 
however, MBK-2 localizes transiently and independently of EGG-3 to the nucleus, implying a 
role in transcription regulation. MBK-2 was retained in the nucleus up to the prophase I arrest 
when the endoplasmic reticulum exit pathway was blocked. Oocyte activation, as determined 
by phosphorylation of MAPK, was not affected in egg-3(tm1191) mutants, indicating that 
recruitment of MBK-2 and CHS-1 to the plasma membrane is crucial only after fertilization 
during egg to embryo transition. 
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Introduction

Oocytes are maintained in meiotic prophase I arrest for prolonged periods of time before 
undergoing oocyte maturation in preparation of fertilization [1]. Prophase I arrest is 
maintained through a high intracellular cAMP concentration that is supported by a 
constitutively active G-protein coupled receptor. In response to G-protein coupled receptor 
redistribution by vesicular traffic, a complex between the cell cycle proteins Cyclin B and CDC-
2, called Maturation Promoting Factor (MPF) [2, 3] is activated to drive meiotic resumption 
[4]. In many species, the meiotic program is arrested once more after meiotic resumption, 
in the expectation of fertilization [5]. Upon fertilization, meiotic divisions are completed 
and the newly formed zygote is now prepared to start embryogenesis in a process called 
egg activation [6]. The subsequent steps of oocyte-to-embryo transition, including oocyte 
maturation, fertilization, egg activation and the support of early embryogenesis, are tightly 
regulated. The molecular processes that regulate oocyte-to-embryo transition are relatively 
well studied in the nematode Caenorhabditis elegans, because of its hermaphrodite nature, high 
ovulation rate, easy genetic manipulation and the possibility to track oocytes and embryos 
within the live organism by fluorescence microscopy [7]. The molecular mechanisms that 
drive oocyte maturation and early embryogenesis in C. elegans are evolutionary conserved to 
some extent in higher developed species, including mammals. In C. elegans, however, oocyte 
maturation is uniquely triggered by a sperm derived hormone, Major Sperm Protein (MSP) 
[8, 9]. After stimulation with MSP, oocytes ovulate immediately into a sperm storage organ, 
the spermatheca, where they are fertilized. In contrast to mammalian oocytes, where the first 
meiotic division is completed before a second meiotic arrest at metaphase II is imposed, C. 
elegans oocytes complete both meiotic divisions only after fertilization [10].
 The early embryo is not yet transcriptionally active, while proteins and mRNAs 
required for egg activation and early embryogenesis are already produced and deposited 
previously in the developing oocyte [11]. During egg activation, proteins that are required for 
early embryogenesis are translated and/or activated, while those that were required only during 
oogenesis are inactivated and degraded. The dual-specificity YAK-1-related (DYRK) kinase 
MBK-2 plays an important role in this transition by tagging proteins through phosphorylation 
for alternate functionas and/or proteasomal degradation [12]. The DYRK protein family is 
widely conserved among eukaryotes and controls multiple biological processes that are highly 
relevant to health and disease. For example, DYRK1A has been implicated in many different 
pathological conditions associated with Down’s syndrome [13, 14]. In C. elegans, MEI-1 is a 
protein that regulates the formation of the meiotic spindle and is degraded as a result of its 
phosphorylation by MBK-2 [15]. OMA-1 (and its redundant homolog OMA-2) is involved in 
oocyte maturation, but after phosphorylation by MBK-2 functions as a transcription inhibitor 
in the 1-cell embryo [16, 17]. Only after being additionally phosphorylated by three other 
kinases, OMA-1 is degraded in the 2-cell embryo [18, 19].
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 The recently discovered protein EGG-3 plays a crucial role in regulating MBK-2 
activity [20, 21]. EGG-3 is a putative member of the protein tyrosine phosphatase-like (PTPL) 
family of proteins, which have a protein tyrosine phosphatase homologous domain that lacks 
catalytic activity. PTPL proteins act either as anti-phosphatases or as scaffolding or adaptor 
proteins by binding to phosphorylated tyrosine residues of specific target proteins [22]. egg-3 
mutant oocytes are fertilized, obtain the polyspermy block and progress through meiosis, but 
become aberrant during early egg activation. The earliest defects detected are deficiencies in 
F-actin reorganization, eggshell formation and polar body extrusion [20]. It is thought that 
EGG-3 is tethered to the transmembrane protein chitin synthase CHS-1, where it acts as an 
adaptor protein, keeping MBK-2 quiescent at the oocyte cortex [20]. In the absence of EGG-3, 
MBK-2 fails to associate with the plasma membrane of prophase I arrested oocytes and 
phosphorylates MEI-1 prematurely after fertilization [21]. During oocyte progression through 
meiosis I, both EGG-3 and MBK-2 are redistributed to endosomes by clathrin independent 
endocytosis (Chapter 3 of this thesis). From there MBK-2 is released into the cytosol, where 
it now may act on its targets MEI-1 and OMA-1, while EGG-3 is transferred to lysosomes for 
degradation after the first mitotic division (Chapter 3 of this thesis).
 We here demonstrate that the cytosolic protein EGG-3 is transferred to the plasma 
membrane in association with the secretory pathway in a CHS-1 dependent manner and 
recruits MBK-2 only after reaching the plasma membrane. We also show that during oocyte 
development, MBK-2 is first recruited to the nucleus. Interference with the secretory pathway 
blocked the subsequent recruitment of MBK-2 to the plasma membrane and instead persisted 
its presence in the nucleus.
 

Materials and Methods

General methods and strains

The following strains, mutations and transgenes were used in this study: N2 Bristol strain; fog-
2(q71)V; egg-3(tm1191)II huEX130[Pmyo-2::GFP F44F4]; asIs1[unc-119(+) Ppie-1::gfp::egg-3] (gift 
from A. Singson); axIs1140[unc-119(+) Ppie-1::gfp::mbk-2]; pwIs28[unc-119(+) Ppie-1::cav-1::gfp7] 
asIs2[unc-119(+) Ppie-1::mCherry::egg-3]; nnIs2[unc-119(+) Ppie-1::gfp::chs-1] asIs2[unc-119(+) 
Ppie-1::mCherry::egg-3]; ojIs23[unc-119(+) Ppie-1::gfp::C34B2.10 (GFP::SP12)] asIs2[unc-119(+) 
Ppie-1::mCherry::egg-3]; axIs1140[unc-119(+) Ppie-1::gfp::mbk-2] asIs2[unc-119(+) Ppie-
1::mCherry::egg-3]. All strains were cultured using standard techniques [23] and maintained 
at 20 °C or 25 °C.

RNA interference

RNAi was applied by the feeding method [24], using the appropriate clones from the 
Ahringer library [25]. L1 animals were synchronized by bleach treatment of gravid adults 
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and overnight incubation of the released embryos in M9 buffer. Synchronized L1 animals 
were then transferred to RNAi plates (NGM agar supplemented with 1 mM IPTG and 50 
µg/ml ampicillin), seeded with the appropriate RNAi clones. RNAi was applied until the 
worms reached adulthood at 20 °C. When ER to Golgi trafficking was inhibited with RNAi, 
synchronized L1 larvae were first allowed to grow to the L4 stage on OP-50 (48 hrs at 20 °C) 
after which they were transferred to RNAi plates for another 48 hrs.

Immuno-staining of dissected gonads

To dissect gonads, 15-20 worms were transferred to a drop of PBS containing 20 mM levamisole 
on a Poly-L-Lysine coated microscope slide. Gonads were released by dissecting the worms 
just behind the pharynx with two 30 gauge needles. PBS with levamisole was replaced with 
4% paraformaldehyde in PBS, after which a coverslip was placed on the extruded gonads. 
Excessive fluid was wicked out with a tissue paper and gonads were fixed for 10 minutes 
at room temperature. Subsequently, slides were snap-frozen on a metal block submerged in 
liquid nitrogen, after which the coverslip was flicked off. Subsequently, slides were transferred 
to -20 °C methanol for at least 10 minutes. Rehydration was done in PBS + 0.1% Tween at room 
temperature, after which antibody labelling was performed in blocking solution (PBS, 0.1% 
Tween, 1% BSA and 10% goat serum), overnight at 4 °C in a humidified chamber. Anti-SQV-8 
(rabbit polyclonal) was kindly provided by A. Audhya and used at 1/3000 [26]. Anti-MAPK-
YT (mouse monoclonal, diphosphorylated ERK-1&2) was from Sigma-Aldrich (catalogue 
number M8159) and used at 1/100. Alexa conjugated secondary antibodies (Molecular Probes) 
were incubated 1/500 in blocking buffer, together with 0.5 µg/ml DAPI for 2 hours at room 
temperature, after which samples were washed with PBS + 0.1% Tween and mounted in 
Vectashield (Vector Laboratories). Coverslips were sealed with nail polish and analyzed by 
confocal microscopy.

Confocal microscopy

Confocal images were captured using a Bio-Rad 2100MP multiphoton system (Zeiss/Bio-Rad) 
equipped with a Nikon TE300 inverted microscope (Nikon). Images were analyzed using 
ImageJ software (version 1.37t, Rasband WS, US National Institutes of Health, Bethesda, MD). 
For imaging of entire animals, worms were anesthetized in M9 containing 20 mM levamisole 
and mounted on a 2% agarose pad containing 20 mM sodium azide. Coverslips were sealed 
with nail polish to prevent evaporation. For quantitative analysis of the MAPK-YT labelled 
gonads, using ImageJ, three equal regions of interest (ROIs) were drawn in each oocyte and in 
a background region in the distal gonad, of which the fluorescence intensities were calculated. 
Of each gonad, the average values of the three ROIs for each of the -1 to -4 oocytes were 
divided by the average background value. This number is referred to as the relative labelling 
intensity of the oocyte and the average of these values for all oocytes within the measured 
gonads was calculated, yielding the “average relative intensity (ARI)”. 
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Western blotting

Synchronized L1 larvae of wild type, unmated fog-2(q71) females and egg-3(tm1191) animals 
were grown for 72 hrs at 20 °C to reach young adulthood. 200 worms of each strain were 
picked in 20 µl M9 buffer. 5 µl of 5x Leammli sample buffer containing β-mercapto-ethanol 
was added after which the samples were heated for 5 min at 100 °C, separated by 10% SDS-
PAGE and transferred onto Immobilon FL-PVDF membrane (Millipore). After blocking with 
5% non-fat dry milk in PBS + 0.1% Tween, blots were simultaneously probed with a mouse 
monoclonal antibody directed against activated MAPK (anti-MAPK-YT, diphosphorylated 
ERK-1&2, Sigma-Aldrich M8159) and a rabbit polyclonal antibody directed against total 
MAPK (anti-ERK-1: ERK-1 (K-23), Santa Cruz, cat. no: sc-94), both at 1/1000. After washing, 
secondary antibodies, anti-mouse-A680 (molecular probes) and anti-rabbit-A800 (IRDye800, 
Rockland) were applied at 1/7500. Labelled blots were imaged with an Odyssey Infrared 
Imaging system (LI-COR Biosciences), quantified using Quantity-One software (Version 4.6.3, 
Bio-Rad), and relative ratios of phosphorylated versus total germline specific, 55 kD MAPK 
(MPK-1B) were calculated. The value for the predominantly somatic 45 kD isoform (MPK-1A) 
served as an internal control in each experiment: the ratio phosphorylated (YT)/ total MPK-1B 
was divided by the phosphorylated (YT)/total MPK-1A, resulting in the “relative YT levels 
MPK-1B/MPK-1A” value, which was averaged over three independent experiments.

Results

Nuclear localization of MBK-2 in diplotene oocytes

In meiotic prophase I arrested oocytes, MBK-2 is tethered at the cortex by EGG-3, which is 
presumably anchored to the plasma membrane through an interaction with the membrane 
protein CHS-1 [20]. Only after fertilization, MBK-2 is redistributed together with EGG-3 to 
endosomes, from where MBK-2 is released into the cytosol to regulate egg activation [20, 21, 
and Chapter 3 of this thesis]. Using confocal scanning laser microscopy on animals expressing 
GFP::MBK-2 driven by the pie-1 promoter we found however, that GFP::MBK-2 in diplotene 
oocytes was rather enriched in the nucleus (Figure 1, left panel). Consistent with previous 
publications [20, 21], the cortical distribution of GFP::MBK2 in prophase I arrested oocytes 
relied on the presence of EGG-3 (Figure 1, right panel). However, the nuclear localization of 
GFP::MBK-2 in diplotene oocytes remained unaffected by egg-3(RNAi) (Figure 1, right panel), 
suggesting that EGG-3 is not involved in distributing MBK-2 into or out of the nucleus. 
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Figure 1: MBK-2 localizes to nuclei of diplotene oocytes.
GFP::MBK-2 distributed at the cortex of -1 and -2 prophase I arrested oocytes but in the nucleus 
of diplotene oocytes (starting at -3). In response to egg-3(RNAi), GFP::MBK-2 failed to associate 
with the cortex of -1 and -2 oocytes but persisted in the nucleus of earlier developing oocytes (right 
panel). Scale bar: 20 µm.

Transfer of EGG-3 to the plasma membrane via the secretory pathway

Close examination by confocal scanning laser microscopy of GFP::EGG-3 expressing 
animals revealed cytoplasmic punctae in both diplotene and prophase I arrested oocytes, 
a labelling pattern that gradually shifted towards a plasma membrane distribution 
during oocyte development (Figure 2A). To investigate the possibility that these punctae 
represent compartments of the vacuolar system, we first investigated worms co-expressing 
mCherry::EGG-3 and GFP tagged caveolin 1 (CAV-1). CAV-1 is a membrane embedded 
protein that travels from the endoplasmic reticulum (ER) to the Golgi and from there to the so-
called CAV-1 bodies [26]. Dissected gonads were immuno-labelled for a Golgi marker, SQV-8 
[27]. As expected, CAV-1::GFP labelled CAV-1 bodies positioned close to but distinct from 
the SQV-8 positive Golgi (Figure 2B). Similarly, mCherry::EGG-3 was often observed close to 
but never overlapping with CAV-1 bodies. Some overlap was observed, however, between 
mCherry::EGG-3 and SQV-8, suggesting that EGG-3 may transit the Golgi in developing 
oocytes.
 These results encouraged us to further investigate a potential role of the secretory 
pathway in transpositioning EGG-3 to the oocyte cortex, a pathway normally taken only by 
transmembrane and secretory proteins. To interfere with vesicular trafficking between the 
endoplasmic reticulum (ER) and the Golgi, two crucial regulators were knocked down: rab-1, 
a Rab-GTPase regulating the budding of COPII coated vesicle from the ER [28], or sar-1, the 
GTPase involved in recruitment of the COPII subunits to the ER [29, 30]. To visualize ER, 
GFP::SP-12 (a GFP fusion with the ER resident signal peptidase SP12 [31]) was combined 
with mCherry::EGG-3 (Figure 3). At control conditions, mCherry::EGG-3 and GFP::SP-12 
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were clearly separated at the plasma membrane and reticular ER, respectively (Figure 3, 
upper panel). At rab-1(RNAi) or sar-1(RNAi) conditions, however, mCherry::EGG-3 largely 
overlapped with GFP::SP-12 at the reticular ER and the nuclear envelope (Figure 3, middle 
and lower panels). Efficient transfer of newly synthesized EGG-3 to the plasma membrane 
thus seems dependent on its association with and subsequent transfer from the ER via the 
secretory pathway to the plasma membrane. 

Transit through the Golgi is required for efficient cortical EGG-3 disposition

To directly test whether EGG-3 transits the Golgi, ARF-1 mediated trafficking steps were 
inhibited by RNAi. ARF-1 is a GTPase that regulates vesicular transport steps both at the 
cis- and trans-Golgi [32]. To interfere specifically with trans-Golgi Network (TGN) exit,  
agef-1(RNAi) was performed. Agef-1 is the C. elegans homolog of BIG1, the Brefeldin A 
sensitive guanine nucleotide exchange factor that activates ARF-1 at the TGN [26]. In C. elegans 
oocytes, arf-1(RNAi) or agef-1(RNAi) traps CAV-1 at the Golgi and affects the morphology of 
SQV-8 immuno-labelled Golgi-compartments, consistent with interference with Golgi exit 
[26]. At control conditions relatively little GFP::EGG-3 localized at or just adjacent to SQV-8 
containing Golgi compartments (Figure 4, upper panel). After agef-1(RNAi), the amount of 
GFP::EGG-3 at or directly adjacent to enlarged SQV-8 containing Golgi was clearly increased 
(Figure 4, middle panel), consistent with a role of the Golgi in its transfer from the ER to the 
plasma membrane. A significant amount of GFP::EGG-3 still managed to reach the plasma 
membrane, however, suggesting either incomplete blockage of Golgi to plasma membrane 
transport or alternative pathways. arf-1(RNAi) resulted in a phenotype comparable to that of 
agef-1(RNAi) (data not shown). To interfere with trafficking beyond TGN exit, vesicle fusion 
with the plasma membrane was inhibited by applying RNAi against syntaxin-4, the C. elegans 
ortholog of human syntaxin-1, a t-SNARE that regulates fusion of secretory vesicles with the 
plasma membrane [33]. When exposed to syn-4(RNAi), GFP::EGG-3 was reduced at the oocyte 
plasma membrane, and redistributed to vesicular structures accumulating at the perinuclear 
area (Figure 4, lower panel), reminiscent of the reported distribution of CAV-1::GFP at these 
conditions [34]. Consistent with interference with a post-Golgi transport step, hardly any 
GFP::EGG-3 was associated with SQV-8 at these conditions. Together, these data imply that 
after synthesis, EGG-3 associates with the ER from where it is transferred along the secretory 
pathway to the plasma membrane.

EGG-3 is required for the ER exit of CHS-1

Given that EGG-3 has no signal sequence or membrane interacting domains itself, its transfer 
to the plasma membrane via the ER-Golgi secretory pathway would require an interaction 
with one or more transmembrane proteins. As reported previously, localization of EGG-3 to the 
oocyte cortex is dependent on the 15-pass transmembrane protein CHS-1 [20]. Although it is 
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not known whether the two proteins interact directly or indirectly, CHS-1 is a likely candidate 
for EGG-3 to interact with during its transfer to the plasma membrane. As expected, CHS-1 
accumulated together with GFP::EGG-3 at the oocyte cortex at control conditions (Figure 5A, 
upper panel) but at the ER at sar-1(RNAi) (Figure 5A, middle panel) or rab-1(RNAi) (data not 
shown) conditions. Remarkably, in the absence of EGG-3, CHS-1 was also retained in the ER 
(Figure 5A, lower panel). As reported previously [26], CAV-1::GFP accumulated at the ER at 
rab-1(RNAi) conditions (Figure 5B, middle panel), but its distribution was not affected by egg-
3(RNAi) (Figure 5B, lower panel), demonstrating that the secretory pathway remained intact 
at the latter conditions. Collectively these data indicate interdependence of EGG-3 and CHS-1 
for their transfer from the ER through the secretory pathway to the plasma membrane.

MBK-2 associates with EGG-3 at the plasma membrane

The recruitment of MBK-2 to the plasma membrane requires both CHS-1 and a direct 
interaction with EGG-3 [21]. We next asked whether MBK-2 is recruited to EGG-3 at the 
secretory pathway or only after arrival of EGG-3 and CHS-1 at the plasma membrane. At 
control conditions, GFP::MBK-2 and mCherry::EGG-3 perfectly co-localized at the plasma 
membrane of prophase I arrested oocytes (Figure 6, upper panel, oocytes -1 to -3), while 

Figure 2: EGG-3 also localizes to the Golgi, but not to CAV-1 bodies.
(A) A dissected gonad of a GFP::EGG-3 (green) expressing animal with a distal (D) to proxi-
mal (P) orientation from left to right (all subsequent figures of gonads display the same orienta-
tion). Oocytes can also be individually distinguished by the DNA labelling with DAPI (blue). (B) 
Dissected gonads of animals expressing CAV-1::GFP (green) and mCherry::EGG-3 (red) were 
immuno-labelled with the Golgi marker SQV-8 (blue). Magenta indicates colocalization between 
mCherry::EGG-3 and SQV-8 in the merged picture. Insets show a 3x magnification of the boxed 
areas. Scale bars: 20 µm.
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still developing, diplotene oocytes showed accumulation of MBK-2 in the nucleus (oocytes 
-4 and earlier, indicated with arrowheads). When ER to Golgi trafficking was inhibited by  
rab-1(RNAi) or sar-1(RNAi), this distribution was disrupted with mCherry::EGG-3 now at the 
ER and GFP::MBK-2 primarily within nuclei and punctate cytoplasmic structures distinct from 
mCherry::EGG-3 labelled ER (Figure 6, middle and lower panels). Interestingly, interference 
with ER exit at these conditions resulted in persistence of GFP::MBK-2 in the nucleus of up to 
prophase I arrested oocytes (arrowheads in oocytes -1 to -4). 
 To investigate the possibility that MBK-2 may be recruited to EGG-3 at the secretory 

Figure 3: EGG-3 is transferred via the ER to the plasma membrane.
Worms with oocytes expressing mCherry::EGG-3 (red) and the ER marker GFP::SP-12 (green) 
were anesthetized in sodium azide and analyzed by in situ confocal imaging. The upper panel 
shows a control situation (Empty Vector), while ER exit is blocked by rab-1(RNAi) (middle panel) or  
sar-1(RNAi) (lower panel). Insets in the merged pictures show 3x enlargements of the boxed ar-
eas. Scale bar: 20 µm.
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Figure 4: EGG-3 is transferred via the TGN to the plasma membrane.
Dissected gonads of GFP::EGG-3 (green) expressing worms were labelled with the Golgi marker 
SQV-8 (red) and DNA is visualized with DAPI (blue). The upper panel shows control worms (Empty 
Vector). Vesicle trafficking at the Golgi complex was inhibited by agef-1(RNAi) (middle panel). Fu-
sion of secretory vesicles with the plasma membrane was affected through syn-4(RNAi) (lower 
panel). Insets in the merged pictures show 3x enlargements of the boxed areas. Scale bar: 20 
µm.

pathway distal from the ER, agef-1(RNAi) and syn-4(RNAi) conditions were applied to 
GFP::MBK-2 expressing worms to interfere with Golgi exit and fusion of transport vesicles 
with the plasma membrane, respectively. Dissected gonads revealed no GFP::MBK-2 near or 
at SQV-8 stained Golgi at control, agef-1(RNAi) or syn-4(RNAi) conditions, nor was it localized 
to vesicles accumulating around the nucleus at syn-4(RNAi) conditions (Supplemental Figure 
1), as seen for GFP::EGG-3. Together, these data indicate that MBK-2 is recruited from the 
cytosol to EGG-3 directly at the cortex.
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(A) Worms expres- 
sing mCherry::EGG-3 
and GFP::CHS-1 were  
anesthetized with sodium 
azide and analyzed by in 
situ by confocal imaging. 
mCherry::EGG-3 (red) 
and CHS-1::GFP (green) 
are visualized at control 
conditions (Empty Vector), 
at sar-1(RNAi) or egg-
3(RNAi) conditions as in-
dicated. Note the absence 
of mCherry::EGG-3 after 
egg-3(RNAi). 

Figure 5: Exit of CHS-1 from the ER requires EGG-3.

(B) Worms expres- 
sing mCherry::EGG-3 
(red) and GFP::CAV-1 
(green) at control  
conditions (Empty Vector),  
at rab-1(RNAi) or egg-
3(RNAi) conditions as in-
dicated. Note the absence 
of mCherry::EGG-3 in oo-
cytes but remaining gut 
granule autofluorescence 
in neighbouring somatic 
cells after egg-3(RNAi). 
Insets in the merged pic-
tures show 3x enlarge-
ments of the boxed areas. 
Scale bars: 20 µm.
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EGG-3 is not required for timed oocyte maturation

It is well established that transition of a fertilized egg into an embryo requires proper disposition 
of both CHS-1 and MBK-2 at the plasma membrane. Our observation that at egg-3(RNAi) 
conditions CHS-1 is retained in the ER and MBK-2 is mistargeted to the cytosol of prophase 
I arrested oocytes explains the dependence on EGG-3 for oocyte-to-embryo transition. It 
remained unclear, however, whether EGG-3 mediated transfer of CHS-1 and MBK-2 has 

Figure 6: Cortical deposition of MBK-2 requires an intact secretory pathway. 
Worms expressing mCherry::EGG-3 (red) and GFP::MBK-2 (green) at control conditions (Empty 
Vector, upper panel), treated with rab-1(RNAi) or sar-1(RNAi) (middle and lower panel) to block 
ER exit were anesthetized with sodium azide and analyzed by confocal imaging. Note that in re-
sponse to rab-1(RNAi) or sar-1(RNAi), GFP::MBK-2 is redistributed from the plasma membrane to 
intracellular punctae distinct from mCherry::EGG-3 containing ER as well as to the nucleus, up to 
the -1 arrested oocyte. Arrowheads indicate nuclei containing GFP::MBK-2. Insets in the merged 
pictures show 3x enlargements of the boxed areas. Scale bar: 20 µm.



Chapter 254

implications for oocyte development prior to fertilization. To test this directly, we determined 
activation of MAPK in the proximal oocytes, a hallmark for the onset of oocyte maturation 
[9]. Phosphorylated MAPK (MAPK-YT) was immuno-labelled in extruded gonads from wild 
type, egg-3(tm1191) mutant animals and the female fog-2(q71) strain, a mutant in which sperm 
production is eliminated, as a negative control (Figure 7A). As expected, labelling was most 
intense in the most proximal oocyte (-1) with decreasing but varying intensities in more distal 
oocytes (-2 to -4). Quantification of the signals revealed no significant differences in MAPK 
activation between N2 and egg-3(tm1191), measured over the first 4 most proximal oocytes 
(Figure 7B). These results were confirmed by Western blot analysis from total worm lysates 
(Figure 7, C and D), where the relative amount of phosphorylated germline specific 55 kD 
isoform of MAPK (MPK-1B) was determined and compared with the activated form of the 
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Figure 7: EGG-3 is not required for timely activation of MPK-1B in oocytes.
(A) Gonads of control (N2; A, panels I, II and VI), egg-3(tm1191) (A, panels III and IV), and un-
mated fog-2(q71) worms (A, panel V) were dissected and immuno-labelled with anti-MAPK-YT. 
No labelling was observed for oocytes from fog-2(q71) gonads, confirming specific staining for 
phosphorylated MPK-1B in the other strains. For both wild type and egg-3(tm1191) worms, gonads 
in which either primarily the most proximal oocyte (panels I and III) or in which multiple oocytes 
were labelled (panels II and IV) could be found. The labelling intensity per oocyte and back-
ground staining was measured over fixed areas exemplified in panel VI. (B) Calculated average  
specific labelling intensities for MAPK-YT over multiple gonads as determined by immuno- 
fluorescence. The phosphorylation status of MPK-1B (B) and MPK-1A (A) in fog-2(q71), N2 and 
egg-3(tm1191) in total worm lysates was determined by Western blotting (C). The phosphorylated 
status of oocyte specific MPK-1B as measured in (C) was quantified and expressed relative to that 
of ubiquitous MPK-1A for three independent experiments (+/- S.D) (D).
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predominantly somatic 45 kD isoform (MPK-1A) [35]. These data suggest that the roles of 
EGG-3 and CHS-1 in the developing oocyte are solely directed towards escorting each other to 
the plasma membrane, where MBK-2 is recruited. The functions of all three proteins become 
crucial only after fertilization during egg-to-embryo transition. 

Discussion

In this study, we describe the interdependence of the cytosolic protein EGG-3 and its putative 
membrane receptor CHS-1 for their transfer from the ER via the secretory pathway to the 
oocyte plasma membrane. Only after their arrival at the plasma membrane, MBK-2 is recruited. 
EGG-3 has no membrane anchor of its own but is dependent on CHS-1, either directly or 
indirectly, for its anchoring to the cytosolic side of the ER and subsequent transfer from the 
ER via membrane transport vesicles to the Golgi and from there to the plasma membrane. Our 
results are consistent with those of the Singson laboratory [20] who demonstrated already that 
CHS-1 and EGG-3 localize interdependently at the plasma membrane and that both proteins 
are required to properly distribute MBK-2. In addition to recruiting MBK-2 to the plasma 
membrane, CHS-1 is also responsible for chitin synthesis which is required for eggshell 
deposition, a process occurring after oocyte fertilization, and also crucial for other cortical 
events, including polar body extrusion and F-actin rearrangement [36]. These observations 
also explain the disability of the zygote to form an eggshell in an egg-3(RNAi)  knock-down, 
since CHS-1 failed to exit the ER at these conditions.
 EGG-3 contains a phospho-tyrosine phosphatase-like domain that lacks the required 
catalytic residues necessary for true phosphatase activity, similar to other members of the 
protein-tyrosine-phosphatase-like (PTPL) family of proteins [22, 37]. Instead, EGG-3 might 
act as a so-called anti-phosphatase, protecting tyrosine phosphorylated proteins from being 
dephosphorylated by genuine phosphatases, like the Arabidopsis PASTICCINO2 (PAS2), that 
binds to a cyclin-dependent kinase to prevent its dephosphorylation [38]. Alternatively, it 
might act as an adaptor, recruiting tyrosine phosphorylated proteins, e.g. to form a functional 
protein complex, similar to C. elegans MTM-6/MTM-9 or the proposed EAK-5/SDF-9 complexes, 
in which MTM-9 and SDF-9 represent PTPLs [39, 40]. MBK-2 targets proteins involved in 
oogenic processes for degradation in 1-cell embryos [12, 16]. Both EGG-3 and MBK-2 change 
their distribution from the oocyte plasma membrane to endososmes during the meiotic 
divisions, from where MBK-2 is released into the cytosol, while EGG-3 is degraded (Chapter 
3 of this thesis). It is therefore hypothesized that EGG-3 serves as an adaptor protein, keeping 
MBK-2 quiescent at the cortex possibly by interacting simultaneously with CHS-1, until after 
fertilization, MBK-2 is released into the cytosol and thus able to reach its target proteins. In 
the absence of EGG-3, MBK-2 is constitutively present in the cytosol of both oocytes and early 
embryos, resulting in a premature phosphorylation of one of its targets, MEI-1 [21]. 
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 Already in wild-type developing oocytes, we observed intracellular GFP::EGG-3 
positive punctae that co-distributed in part with the Golgi marker SQV-8, but not with 
caveolin-1 containing CAV-1 bodies. When ER exit was abrogated, all GFP::EGG-3 was 
trapped at the ER, together with both CAV-1 and CHS-1, two membrane proteins that are 
synthesized at the ER. To intersect with membrane traffic out of the Golgi complex, the ADP-
ribosylation factor ARF-1 and its TGN specific GEF Agef-1 were knocked-down by RNAi, 
which resulted in a phenotype reported by others for CAV-1 [26]. SQV-8 containing Golgi 
structures increased in size and accumulated GFP::EGG-3, confirming the Golgi complex as 
an intermediate station for EGG-3 en route to the plasma membrane. Finally, knock down 
of SYN-4, a t-SNARE required for the fusion of Golgi derived vesicles with the plasma 
membrane [33], caused GFP::EGG-3 to accumulate in post-Golgi vesicles negative for SQV-8. 
In a recent study [34], SYN-4 was shown to play a major role in cortical granule exocytosis 
after fertilization of the oocyte, which was monitored using the CAV-1::GFP transgene. 
Strikingly however, the same study demonstrated an accumulation of CAV-1::GFP positive 
cortical granules around the oocyte nuclei at syn-4(RNAi) conditions, a phenotype resembling 
the redistribution of GFP::EGG-3 in our study. Although these authors did not elaborate on 
these findings, it is possible that the CAV-1::GFP positive structures that accumulated at these 
conditions represented plasma membrane destined Golgi-derived transport vesicles rather 
than cortical granules. Conversely, one might argue that the GFP::EGG-3 positive structures 
found at syn-4(RNAi) conditions in our study are cortical granules. We consider this unlikely, 
however, given the lack of co-distribution of EGG-3 with CAV-1 bodies or cortical granules at 
any condition. MBK-2 is associated together with EGG-3 at the oocyte plasma membrane as 
well as at endosomes after fertilization (Chapter 3 of this thesis), but not at the Golgi. MBK-2 
was also absent from the secretory pathway when transport of EGG-3/CHS-1 out of the ER 
or out of the Golgi was inhibited. The amount of GFP::MBK-2 at the plasma membrane was 
reduced at these conditions, however, all consistent with the notion that MBK-2 is recruited 
to, and only after EGG-3/CHS-1 have reached the plasma membrane. 
 At control conditions, MBK-2 was found in nuclei of diplotene but not of prophase 
I arrested oocytes, suggesting a physiological role of MBK-2 in the nucleus specific for 
diplotene oocytes. Interestingly, MBK-2 was also found in the nucleus of prophase I arrested 
oocytes when ER exit was blocked. In oocytes from egg-3(RNAi) treated worms, however, 
GFP::MBK-2 was normally transferred to the nuclei of diplotene oocytes, suggesting that 
EGG-3 is not required to regulate transfer of MBK-2 either into or out of the nucleus, but only 
for its cortical sequestration after transport out of the nucleus during prophase I arrest. Why 
the nuclear localization of MBK-2 persisted in mature prophase I arrested oocytes in response 
to blocking ER exit remains therefore unresolved. One possibility is that MBK-2 remained in 
the nucleus as a consequence of an ER stress response. In eukaryotic cells, stress conditions 
are often coped with by transcription regulation. A function of MBK-2 in the nucleus is not 
known, but its closest mammalian homolog, DYRK2, which is normally found in the cytosol, 
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is targeted to the nucleus to phosphorylate p53 in response to DNA damage [41]. Similarly, 
nuclear MBK-2 may regulate gene-transcription in diplotene oocytes. Oocytes at diplotene also 
generate mRNA species that are required only after fertilization to support early embryonic 
development [42], possibly explaining why MPK-1B is normally activated in egg-3(tm1191) 
worms (Figure 7). Further investigations are required to identify the potential role of MBK-2 
in transcriptional regulation of diplotene oocytes.
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Supplemental Data

Supplemental Figure 1: MBK-2 does not traverse the Golgi complex to reach the plasma 
membrane.
GFP::MBK-2 (green) expressing worms were treated with control RNAi (Empty Vector, upper  
panel), agef-1(RNAi) (middle panel) to inhibit TGN exit or syn-4(RNAi) (lower panel) to prevent 
plasma membrane fusion of secretory vesicles. Dissected gonads were immuno-labelled for the 
Golgi marker SQV-8 (red) and stained for DNA (blue). Insets in the merged pictures show 3x en-
largements of the boxed areas Scale bar: 20 µm.
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Abstract

Oogenesis specific processes and the embryogenic program are strictly regulated during 
oocyte-to-embryo transition. In C. elegans, transition of fertilized oocytes into early embryos is 
regulated by the DYRK kinase MBK-2. In meiotic prophase I arrested oocytes, MBK-2 is kept 
quiescent at the oocyte cortex through its interaction with EGG-3 that on its turn is associated 
with the membrane protein CHS-1. Here we demonstrate that during meiosis II, MBK-2 
and EGG-3 are targeted to endosomes via a RAB-5 dependent mechanism, independently 
of clathrin mediated endocytosis. After transfer to endosomes, MBK-2 is released from its 
EGG-3 anchor into the cytosol during RAB-7 dependent endosome maturation. EGG-3 on the 
other hand remains endosome associated and is sorted at multivesicular bodies in an ESCRT 
dependent manner to lysosomes, where it is degraded. In the zygote, one of the targets of 
MBK-2 is OMA-1, which after being phosphorylated by MBK-2 represses transcription by 
binding to and sequestering the transcription factor TAF-4 in the cytoplasm. We here show 
that cytoplasmic sequestration of TAF-4 requires passage of MBK-2 through endosomes. 
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Introduction

In most animal species, oocytes are arrested at diakinesis of meiotic prophase I and complete 
meiosis in response to extracellular stimuli. During meiotic maturation oocytes are prepared 
for fertilization, after which embryogenesis is started. The nematode Caenorhabditis elegans 
is an excellent model organism to study the molecular processes underlying oocyte-to-
embryo transition. Uniquely in this organism, however, is a sperm derived protein, major 
sperm protein (MSP), which stimulates the oocyte to exit arrest at prophase I and to ovulate 
into the spermatheca for fertilization [1, 2]. Ovulated oocytes that fail to be fertilized, do not 
complete their meiotic divisions [3]. Proper initiation of the embryogenic program requires 
the activity of the dual-specificity tyrosine-phosphorylation regulated kinase, or dual-
specificity YAK-1-related kinase (DYRK) MBK-2, which regulates multiple processes in 
both 1-cell and multicellular embryos [4]. One activity of MBK-2 is to phosphorylate MEI-1, 
therewith initiating its ubiquitination and subsequent removal by proteasomal degradation 
after anaphase of meiosis II [5, 6]. MEI-1 is a subunit of the C. elegans ortholog of katanin, 
a microtubule severing protein involved in the formation and cortical positioning of the 
meiotic spindle in higher organisms [7]. Other proteins proteins that are required for oocyte-
to-embryo transition and phosphorylated by MBK-2 are the TIS11 zinc finger-containing 
proteins OMA-1 and its close and redundant homolog OMA-2, which are involved in oocyte 
maturation [8]. In contrast to MEI-1, OMA-1 sustains during the 1-cell stage, but is largely 
degraded after the first mitotic cell division, remaining only at the P granules of the germline 
blastomeres. Recently, it was demonstrated that MBK-2-phosphorylated OMA-1 in the early 
embryo prevents RNA polymerase II-dependent transcription in the early blastomeres P0 and 
P1 by sequestering the TATA-binding protein associated factor 4 (TAF-4) to the cytosol [9]. 
In the absence of either OMA or MBK-2, TAF-4 was already translocated to the pronuclei 
of the 1-cell embryo, resulting in premature activation of RNA polymerase II. When OMA 
is degraded after the first cell cleavage, transcriptional repression in the P-lineage is taken 
over by PIE-1 [10, 11]. When degradation of phosphorylated OMA was inhibited, e.g. at 
cul-1(RNAi) conditions, transcription continued to be silenced in the somatic blastomeres 
of 2- and subsequent cell stages. Removal of cytosolic OMA from somatic blastomeres also 
drives the degradation of several maternally provided cell fate determinants [12]. OMA thus 
serves crucial germline specification processes during embryonic development. After being 
phosphorylated by MBK-2, degradation of OMA-1 requires activity of three other kinases, 
GSK-3, KIN-19 and CDK-1, of which only GSK-3 has been shown to directly phosphorylate 
OMA-1 [13, 14]. Next to regulating MEI-1 and OMA functions, MBK-2 also plays a role in 
generating an asymmetric distribution and/or activation of several other maternally provided 
proteins, including PIE-1, POS-1, the P-granules [4, 5] and the priming of MEX-5 and MEX-6, 
thereby providing regulation of these proteins by the polo kinases PLK-1 and PLK-2 [15]. 
 Given its multiple regulatory roles in early embryogenesis, timing of MBK-2 
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activity must be adequately regulated. Up to metaphase I, MBK-2 is associated with the 
plasma membrane, but as meiosis progresses, is rapidly redistributed to so far unidentified 
intracellular structures [4]. This redistribution of MBK-2 is dependent on the anaphase 
promoting complex/cyclosome (APC/C) and CDK-1, and occurs prematurely when meiotic 
maturation is induced by depletion of the CDK-1 inhibitor WEE-1.3 [16]. After completion of 
meiosis, MBK-2 is released from these structures into the cytosol and during subsequent mitotic 
divisions redistributed to the chromosomes and centrosomes as well as to the P-granules of 
the germline blastomeres. When embryos are arrested in meiosis II, MBK-2 fails to dissociate 
from the unidentified structures [16]. Phosphorylation of MEI-1 and OMA-1, two of the direct 
targets of MBK-2, coincides with the release of MBK-2 into the cytoplasm after completion of 
meiosis II [13, 16].
 Two recent papers describe a new gene product, EGG-3, that interacts with MBK-2, 
shows similar redistribution characteristics as MBK-2 during egg activation, and like MBK-
2 plays a crucial role in egg activation [17, 18]. egg-3 mutant oocytes are fertilized, obtain 
the polyspermy block and progress through meiosis, but become aberrant during early egg 
activation. The earliest defects are deficiencies in F-actin reorganization, eggshell formation 
and polar body extrusion [18]. EGG-3 is a putative member of the protein tyrosine phosphatase-
like (PTPL) family of proteins, which have a protein tyrosine phosphatase homologous domain 
that lacks catalytic activity. PTPL proteins act either as anti-phosphatases or as scaffolding or 
adaptor proteins by binding to phosphorylated tyrosine residues of specific target proteins [19]. 
In the absence of EGG-3, MBK-2 fails to associate to the plasma membrane and prematurely 
phosphorylates MEI-1 in the cytosol [17]. In contrast to MBK-2, which disperses into the 
cytosol after completion of meiosis, EGG-3 is rapidly degraded after the first mitotic division. 
These observations led to the hypothesis that EGG-3 acts as an adaptor or scaffolding protein, 
initially keeping MBK-2 quiescent at the cell cortex, escorting it to the previously unidentified 
intracellular structures after metaphase I until its release after meiosis II. 
 Within eukaryotic cells, including C. elegans [20, 21], RAB-5 is a key regulator of 
endocytosis and also required for the fusion of endocytic vesicles with early endosomes [22-
24]. As an early endosome matures into a late endosome along the endo-lysosomal pathway, 
RAB-5 is replaced by RAB-7 [25], which regulates both the maturation of early endosomes 
into late endosomes and the fusion of the late endosome with the lysosome [26-30]. In C. 
elegans, RAB-7 driven endosome maturation requires the protein SAND-1 [31]. During their 
maturation, endosomes generate intraluminal vesicles (ILVs), which are formed by inward 
budding of the endosomal delimiting membrane. Thus formed multivesicular bodies (MVBs) 
fuse with lysosomes, after which the ILVs are degraded by lysosomal hydrolases. Membrane 
proteins are selectively sorted into budding ILVs as a consequence of ubiquitination of their 
cytoplasmic domain and recruitment via this ubiquitin tag by the endosomal sorting complex 
required for transport (ESCRT) machinery (reviewed in [32, 33].)
 We here investigated the nature of the redistribution of MBK-2 and its anchor EGG-3 
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at meiosis II. By interfering with the machineries that drive selective stages in the endocytic 
pathway we found that during meiotic maturation, EGG-3 and MBK-2 are transported to 
early endosomes via a clathrin independent but RAB-5 dependent process. When RAB-5 
driven transfer of MBK-2 from the cortex to endosomes was blocked, degradation of OMA-
1 was delayed and TAF-4 prematurely recruited to the pronuclei of the 1-cell embryo, 
suggesting aberrant timing of MBK-2-driven OMA-1 phosphorylation. After its redistribution 
to endosomes, MBK-2 is released into the cytosol while its anchor EGG-3 is transferred in an 
ESCRT dependent manner to lysosomes for degradation. In conclusion, we propose that the 
early endosome is not only an intermediate station along the lysosomal degradation route of 
EGG-3, but also is an essential trafficking step to time MBK-2 activation. 

 
Results

MBK-2 and its cortical anchor protein EGG-3 are redistributed to endosomes 

Consistent with observations by others [4, 17, 18], GFP chimeras of MBK-2 and its 
anchor protein EGG-3 rapidly redistributed from the plasma membrane to intracellular 
structures during the transition of fertilized oocytes from meiotic metaphase I to anaphase 
I (Supplemental video 1). Subsequently, GFP::MBK-2 was released into the cytoplasm and 

Figure 1: EGG-3 and MBK-2 redistribute to early endosomes.
Embryos were dissected and analyzed by confocal microscopy. (A) Freshly isolated non-fixed em-
bryos showing GFP::EGG-3 (green) and mCherry::RAB-5 (red) co-localizing in many structures, 
as exemplified in the merged picture by arrowheads. (B) Fixed oocytes expressing GFP::MBK-2 
(green) and immuno-double labelled for RAB-5 (Alexa-568, red) and EGG-3 (Alexa-647, blue). Ex-
amples of colocalization of all three markers are indicated by arrowheads in the merged pictures. 
Scale bars: 20 μm.
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after completion of meiosis associated with centrosomes and chromosomes of the mitotic 
zygote, and during early embryogenesis with the P-granules of the germline precursor cells 
[4]. GFP::EGG-3, however, completely disappeared at the 2-cell embryo stage. To investigate 
whether MBK-2 and EGG-3 are redistributed to endosomes during meiosis I, we compared 
their distribution with that of the small GTPase RAB-5, a well established early endosome 
marker [27]. GFP::EGG-3 redistributed from the plasma membrane to early endosomes 
that were marked by mCherry::RAB-5, which was co-expressed under control of the oocyte 
specific pie-1 promoter (Figure 1A). GFP::MBK-2 was targeted to the same endosomes, as 
determined in fertilized oocytes that were fixed and immuno-double labelled for RAB-5 and 
EGG-3 (Figure 1B). Most but not all EGG-3 containing structures co-distributed with RAB-5, 
suggesting involvement of other compartments within the endocytic pathway downstream of 
RAB-5 positive early endosomes.

Redistribution of MBK-2 and EGG-3 to early endosomes requires RAB-5 

function

Since RAB-5 is not only a marker for early endosomes, but also a major regulator of the formation 
of endocytic vesicles from the plasma membrane and their fusion with early endosomes we 
tested whether targeting of MBK-2 and EGG-3 to endosomes requires RAB-5 function, using  
rab-5(RNAi). RAB-5 was highly reduced by this treatment as demonstrated by Western blotting 
of proteins from isolated embryos (Figure 2A). RAB-5 depleted embryos formed multinucleated 
cells (see supplemental Figure S1), consistent with earlier observations [34]. RAB-5 depletion 
did not affect the normal distribution of GFP::EGG-3 at the oocyte plasma membrane up to 
metaphase I (Figure 2B, A and A’ and Supplemental Table I). However, GFP::EGG-3 failed to 
redistribute to endosomes after anaphase I. Instead, GFP::EGG-3 first redistributed from the 
plasma membrane directly into the cytoplasm, after which a significant amount regained its 
association with the plasma membrane at 2 and 4-cell stage embryos (Figure 2B, B’-D’ and 
supplemental video 2). These data indicate that during the progression from metaphase I 
to anaphase I, EGG-3 is normally redistributed from the plasma membrane to endosomes 
and that this pathway precedes and is required for EGG-3 degradation. The effect of  
rab-5(RNAi) on the distribution of GFP::MBK-2 was slightly different: Like GFP::EGG-3, 

Figure 2: RAB-5 dependent redistribution of EGG-3 and MBK-2 from the plasma membrane 
to endosomes and EGG-3 degradation.
Embryos expressing GFP::EGG-3 or GFP::MBK-2 were isolated from rab-5(RNAi) or control 
(Empty Vector) worms. (A) Isolated embryos were analyzed by Western blotting for RAB-5 and 
β-tubulin as a loading control to monitor knock-down efficiency. (B) Non-fixed embryos were dis-
sected in the presence of sodium azide and immediately imaged by confocal microscopy. Shown 
are representative GFP::EGG-3 or GFP::MBK-2 expressing embryos at the developmental stages 
indicated. Insets in F and F’ show samples of areas displaying GFP::MBK-2 at the mitotic spindle 
during the first cell cleavage, asterisks in H and H’ indicate germline precursor cells containing 
GFP::MBK-2 positive P-granules. Scale bar: 20 μm. For quantification of the phenotypes see 
Supplemental Table I.
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nearly all GFP::MBK-2 dispersed into the cytoplasm during meiosis I (Figure 2B, F’ and 
Supplemental Table I). Unlike GFP::EGG-3, however, GFP::MBK-2 did not re-associate with 
the plasma membrane in 2- and 4-cell stage embryos (Figure 2B, H’-I’). The association of 
MBK-2 to mitotic spindles (Figure 2B, F and F’ inset) and P-granules (Figure 2B, G and G’ 
asterisks) was not affected by rab-5(RNAi), indicating that transfer via endosomes was not 
obligatory for its recruitment to these structures. 

EGG-3 is redistributed towards early endosomes independently of clathrin- 

mediated endocytosis

Cortical granules, which are positive for CAV-1, fuse with the plasma membrane of the oocyte 
within minutes after spermathecal exit [35, 36], after which CAV-1 is endocytosed via a clathrin 
and RAB-5 dependent mechanism, ultimately leading to its transfer to and degradation in 
lysosomes. Depletion of either CHC-1 (the C. elegans clathrin heavy chain) or RAB-5 retained 
CAV-1 at the plasma membrane, but did not interfere with the exocytosis of the cortical 
granules [35]. Also the putative transmembrane receptor for EGG-3, CHS-1 [18] (Chapter 
2 of this thesis), remains associated with the plasma membrane at rab-5(RNAi) conditions 
(data not shown), which may explain how EGG-3 after its initial release into the cytosol  
re-localized back to the plasma membrane at these conditions. To determine whether the transfer 
of EGG-3 to endosomes is dependent on clathrin, worms co-expressing mCherry::EGG-3 
and CAV-1::GFP were imaged at wild type or chc-1(RNAi) conditions (Figure 3). In a wild 
type situation, mCherry::EGG-3 was localized to the cortex and CAV-1::GFP to the cortical 
granules of the oocyte (Figure 3, upper panel). After spermathecal exit, +1 embryos displayed  
mCherry::EGG-3 at endosomes, while CAV-1::GFP was still largely retained at the plasma 
membrane (Figure 3, lower panels, arrowheads). Both mCherry::EGG-3 and CAV-1::GFP were 
distributed at endocytic compartments in further developing embryos and finally degraded 
in multicellular embryos. In developing oocytes, the recruitment to the plasma membrane 
of neither mCherry::EGG-3 nor CAV-1::GFP was affected by chc-1(RNAi) (Figure 3, upper 
panel). As expected, CAV-1::GFP internalization was blocked in however, by chc-1(RNAi) in 
+2 and further developing embryos, resulting in its retention at the plasma membrane (Figure 
3 lower panels). In contrast, mCherry::EGG-3 redistributed normally to endosomes at these 
conditions, indicating a clathrin independent but RAB-5 dependent mechanism, distinct from 
subsequently timed clathrin dependent endocytosis of CAV-1. 

EGG-3 remains associated with the endocytic pathway, while MBK-2 is 

released during endosome maturation

To determine whether EGG-3 remains associated with the endocytic tract, worms were grown 
in the presence of LysoTracker Red. This membrane diffusible compound is targeted to and 
gains fluorescence in acidified endosomes and lysosomes. Many intracellular structures in 
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Figure 3: Redistribution of EGG-3 is clathrin independent.
Adult hermaphrodites expressing both mCherry::EGG-3 and CAV-1::GFP at control (Wild Type, 
left column) or at chc-1(RNAi) conditions (right column) were imaged by confocal microscopy in 
the presence of sodium azide. The upper panels show merged pictures of the oocytes at both 
conditions, with the direction of oocyte development indicated by black arrows. The lower panels 
show embryos at both conditions, with distinct channels and merged pictures as indicated. The 
numbers and black arrows indicate the positions and the direction of development of the embryos. 
Arrowheads point at the absence of mCherry::EGG-3 or presence of CAV-1::GFP, respectively, at 
the cortex of the +1 embryos. The +1 embryo displayed at chc-1(RNAi) conditions had just exited 
the spermatheca, and hence still contained intracellular CAV-1::GFP positive cortical granules. 
Scale bar: 20 µm.
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1-cell progeny embryos containing GFP::EGG-3 were also positive for LysoTracker Red (Figure 
4A), supporting the notion that EGG-3 is associated with the endocytic tract, possibly all the 
way to lysosomes. Moreover, when acidification of endosomes was inhibited with chloroquine, 
GFP::EGG-3 positive vesicles remained visible even in multicellular embryos (supplemental 
Figure S1). Next to increasing acidification, maturation of early to late endosomes is also 
characterized by, and requires the exchange of RAB-5 for RAB-7 [25]. To determine whether 
interference with endosome maturation would have an effect on the dynamics of EGG-3 or 
MBK-2, RAB-7 was depleted by rab-7(RNAi). RAB-7 was severely reduced as determined 
by Western blotting (Figure 4B and Supplemental Table I)) and the presence of large yolk 
granules in early embryos is consistent with RAB-7 knock-down [31, 37] (supplemental Figure 
S1). The cortical localization of GFP::EGG-3 and GFP::MBK-2, and their redistribution to early 
endosomes during meiotic progression were not affected by rab-7(RNAi) (Figure 4C, A-B and 
E-F). However, the presence of both GFP::EGG-3 (Figure 4C, A-D) and GFP::MBK-2 (Figure 
4C, E-H) on endosomes was stabilized by rab-7(RNAi), at least up to the 4-cell stage embryo. 
GFP::MBK-2 also localized to some extent to the cytosol, the mitotic spindle (Figure 4C, F inset) 
and to the P-granules of the germline precursor cells (Figure 4C, H asterisks), indicating that 
not all MBK-2 was retained at the endosome upon RAB-7 depletion. These data suggest that 
EGG-3 degradation and efficient dissociation of MBK-2 from endosomes requires endosome 
maturation. 

Degradation of EGG-3 relies on sorting at multivesicular bodies

To further investigate the hypothesis that EGG-3 is retained in the endosomal system and 
degraded by lysosomes, selected components of the ESCRT machinery, which is responsible 
for MVB formation and the sorting of ubiquitinated membrane proteins at MVBs to their 
ILVs, were knocked-down by RNAi. RNAi knock-down of vps-37, a member of the ESCRT-I 
complex that recognizes ubiquitinated cargo [38], and F23C8.6, the C. elegans homologue 
of Did2, which is involved in the dissociation of the ESCRT-III complex [39], dramatically 

Figure 4: EGG-3 remains associated with endocytic compartments, while MBK-2 is released 
during RAB-7 dependent endosome maturation.
(A) Worms expressing GFP::EGG-3 (green) were grown on LysoTracker Red (red) supplemented 
plates. Embryos were dissected and immediately imaged by confocal microscopy. Shown is a 
1-cell embryo during pseudocleavage. Colocalization of GFP::EGG-3 with LysoTracker is exempli-
fied with arrowheads in the merged picture. (B) GFP::EGG-3 or GFP::MBK-2 expressing embryos 
were dissected from rab-7(RNAi) or control (Empty Vector) worms and analyzed by Western blot-
ting for RAB-7 and β-tubulin as a loading control. (C) Embryos as in B were isolated in the pres-
ence of sodium azide and immediately imaged by confocal microscopy. Shown are representative 
GFP::EGG-3 or GFP::MBK-2 expressing embryos at the indicated developmental stages from 
rab-7(RNAi) treated worms. Both GFP::EGG-3 and GFP::MBK-2 were retained on endosomes up 
to the 4 cell stage. For control (Empty Vector) embryos see Figure 2B. Inset in F shows a sample of 
GFP::MBK-2 at the mitotic spindle during the first cell cleavage, asterisk in H indicates a germline 
precursor cell containing GFP::MBK-2 positive P-granules. Scale bars: 20 μm. For quantification 
of the phenotypes see supplemental Table I.
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interfered with the dynamics of EGG-3 (Figure 5, left panel). Instead of being degraded, 
GFP::EGG-3 now persisted up to multicellular stage embryos, in association with enlarged 
vacuolar structures. Similar results were obtained when vps-27 or vps-28 (ESCRT-0 and 
ESCRT-I components, respectively) were knocked down (data not shown). In contrast to 
GFP::EGG-3, for GFP::MBK-2 no aberrant subcellular localization was observed in response 
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Figure 5: Degradation of EGG-3, but not of MBK-2 depends on sorting at MVBs.
Adult hermaphrodites expressing GFP::EGG-3 (left panels) or GFP::MBK-2 (right panels) were 
exposed to control RNAi (Empty Vector) or RNAi against the ESCRT component genes vps-37 
or F23C8.6 as indicated, and imaged by confocal microscopy in the presence of sodium azide. 
Regions of the most proximal oocytes (Oo), the spermatheca (Spt) and developing embryos (Emb) 
are indicated. Scale bar: 20 μm. Insets in the GFP::EGG-3 panels show enlargements of the 
boxed areas. Note that only GFP::EGG-3 remains associated with enlarged endosomes in vps-
37(RNAi) and F23C8.6(RNAi) treated worms.

to ESCRT knock downs (Figure 5, right panel). From these results, two important conclusions 
can be drawn: 1) Degradation of EGG-3 is linked to sorting at MVBs and thus to transfer to 
lysosomes, possibly in association with its putative receptor CHS-1, and 2) MBK-2 is released 
from EGG-3 prior to sorting of EGG-3 into the ILVs.

Adequate OMA-1 breakdown requires RAB-5 function

During oocyte-to-embryo transition, OMA-1 is phosphorylated by MBK-2 [16], and the 
redistribution of MBK-2 from the plasma membrane to intracellular sites during meiotic 
maturation correlates with this function [4, 13]. Given the role of MBK-2 in OMA-1 
degradation we studied whether the distribution or turn-over of OMA-1::GFP were affected 
by RNAi conditions tested previously (Figure 6). In control 1-cell embryos, OMA-1::GFP was 
highly expressed in the cytoplasm and localized to the P-granules during the first mitotic 
division (Figure 6, A-B). After the first cell cleavage, however, its cytoplasmic expression 
drops dramatically, leaving only P-granules slightly positive (Figure 6, C-D). In response 
to rab-5(RNAi), no changes were observed up to the first mitotic division (Figure 6, E-F). 
However, at these conditions OMA-1::GFP expression remained high in the cytoplasm as well 
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as on the P-granules during subsequent mitotic divisions, yielding embryos with highly GFP 
positive P-granules up to the 4-cell stage (Figure 6, G-H; see also supplemental Figure S3). The 
elevated levels of early embryonic OMA-1::GFP at rab-5(RNAi) conditions were confirmed 
biochemically by Western blotting (supplemental Figure S2). Knock-down of RAB-7 or ESCRT 
(vps-37 or F23C8.6) did not affect the turn-over nor the distribution of OMA-1::GFP (Figure 6, 
I-T). These results suggest that  RAB-5 but not RAB-7 function is required to efficiently prime 
OMA-1 degradation by phosphorylation. In the absence of EGG-3, MBK-2 is constitutively 
cytosolic, leading to a premature phosphorylation and degradation of MEI-1 [17]. We did 
not observe any change in degradation dynamics of OMA-1::GFP at egg-3(RNAi) conditions 
(supplemental Figure S3), indicating that membrane anchoring of MBK-2 to the plasma 
membrane or endosomes is not required to regulate the timing of OMA-1 phosphorylation. 
Together with the delay of OMA-1 degradation at rab-5(RNAi) conditions, however, these 
results suggest that MBK-2 activity is inhibited by its cytosolic association with EGG-3 and 
that recruitment to endosomes is required for proper dissociation of the complex. 

Sequestration of TAF-4 in the cytoplasm requires RAB-5 function

OMA-1 is degraded after the first zygotic cell division in response to sequential phosphorylation 
by MBK-2 and GSK-3 [13]. Unfortunately we have been unable to directly demonstrate OMA-

Figure 6: Proper OMA-1 breakdown requires RAB-5 function.
Embryos were dissected from OMA-1::GFP expressing worms at rab-5(RNAi), rab-7(RNAi), vps-
37(RNAi), F23C8.6(RNAi) or control (Empty Vector) conditions, in the presence of sodium azide 
and immediately imaged by epifluorescence microscopy. Representative images of the develop-
mental stages are indicated on the left (1st Mit = embryo during the first mitotic division). Scale bar: 
10 μm. Note the enhanced labelling of P granules in 2-cell and 4-cell embryos after rab-5(RNAi).
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1 phosphorylation with the available phospho-OMA-1 antibody, anti-T239-P [13]. Instead we 
examined a downstream effector of OMA-1, the transcription factor TAF-4. Transcription in 
the 1- and 2-cell embryo is suppressed by sequestration of TAF-4 in the cytoplasm through 
its interaction with OMA-1 [9]. The interaction between OMA-1 and TAF-4 requires prior 
phosphorylation of OMA-1 by MBK-2, and knock-down of MBK-2 resulted in premature 
recruitment of TAF-4 to the nucleus of the 1-cell embryo [9]. We observed the same phenotype at 
rab-5(RNAi) conditions (Figure 7), suggesting that due to the delay of OMA-1 phosphorylation 
by MBK-2 at these conditions, TAF-4 failed to be efficiently sequestered in the cytoplasm. 

Discussion

Here, we demonstrate that MBK-2 and its cortical anchor protein EGG-3 are redistributed 
from the plasma membrane to endosomes during the metaphase I to anaphase I transition 
in a RAB-5 dependent manner but independently of clathrin-mediated endocytosis. After 
its transfer to endosomes, MBK-2 is released from EGG-3 in a RAB-7 dependent manner. 
In contrast to MBK-2, EGG-3 remains associated with endosomes, is sorted at MVBs in an 
ESCRT dependent process and targeted to lysosomes for degradation. Transit of MBK-2 to 
endosomes is important for its function as demonstrated for cytosolic sequestration of the 
transcription factor TAF-4 and subsequent degradation of OMA-1. These data indicate that 
endosomes serve as a crucial station to uncouple MBK-2 from its anchor EGG-3 to be released 

Embryos were dissected from 
GFP::TAF-4 expressing worms that 
were exposed to control RNAi (Empty 
Vector) or rab-5(RNAi) and immedi-
ately imaged in the presence of sodium  
azide by confocal microscopy. Embryos  
between pronuclear meeting and  
pronuclear rotation, just before nuclear 
envelope breakdown of the first mitotic 
division were selected. Note the enrich-
ment of GFP::TAF-4 in the pronuclei 
only after rab-5(RNAi). Arrowheads indi-
cate the location of the pronuclei and the 
numbers represent the amount of em-
bryos displaying the given phenotype out 
of the total number of embryos scored.  
Scale bar: 20 μm.

Figure 7: Premature nuclear recruitment of GFP::TAF-4 at rab-5(RNAi) conditions.
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into the cytosol where it can now employ its functions during early embryogenesis.

EGG-3 is transferred to and degraded by the endo-lysosomal pathway

By knocking down several key regulators along the endo-lysosomal pathway, we were able 
to address how MBK-2 and EGG-3 dynamics are regulated during C. elegans early embryo 
development. We show that during meiotic maturation MBK-2 and EGG-3 are recruited to 
endosomes via a clathrin independent but RAB-5 dependent mechanism. Clathrin-mediated 
endocytosis in the 1-cell embryo was previously demonstrated for caveolin-1 [35], and the 
oocyte yolk receptor RME-2 [40], indicating that the endo-lysosomal pathway is used as a 
common route to down-regulate or redistribute cortically localized proteins during the 
oocyte-to-embryo transition. Transfer via the endocytic pathway to lysosomes is essential for 
the degradation of EGG-3, since intervention of transport at either early or late stages of this 
pathway by RNAi prevented degradation. Interference with the early endocytic pathway by 
rab-5(RNAi) blocked the redistribution of EGG-3 to endosomes, which were identified with 
multiple markers, including mCherry::RAB-5, LysoTracker and mCherry::diFYVE (data not 
shown), a construct associating with the endosome characteristic phosphatidylinositol PI3P 
[41]. Instead, in the absence of RAB-5, EGG-3 dissociated into the cytoplasm at anaphase 
I, only to partially re-associate with the cortex at the 2-cell embryo stage onwards. RNAi 
against CHC-1, the C. elegans heavy chain of clathrin, however, did not interfere with the 
internalization of EGG-3 and its redistribution towards vesicular structures. Together with 
the observation that the internalization of EGG-3 occurs earlier than the clathrin-mediated 
uptake of CAV-1 [35], this strongly indicates a distinct endocytosis pathway for EGG-3/MBK-
2. Transfer by endocytosis is also implied by our time lapse videos (Supplemental movie 1). 
Next to clathrin-mediated endocytosis, multiple other mechanisms are known to support 
endocytosis, of which caveolae, CDC-42 or RhoA mediated endocytosis are described best 
(for reviews see [42, 43]). The exact mechanism driving the uptake of EGG-3/MBK-2 and the 
putative transmembrane receptor for EGG-3, CHS-1 (as supported by [18] and Chapter 2 of 
this thesis) remain to be elucidated. Therefore, although unlikely, we can formally not exclude 
the possibility that EGG-3/MBK-2 are transferred from the plasma membrane to endosomes 
via the cytosol.
 As endosomes progress along the endo-lysosomal pathway, they mature from early 
into late endosomes [44] and this maturation is accompanied by the exchange of RAB-5 for 
RAB-7 [25]. Several studies have shown that overexpression of a dominant negative mutant 
of RAB-7 leads to retention of membrane proteins, normally destined for degradation, into 
RAB-5 positive endosomes [45, 46]. Moreover, in both C. elegans and mammalian systems, 
RAB-7 effector proteins have been identified that act specifically at the early endosome [30, 
31]. Thus, upstream to its effects on lysosome biogenesis [26, 28], RAB-7 plays a crucial role 
in early-to-late endosome maturation. In response to RAB-7 depletion, GFP::EGG-3 was 
retained at endosomes up to the 4-cell stage embryo, indicating that endosome maturation  
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is essential for its clearance. 
 RNAi depletion of several ESCRT machinery components led to accumulation of 
GFP::EGG-3 at large endosomes up to the multicellular stage embryo, suggesting that at normal 
conditions EGG-3 is, together with its putative transmembrane partner CHS-1, incorporated 
into ILVs by the ESCRT machinery. Association of GFP::EGG-3 with enlarged endosomes in 
response to ESCRT depletion resembles the redistribution of CAV-1::GFP at similar conditions 
[40]. Together, these data strongly indicate that in the early embryo EGG-3 is degraded by 
lysosomes after releasing MBK-2 into the cytosol. Others have demonstrated that GFP::EGG-3 
degradation was inhibited by rpn-7(RNAi), a crucial component of the proteasome, and it 
was therefore suggested that EGG-3 is degraded by the proteasome [17]. Consistent with our 
observations, however, the rpn-7(RNAi) phenotype can alternatively be explained by the fact 
that interference with proteasome activity also has profound effects on MVB biogenesis and 
targeting of membrane proteins to lysosomes [32]. In the absence of MVB sorting, endocytosed 
proteins may recycle back to the plasma membrane. This would explain why GFP::EGG3 is 
redistributed back to the plasma membrane in multicellular RPN-7 depleted embryos [17]. 
In the same study, it was shown that mutations in 2 out of the 6 putative D-boxes in EGG-3 
prevented its degradation and caused re-localization back to the plasma membrane. D-boxes 
are target motifs for APC/C, the E3 ubiquitin ligase protein complex required for proteasome 
mediated degradation of cell cycle proteins [47]. Since EGG-3 is redistributed to endosomes 
during meiosis, the APC/C is a likely candidate in regulating this transfer, however, as we show 
here, EGG-3 is not degraded by the proteasome. Alternatively, ubiquitination of one of the 
components of the CHS-1/EGG-3 complex might drive its endocytosis and ESCRT dependent 
sorting at the MVB, as has been demonstrated for many other proteins from yeast to mammals 
[48]. In C. elegans neurons, the APC/C has also been shown to have cell cycle independent 
functions in regulating the levels of the glutamate receptor at the plasma membrane, possibly 
via ubiquitination of one of its adaptor proteins and subsequent endocytosis [49], providing a 
potential alternative explanation for the APC/C function in redistributing CHS-1/EGG-3.

The role of the endosomal system in MBK-2 activation.

Our results are consistent with the notion that MBK-2 is anchored to the cortex and redistributed 
to endosomes in association with EGG-3. Unlike EGG-3, however, MBK-2 dissociated from 
endosomes, even when ESCRT components were knocked down, but inefficiently when RAB-
7 was depleted. These results support the hypothesis that MBK-2 is released during endosome 
maturation prior to ILV formation. The precise molecular mechanism that regulates MBK-2 
dissociation from EGG-3 remains elusive, but may be related to RAB-7 recruited effector(s). 
We addressed the question whether transfer to endosomes has functional relevance for MBK-2 
signalling by monitoring OMA-1::GFP degradation. OMA-1 is required for the progression of 
oocyte maturation [8] and is phosphorylated by MBK-2 after fertilization, which is dependent 
on its redistribution during meiosis I [4, 16]. OMA-1 is highly expressed in the 1-cell embryo, but 
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strongly reduced after the first mitotic cell division, leaving only the P-granules of the germline 
precursor cell positive [12]. When transfer of MBK-2 to endocytic vesicles was disrupted by 
rab-5(RNAi), OMA-1::GFP remained high in the cytosol of the somatic blastomeres and was 
elevated on the P-granules of the germline precursor cell. This phenotype corresponds to 
that of the gain-of-function allele oma-1(zu405), where degradation of OMA-1, but not its 
distribution was affected [12]. OMA-1::GFP levels persisted at rab-5(RNAi) up to the third or 
fourth embryonic cell division however, demonstrating a significant delay, but not complete 
absence of OMA-1 degradation. rab-7(RNAi) interfered with efficient dissociation of MBK-2 
from endosomes, but was insufficient to retain all MBK-2 on endosomes as demonstrated by 
its partly diffuse distribution in the cytosol. This can also explain why OMA-1 turn-over was 
not affected by rab-7(RNAi). Similarly, depletion of ESCRT components also did not affect the 
distribution nor breakdown of OMA-1::GFP. Normally, TAF-4 is transferred from the cytosol 
into nuclei only from the 2-cell stage onwards, due to cytoplasmic sequestration of TAF-4 
by phosphorylated OMA-1 at the one cell stage [9]. At rab-5(RNAi) conditions, however, 
GFP::TAF-4 already partially migrated to the nuclei of the 1-cell embryo during pronuclear 
meeting. These observations suggest that at rab-5(RNAi) conditions, phosphorylation of OMA-
1 was less efficient, due to reduced availability of EGG-3-dissociated, activated MBK-2 in the 
cytosol, and as a consequence was unable to efficiently retain TAF-4 into the cytosol.
 Collectively, these data strongly suggest that transfer of the EGG-3/MBK-2 complex 
to the early endosome is essential for efficient and timed release of MBK-2 from EGG-3 to 
mediate its functions in the cytosol. The following model proposes the role of the endo-
lysosomal system in the activation of MBK-2 and the degradation of EGG-3 (Figure 8). During 
meiotic resumption, EGG-3 and MBK-2 are redistributed from the cell cortex towards the 
early endosome in a RAB-5 dependent, but clathrin independent fashion. During endosome 
maturation, RAB-7 is recruited to endosomes, which triggers the release of MBK-2 into 
the cytosol, where it is able to phosphorylate its targets. EGG-3 remains associated with 
the endosome where it is incorporated into the ILVs of the MVB via ESCRT driven protein 
sorting, and subsequently degraded by the lysosome. When RAB-5 is absent, the EGG-
3/MBK-2 complex fails to be targeted to endosomes, but is released as a complex into the 
cytosol. Association with EGG-3 blocks MBK-2 activity, preventing efficient phosphorylation 
of OMA-1, allowing premature recruitment of TAF-4 into the nucleus and delaying OMA-1 
degradation. At rab-7(RNAi) conditions, the pool of MBK-2 that has been released from the 
endosome, is free of EGG-3 and thus fully activated, allowing normal phosphorylation of 
OMA-1. The endosomal surface thus serves as a crucial platform that drives the release of 
MBK-2 from EGG-3 during a specific time window, thereby regulating the proper timing of 
downstream events. 
 Besides its regulatory functions on OMA-1 and MEI-1, MBK-2 also plays a role in the 
asymmetric distribution and/or degradation of the proteins PIE-1, POS-1 and MEX-5 and in 
distributing P-granules to the germline blastomeres [4, 5, 15, 50], processes which are all very 
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different in their spatio-temporal occurrence. Sequential recruitment of MBK-2 to distinct 
sites, of which early endosomes are only one, might help the embryo to time subsequent 
stages in its developmental program. Recently, it was shown that recycling endosomes play 
an important role in the control of oocyte meiotic maturation in C. elegans [51]. In the absence 
of the sperm derived oocyte maturation factor MSP, the MSP/Eph receptor VAB-1 in oocytes 
is actively targeted to recycling endosomes, where it is thought to inhibit MAPK activation. To 
date, it is not yet clear whether the change in vesicular trafficking of VAB-1 is a consequence 
of, or a regulatory event prior to meiotic maturation. These data, however, together with the 
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Figure 8: Model for a role of the endocytic pathway in MBK-2 signalling.
In the unfertilized oocyte, EGG-3 and MBK-2 localize as a complex to the cortex of the zygote, 
where they are attached to a transmembrane receptor, presumably through an interaction be-
tween EGG-3 and CHS-1. After fertilization, during progression through meiosis, the complex is 
transferred via a RAB-5 dependent but clathrin independent mechanism to early endosomes (EE). 
During RAB-7 dependent endosome maturation, MBK-2 is released from endosome associated 
EGG-3 into the cytosol, where it phosphorylates OMA-1, which is then able to sequester TAF-4 to 
prevent its transfer into the nucleus. After subsequent phosphorylation by GSK-3 (and dependent 
on the other kinases KIN-19 and CDK-1), OMA-1 is degraded by the proteasome, resulting in the 
release of TAF-4, which now can migrate through nuclear pores into the cell nucleus. Cytosolic 
MBK-2 later localizes to the mitotic spindles and P-granules (not shown). EGG-3 remains associ-
ated with late endosomes (LE) which accumulates intraluminal vesicles by inward budding of its 
limiting membrane, resulting in the formation of a multivesicular body (MVB). Intraluminal vesicle 
formation and the selection of cargo molecules are driven by the ESCRT complex and required for 
EGG-3 to be transferred to lysosomes (LY) for degradation. 
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findings we describe here indicate that endosomes provide spatio-temporal platforms that 
regulate crucial processes in meiotic maturation and egg activation. 
 

Experimental Procedures

General methods and strains

The following strains were used in this study: asIs1[unc-119(+) pie-1 promoter::gfp::egg-3] 
(gift from A. Singson); asIs1[unc-119(+) pie-1 promoter::gfp::egg-3] itIs79[unc-119(+) pie-
1 promoter::mCherry::rab-5]; pwIs28[unc-119(+) Ppie-1::cav-1::gfp7] asIs2[unc-119(+) Ppie-
1::mCherry::egg-3]; axIs1140[unc-119(+) pie-1 promoter::gfp::mbk-2]; teIs1[unc-119(+) oma-1 
promotor::oma-1::gfp]; him-3(e1147)IV teIs90[pRL1483 (Ppie-1::gfp::taf-4)]. All strains were 
cultured using standard techniques [52] and maintained at 20 °C or 25 °C.

RNA interference

RNAi was applied by the feeding method [53], using the appropriate clones from the Ahringer 
library [54] with the following protocol. L1 animals were synchronized by bleach treatment 
of gravid adults and incubation of the released embryos overnight in M9. Synchronized L1 
animals were then incubated 24 hrs at 20 °C on OP-50 seeded NGM plates, after which they 
were transferred to RNAi plates (NGM + 1 mM IPTG + 50 µg/ml ampicillin), seeded with 
the appropriate RNAi clones. RNAi was applied for 48 hrs, after which 1 to 4-cell progeny 
embryos were analyzed in situ or dissected from the mother animal. To overcome severe 
developmental defects of chc-1(RNAi), synchronized L1 animals were grown for 48 hrs on 
OP-50 and 24 hrs at chc-1(RNAi) food at 20 °C.

Antibody staining of embryos

Staining of GFP::MBK-2 expressing embryos was performed according to a protocol modified 
from [55]. In short, 10-20 gravid adults were placed in a drop of water on a 1% Poly-L-Lysine 
coated microscope slide. Embryos were released by cutting the adults open with two 30 gauge 
needles and excess water was removed. A coverslip was placed on the embryos after which 
they were frozen on a metal block submerged in liquid nitrogen. The coverslip was flicked 
off, after which the samples were fixed in -20 °C ethanol for 5 minutes and -20 °C acetone for 
20 minutes. Rehydration was done in PBS + 0.1% Tween at room temperature, after which 
antibody labelling was performed. Primary antibody labelling was done overnight at 4 °C 
in a humidified chamber. The following antibody dilutions (in blocking solution: PBS, 0.1% 
Tween, 1% BSA and 10% goat serum) were used: anti-EGG-3 (Guinea Pig polyclonal, gift from 
G. Seydoux): 1/10.000, anti-RAB-5 (Rabbit polyclonal, gift from A. Audhya): 1/1000. Alexa 
conjugated secondary antibodies (Molecular Probes) were incubated 1/500 in blocking buffer 
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for 2 hours at room temperature, after which samples were washed with PBS + 0.1% Tween 
and mounted in Vectashield (Vector Laboratories). Coverslips were sealed with nail polish 
and analyzed by confocal microscopy.

Microscopy

For in utero live cell confocal imaging, adult hermaphrodites were anesthetized as described 
[56], and mounted on a 2% agarose pad. The coverslip was sealed with nail polish to prevent 
evaporation at the edges. Images were taken every 30 seconds for at least 57 minutes.
LysoTracker Red (Molecular Probes) labelling was performed by seeding OP-50 bacteria onto 
2 µM LysoTracker supplemented NGM plates. L4 hermaphrodite worms were transferred 
to these plates for 24 hours and the plates were kept in the dark at all times. Embryos were 
dissected in M9 containing 20 mM sodium azide. Whole worms or dissected embryos were 
mounted on a 2% agarose pad containing 20 mM sodium azide and the coverslips sealed with 
nail polish. Confocal images were captured using a Bio-Rad 2100MP multiphoton system 
(Zeiss/Bio-Rad) equipped with a Nikon TE300 inverted microscope (Nikon), or a Leica TCS-
SP confocal scanning laser microscope (Leica Microsystems). Images were analyzed using 
ImageJ software (version 1.37t, Rasband WS, US National Institutes of Health, Bethesda, 
MD). Epifluorescent images were captured with a Zeiss Axioplan 2 (Zeiss) equipped with a 
Axiocam HRc CCD camera, using Axiovision (version 3.1) software. 

Western Blotting

Gravid hermaphrodites were collected in M9 medium and treated with bleach (2.5% 
NaHypochlorite, 0.5 M NaOH) to release the embryos. Embryos were washed 2x with M9 and 
taken up in 2x Laemmli sample buffer (without bromphenol blue or reducing reagents), after 
which they were immediately heated for 5 minutes at 100 °C. Protein concentrations of the 
samples were measured with the BCA protein assay kit (Pierce) and equal amounts of total 
protein were separated by 12.5% SDS-PAGE. Proteins were transferred onto Immobilon-P 
PVDF membranes (Millipore) and probed with either anti-tubulin mouse monoclonal 
(1/3000; Sigma-Aldrich, DM1A), anti-RAB-5 or anti-RAB-7 polyclonal rabbit antisera (both at 
1/1000; gifts from Anne Spang), followed by appropriate horseradish peroxidase-conjugated 
secondary antibodies. Proteins were visualized by ECL. 
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Supplemental Data

GFP::EGG-3 GFP::MBK-2

Empty  
Vector

Rab-5
(RNAi)

Rab-7
(RNAi)

Empty  
Vector

Rab-5
(RNAi)

Rab-7
(RNAi)

PM 100 % (42) 100 % (32) 100 % (41) PM 100% (30) 100% (40) 100% (17)

Endosomes 0% (42) 0% (32) 0% (41) Endosomes 0% (30) 0% (40) 0% (17) 

Cytosol 0% (42) 0% (32) 0% (41) Cytosol 0% (30) 0% (40) 0% (17) 

< 
an

ap
ha

se
 I 

Degraded 0% (42) 0% (32) 0% (41) 

< 
an

ap
ha

se
 I

CC/P 0% (30) 0% (40) 0% (17) 

PM 0% (50) 8% (48) 0% (50) PM 0% (35) 0% (45) 0% (22) 

Endosomes 96% (50) 23% (48) 98% (50) Endosomes 100% (35) 13% (45) 100% (22)

Cytosol 0% (50) 77% (48) 0% (50) Cytosol 0% (35) 87% (45) 0% (22) 

> 
an

ap
ha

se
 I 

Degraded 2% (50) 0% (48) 2% (50) > 
an

ap
ha

se
 I*

CC/P 0% (35) 0% (45) 0% (22) 

PM 0% (41) 93% (43) 0% (46) PM 0% (32) 0% (50) 0% (25) 

Endosomes 10% (41) 0% (43) 94% (46) Endosomes 0% (32) 0% (50) 76% (25)

Cytosol 0% (41) 93% (43) 0% (46) Cytosol 100% (32) 100% (50) 100% (25) 2-
ce

ll

Degraded 90% (41) 7% (43) 6% (46) 

2-
ce

ll

CC/P 75% (32) 88% (50) 40% (25) 

PM 0% (41) 84% (44) 0% (50) PM 0% (32) 0% (44) 0% (23) 

Endosomes 0% (41) 0% (44) 82% (50) Endosomes 0% (32) 0% (44) 78% (23)

Cytosol 0% (41) 84% (44) 0% (50) Cytosol 100% (32) 100% (44) 100% (23) 4-
ce

ll

Degraded 100% (41) 16% (44) 18% (50) 

4-
ce

ll

CC/P 75% (32) 100% (44) 61% (23) 

Supplemental Table I: Quantification of the rab-5(RNAi) and rab-7(RNAi) phenotypes on 
GFP::EGG-3 and GFP::MBK-2 as illustrated in Figures 2 and 4.
GFP::EGG-3 and GFP::MBK-2 expression was monitored for the four indicated early embryonic 
stages, and the phenotypes were categorized as shown (PM = plasma membrane, CC/P = chro-
mosomes, centrosomes and/or P-granules). Phenotypes specific for rab-5(RNAi) or rab-7(RNAi) 
are depicted in bold and the amount of embryos scored for each condition is indicated between 
brackets. * Release of GFP::MBK-2 into the cytosol was monitored between anaphase I and pro-
nuclear formation.
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Supplemental Figure S1: Images of intact GFP::EGG-3 expressing worms exposed to rab-
5(RNAi), rab-7(RNAi) and chloroquine.
Animals were mounted on a 2% agarose pad containing 20 mM sodium azide and visualized 
by DIC and epifluorescence. Asterisks indicate the spermathecae. The presence of 2 nuclei per 
blastomere is characteristic for efficient rab-5(RNAi) (black arrow). rab-5(RNAi) resulted in the 
prolonged cytosolic presence of GFP::EGG-3 in multicellular embryos and partial relocalization 
to the plasma membrane (white arrows). Large granules in the cytoplasm of the embryos (black 
arrowheads) are characteristic for efficient rab-7(RNAi). rab-7(RNAi) resulted in the persistence of 
GFP::EGG-3 positive puncta in multicellular embryos (white arrowheads). GFP::EGG-3 positive 
puncta in multicellular embryos (white, open arrowheads) were also persisting after chloroquine 
treatment (5 mM supplemented in the NGM plates), consistent with lysosome dependent degrada-
tion. Scale bar: 20 µm.
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Supplemental Figure S2: Increased of embryonic OMA-1::GFP by rab-5(RNAi).
Western blot detection of OMA-1::GFP, RAB-5 and β-Tubulin from total embryo lysates. To purify 
the embryos, gravid hermaphrodites were collected in M9 medium and treated with bleach (2.5% 
NaHypochlorite, 0.5 M NaOH), after they were washed 2x with M9 and 1x with lysis buffer (1% 
NP-40, 50 mM HEPES pH 7.6, 1 mM EDTA, 100 mM KCl, 1 mM MgCl2 , 10% Glycerol, 50 mM 
NaF, 2 mM Na3VO4, Complete Protease Inhibitors (Roche)). Embryos were lysed by sonication 
(5x 2 seconds, with a 60 sec interval at 12.5 µm amplitude using a MSE Soniprep 150 sonicator) 
followed by 15 min incubation at 0ºC. After removing debris by centrifugation for 1 min at 10.000 
g, total protein concentration was determined using a BCA protein assay kit (Pierce) and normal-
ized at 200 μg/ml. 25 µl of total lysate samples were separated by 10% or 12.5 % SDS-PAGE, 
and transferred onto Immobilon-P PVDF membranes (Millipore). OMA-1::GFP was detected with 
a rabbit polyclonal α-GFP antibody (AbCam, 1/5000), and α-tubulin and α-RAB-5 as described in 
the Experimental Procedures. OMA-1::GFP is absent in the N2 control embryos, and increased in 
TX189 by rab-5(RNAi). RAB-5 expression was reduced by rab-5(RNAi) while β-Tubulin remained 
unchanged.
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Supplemental Figure S3: Depletion of EGG-3 did not affect OMA-1::GFP degradation.
Confocal images of oocytes (left) or embryos (right) in animals expressing OMA-1::GFP.  
Expression of OMA-1::GFP in oocytes was unaffected by egg-3(RNAi) or rab-5(RNAi).  
OMA-1::GFP in embryos was increased however at rab-5(RNAi) conditions, but not at egg-3(RNAi) 
conditions. Note the reticular distribution of OMA-1::GFP in oocytes and the 1-cell embryo as well 
as the localization to the meiotic spindle, next to its overall cytoplasmic distribution, in all conditions.  
Scale bar: 20 µm.
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Abstract

After being fertilized, oocytes complete their meiosis and induce a program that initiates 
oocyte-to-embryo transition. In C. elegans, an important regulator of these processes is the 
DYRK kinase MBK-2. For unknown reasons, MBK-2 is transiently enriched in the nucleus of 
oocytes at diplotene of meiosis I. In diakinesis arrested oocytes, MBK-2 is rather sequestered 
at the plasma membrane through its interaction with EGG-3, a protein-tyrosine-phosphatase-
like (PTPL) protein that on its turn is associated with the membrane protein CHS-1. In 
response to meiotic maturation, this complex is transferred to endosomes from where MBK-2 
is released, allowing it to phosphorylate cytoplasmic targets. We here report on two other 
protein-tyrosine-phosphatase-like proteins, EGG-4 and EGG-5, which are highly homologous 
and functionally redundant. egg-4/5(RNAi) did not influence oocyte development, ovulation 
or fertilization, but polar body extrusion, eggshell formation and cytokinesis were all aberrant, 
yielding amorphous, multinuclear single cell embryos. Although the distribution of CHS-1 
and EGG-3 at the plasma membrane was not affected by egg-4/5(RNAi), their redistribution 
to endosomes after fertilization was severely impaired. MBK-2 constitutively localized to the 
cytoplasm after egg-4/5(RNAi), reflecting the egg-3(RNAi) phenotype. Furthermore, nuclei 
remained positive for MBK-2 throughout oocyte development at egg-4/5(RNAi) but not at 
egg-3(RNAi) conditions. Collectively, our data suggest a role for EGG-4/5 in regulating the 
distribution of MBK-2 to the nucleus and plasma membrane. 
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Introduction

After fusion with a sperm cell, the oocyte is converted from a silent, meiotically arrested cell 
into a rapidly dividing mitotic embryo. This process is called oocyte-to-embryo transition 
or egg activation, and includes completion of meiosis, prevention of polyspermy by cortical 
granule exocytosis, degradation or activation of selected maternal mRNAs and proteins, 
and cytoskeletal rearrangements [1]. In many animals, egg activation is triggered by sperm 
entry, which causes an immediate rise in free intracellular Ca2+ and downstream signalling 
events [2]. Basic molecular processes underlying egg activation are largely conserved between 
species and well studied in the nematode Caenorhabditis elegans, because of its relative ease for 
genetic manipulation, high rates of ovulation and reproduction, hermaphrodite nature, and 
the possibility to study fertilization and embryogenesis by fluorescence microscopy in a live 
animal [3]. In the hermaphrodite C. elegans, sperm is produced during the late L4 stage, and 
deposited in a storage organ, the spermatheca. In the adult worm, gametogenesis is switched 
to oocyte production [4]. Sperm cells secrete the Major Sperm Protein (MSP), which acts as a 
hormone to induce oocyte meiotic maturation and subsequent ovulation into the spermatheca 
[5]. Here, oocytes are immediately fertilized, leading to a sharp rise in cytosolic Ca2+ [6]. The C. 
elegans zygote undergoes egg activation in a series of events that is largely equivalent to those in 
higher species. The synthesis of an eggshell directly after fertilization however,  is rather specific 
for only few species and in C. elegans this is mediated by the transmembrane chitin synthase 
protein CHS-1. In C. elegans, MBK-2 is a key regulating factor for egg activation. MBK-2 is a 
member of the highly conserved dual-specificity tyrosine-phosphorylation regulated kinase 
(DYRK) family of proteins [7]. In mammals, DYRKs play vital roles in many developmental 
and cellular processes, although their direct targets are largely unknown. In humans, the extra 
copy of DYRK1A in Down’s syndrome has been identified as the cause of several pathological 
conditions associated with this disease [8, 9]. Also in C. elegans, overexpression of its homolog 
MBK-1 interfered with proper functioning of differentiated neurons [10]. DYRK2 has, next 
to its kinase activity, recently been shown to function as a scaffold protein required for the 
assembly of an E3 ubiquitin ligase complex. This scaffolding function is a prerequisite for 
the phosphorylation and subsequent degradation of the DYRK2 substrate katanin p60, a 
microtubule severing AAA-ATPase [11]. MBK-2 is the C. elegans homolog of DYRK2. In the 
C. elegans zygote, MBK-2 phosphorylates MEI-1, the katanin p60 homolog that functions in 
proper formation of the meiotic spindle, leading to its subsequent degradation. OMA-1, a zinc 
finger protein required for oocyte maturation [12, 13], is another target of MBK-2, switching 
its function from a regulator of meiotic progression into a transcriptional repressor in the 
1-cell embryo. 
 The protein-tyrosine-phosphatase-like (PTPL) protein EGG-3 plays an important role 
in regulating MBK-2 activity in the C. elegans zygote. PTPLs are characterized by a tyrosine 
phosphatase domain that lacks one or two critical catalytic residues, and therefore have been 
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proposed to act as scaffolding proteins [14, 15]. In C. elegans, they have been shown to regulate 
phosphoinositide 3-phosphate turnover [16] and insulin signalling [17], by interacting with 
genuine phosphatases. In oocytes, EGG-3 interacts directly with MBK-2, keeping it quiescent 
at the oocyte cortex [18, 19]. After fertilization and during meiotic resumption, EGG-3 and 
MBK-2 are redistributed from the plasma membrane to endosomes (Chapter 3 of this thesis), 
from where MBK-2 is released into the cytosol and EGG-3 is transferred to lysosomes for 
degradation. The release of MBK-2 from endosomes coincides with the phosphorylation of 
its targets. In the absence of EGG-3, MEI-1 is prematurely phosphorylated, suggesting that 
EGG-3 functions as an anchor protein, sequestering MBK-2 away from its targets by localizing 
it to the cortex of the oocyte [19]. The redistribution of MBK-2 to endosomes facilitates its 
dissociation from EGG-3 (Chapter 3 of this thesis), thereby allowing timely phosphorylation 
of its targets. The cortical anchorage of EGG-3/MBK-2 is thought to be provided by CHS-1 
[18], a 15-pass transmembrane protein that also functions as a chitin synthase required for 
the final steps of eggshell synthesis [20, 21]. In the absence of CHS-1, both EGG-3 and MBK-
2 were in the cytosol already in the developing oocyte. Conversely, also plasma membrane 
localization of CHS-1 depends on the expression of EGG-3. Previously, we have shown that 
during oogenesis, newly synthesized EGG-3 associates to the endoplasmic reticulum (ER) 
and traffics through the vesicular ER-Golgi secretion pathway to reach the plasma membrane 
(Chapter 2 of this thesis). EGG-3 and CHS-1 are thus interdependent of each other for their 
transfer to the plasma membrane in meiosis arrested oocytes. Only after having reached 
the plasma membrane the complex recruits MBK-2. Whether the association of MBK-2 to 
plasma membrane deposited CHS-1/EGG-3 requires additional factors was not known. We 
here describe two other PTPL protein encoding genes involved in egg activation, called egg-4 
and egg-5. These genes are highly homologous, suggesting duplication of a single ancestor 
gene, and their functions seem redundant. Their knock-down phenotype resembles that of 
egg-3(RNAi), but more detailed analysis revealed a role in the deposition of MBK-2 to cortical 
CHS-1/EGG-3. At wild type conditions MBK-2 is first enriched in the nucleus of diplotene 
oocytes for unknown reasons, and subsequently sequestered at the plasma membrane through 
its interaction with EGG-3 when the oocytes arrest at diakinesis. Knock-down of EGG-4/5 
resulted in prolonged nuclear localization of MBK-2, even in the most proximal, arrested 
oocytes, while the cortical localization CHS-1/EGG-3 was unaffected. Moreover, eggshell 
synthesis and the redistribution of EGG-3 towards endosomes during meiotic maturation 
were also severely impaired at these conditions. Together, these data suggest that EGG-4/5 is 
involved in regulating the distribution of MBK-2 to the oocyte nucleus and plasma membrane, 
as well as in eggshell synthesis after fertilization and CHS-1/EGG-3 internalization during 
meiotic maturation. 
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Results

egg-4 and egg-5 encode protein-tyrosine-phosphatase-like (PTPL) family 

proteins

Previously, we (Chapters 2 and 3 of this thesis) and others [18, 19] have extensively investigated 
the dynamics of EGG-3 during both oogenesis and early embryogenesis, and it became clear 
that vesicular trafficking of EGG-3 along the secretory and lysosomal degradation pathway 
plays an important role in regulating oocyte-to-embryo transition. Absence of EGG-3 resulted 
in early embryonic defects, including failure of polar body extrusion and eggshell synthesis, 
probably in part due to ER retention of CHS-1 at these conditions. In our laboratory, egg-3 
(F44F4.2) was initially picked up in an RNAi screen where knock-down resulted in sterile 
animals. Together with egg-3, we and others also picked up two other genes, T21E3.1 and 
R12E2.10, which are now called egg-4 and egg-5 respectively (www.wormbase.org). DNA 
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Figure 1: Structural comparison of the protein-tyrosine-phosphatase-like (PTPL) family of 
proteins egg-3, egg-4 and egg-5.
(A) gene structures of egg-3, egg-4 and egg-5, with exons in green, PTPL domains in yellow and 
reported deletion mutations marked with red and blue lines (www.wormbase.org). egg-4 and egg-5 
bear 98% nucleotide sequence homology and possess the same intron/exon structure. 
(B) Alignments of the PTP loop (red box) surrounding region of cd00047 (the consensus sequence 
of these domains), MEG-2, the closest human ortholog of the EGG proteins, and EGG-3, -4 and 
-5. Identical and conserved residues are indicated in yellow and blue, respectively. EGG-3 lacks 
arginine at position 13, while EGG-4 and EGG-5 lack cysteine at position 6, both essential catalytic 
residues of the PTP loop.
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sequence analysis revealed that egg-4 and egg-5 share a 98% homology in nucleotide sequence 
with the same intron/exon structure (Figure 1), suggesting gene duplication from a single 
ancestor gene. This hypothesis is enforced by the fact that the single mutants of egg-4 or 
egg-5 are perfectly viable, indicating redundancy (see National Bioresource Project for the 
Nematode (http://www.shigen.nig.ac.jp/c.elegans/ChangeLocale.do?url=home&lang=en) and 
the Caenorhabditis Genetics Center (http://www.cbs.umn.edu/CGC/)). Their high sequence 
homology results in knock-down of both gene products when targeted by RNAi. The two 
genes and their knock-down by RNAi will therefore be referred to as egg-4/5 and egg-4/5(RNAi), 
respectively. The gene products of egg-3 and egg-4/5 are homologous in structure, with a 
single protein-tyrosine-phosphatase (PTP) domain, as recognized by a “PTP-loop” with the 
consensus sequence HCX5R [22]. In both egg-3 and egg-4/5, however, the catalytically essential 
cysteine or arginine are missing, meaning that although they may be able to bind, they cannot 
dephosphorylate phospho-tyrosine on target proteins. The proteins therefore belong to the 
protein-tyrosine-phosphatase-like, or anti-phosphatase family of proteins, whose function is 
thought either to protect phospho-tyrosine from de-phosphorylation by true phosphatases or 
to act as a scaffold or adaptor.

Knock-down of egg-3 or egg-4/5 yields similar phenotypes

Figure 2: Knock-down of egg-3 or egg-
4/5 leads to identical, early embryonic 
defects.
Nomarski images of wild type (WT), egg-
3(RNAi), and egg-4/5(RNAi) worms. Ani-
mals are oriented with the anterior (oocytes) 
(A) to the left and posterior (embryo’s) (P) 
to the right. Spermathecae are indicated 
with asterisks. Both egg-3(RNAi) and  
egg-4/5 (RNAi) produced multinuclear, 
amorphous embryo’s that lacked an egg-
shell, while oogenesis seemed unaffected.  
See also supplemental movies 1-3.  
Scale bar: 20  μm
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In two independent RNAi screens performed by us and others (A. Singson, personal 
communication), egg-3(RNAi) and egg-4/5(RNAi) interfered with oocyte-to-embryo transition. 
As viewed by DIC microscopy (Figure 2 and supplemental movies 1-3) egg-3(RNAi) and egg-
4/5(RNAi) shared the same phenotype: normal oocyte development and ovulation, but failure 
in polar body extrusion, eggshell formation and cytokinesis, yielding amorphous, multinuclear 
single cell embryos. Oocyte maturation occurs in the most proximal oocyte in response to the 
sperm derived MSP signal [5, 23], and is distinguished by a number of hallmarks: MAPK is 
activated in response to MSP, leading to nuclear envelope breakdown (NEBD), resumption 
of meiosis and cortical actin rearrangement [3, 5]. To test whether the egg-3(RNAi) and egg-
4/5(RNAi) interfered with NEBD, extruded gonads of GFP::H2B expressing worms (visualizing 
histones) were immuno-labelled for Nuclear Pore Complex Protein (NPCP) and examined by 
confocal scanning laser microscopy (Figure 3). NEBD occurred normally at egg-3(RNAi) and 
egg-4/5(RNAi) conditions, with the nuclear envelope being absent only in the most proximal 
oocyte, supporting the view that oocyte maturation occurred normally at these conditions. 
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Figure 3: Nuclear envelope breakdown is properly timed in egg-3(RNAi), or egg-4/5(RNAi).
Gonads were dissected from GFP::H2B expressing worms that were exposed to control RNAi 
(Empty Vector, upper row), egg-3(RNAi) (middle row) or egg-4/5(RNAi) (lower row), and labeled 
for Nuclear Pore Complex Protein (anti-NPCP) to demonstrate nuclear envelope breakdown 
(NEBD), a marker event for oocyte maturation. DNA is visualized with DAPI. The four most proxi-
mal oocytes are indicated with - 1 to - 4. Scale bar: 20 µm.
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egg-4/5(RNAi) oocytes are fertilized, but fail to extrude polar bodies and 

undergo cytokinesis

As reported [18], egg-3 mutant and egg-3(RNAi) oocytes display early embryonic defects, 
including failure in cortical F-actin rearrangement, polar body extrusion and eggshell 
synthesis. To determine whether egg-4/5(RNAi) mimics this phenotype, we made time-lapse 
images of worms expressing GFP fused histon (GFP::H2B) and γ-tubulin (TBG-1::GFP) in 
the germline (Figure 4). In a wild-type situation (WT, upper panel and supplemental movie 
4), the two polar bodies were correctly extruded, resulting in a 1n maternal pronucleus 
migrating towards and fusing with the paternal pronucleus prior to the first mitotic division. 
In both egg-3(RNAi) (middle panel and supplemental movie 5) and egg-4/5(RNAi) (lower 
panel and supplemental movie 6) conditions initial chromosome segregation during meiosis 
I did occur, but the first polar body failed to be extruded from the oocyte, leading to excess 
chromosome material during the prophase of meiosis II. Also at anaphase II, chromosome 

Figure 4: Time-lapse imaging of egg-3(RNAi) and egg-4/5(RNAi) on a GFP::H2B and 
γ-tubulin::GFP expressing strain reveals identical, post-fertilization defects.
Worms containing GFP labeled histones (GFP::H2B) and γ-tubulin (TBG-1::GFP) were analyzed 
by in utero time-lapse imaging. The left column shows overviews, with the most proximal oocyte 
(-1), the spermatheca (Spt) and the latest ovulated oocyte (+1) indicated. The subsequent col-
lumns show time-lapse images of the same worms with polar body formation during meiosis I  
(Pb I), the prophase of meiosis II (M II), polar body formation during meiosis II (Pb II) and meeting 
of the two pronuclei (Pnm). Yellow arrowheads indicate excess chromosome material extruded 
during the meiotic divisions, not occurring at egg-3(RNAi) and egg-4/5(RNAi) conditions, leading 
to 12 bivalents at M II (red arrowhead) and polar body material to form an extra pronucleus at Pnm 
(yellow arrowheads). White arrows indicate the maternal and paternal pronuclei. Insets show 2x 
enlargements of the boxed areas. See also supplemental movies 4-6. Scale bar: 20 μm.
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segregation occurred normally while the second polar body failed to be extruded. Instead, an 
extra pronucleus migrated together with the maternal pronucleus towards the paternal one, 
where it also participated in the first mitotic divisions. Cytokinesis failed to occur during all 
mitotic divisions, resulting in an endomitotic phenotype with multiple nuclei in a single cell. 
From these experiments it also became clear that egg-3(RNAi) and egg-4/5(RNAi) oocytes, like 
wild type oocytes, were fertilized with a single sperm cell, with only one paternal pronucleus 
visible, indicative for an adequate polyspermy block. Although some form of an eggshell was 
present at these conditions, it was unable to protect the embryo from osmotic stress (data not 
shown). Altogether, the data described here show that egg-3(RNAi) and egg-4/5(RNAi) had 
similar phenotypes regarding the induction of early embryonic defects. 

Redistribution of EGG-3 during meiosis requires EGG-4/5

To determine whether there is a genetic interaction between egg-3 and egg-4/5, we studied the 
behavior of GFP::EGG-3 in the absence of EGG-4/5 (Figure 5). At control conditions, EGG-3 
is associated with the plasma membrane of meiosis arrested oocytes, and after fertilization 
and anaphase I of meiosis rapidly internalized via a RAB-5 dependent endocytic pathway 
and degraded in lysosomes (Figure 5, upper panel, supplemental movie 7 and Chapter 3 
of this thesis). The localization GFP::EGG-3 at the plasma membrane was not affected by 
egg-4/5(RNAi). After fertilization however, the redistribution of GFP::EGG-3 to endosomes 

Figure 5: Redistribution of EGG-3 requires EGG-4/5.
Time-lapse images of GFP::EGG-3. The upper row shows a control worm with an oocyte depicted 
just after spermathecal exit (A), after the redistribution of GFP::EGG-3 to endosomes (B) and after 
nearly complete degradation of GFP::EGG-3 (C). The lower row shows comparable time windows 
in a worm depleted for EGG-4/5 by RNAi. The white arrows in (A) mark multinuclear embryo’s with 
the continued presence of GFP::EGG-3 at their cortex and arrowheads in (B) point at still occurring 
but strongly reduced uptake of GFP::EGG-3. Scale bar: 20 μm.
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was severely impaired (Figure 5, lower panel and supplemental movie 8): only very few 
intracellular punctae were observed in just fertilized oocytes (arrowheads in Figure 5), while 
most GFP::EGG-3 remained at the cortex of the multinuclear single cell embryos (arrows in 
Figure 5). EGG-4/5 thus plays an important role in regulating the internalization of EGG-3.

Differential requirements for EGG-3 and EGG-4/5 for the distribution of  

MBK-2

The DYRK kinase MBK-2 has the same dynamics as its anchor EGG-3 up to their redistribution 
to endosomes during meiosis I [18, 19] (and Chapter 3 of this thesis). EGG-3 is transferred from 
endosomes to lysosomes and degraded, while MBK-2 is released into the cytosol where it is now 
able to phosphorylate its target proteins. In the absence of EGG-3, MBK-2 was constitutively 
cytosolic, resulting in premature phosphorylation of at least one of its targets, MEI-1 [19]. 
Given that egg-4/5(RNAi) affected the dynamic redistribution of GFP::EGG-3 after fertilization, 
we determined whether this would also affect GFP::MBK-2 (Figure 6). In a control situation 
(Empty Vector, Figure 6 upper panel), GFP::MBK-2 was cortically localized in the oocytes, 
internalized in the 1-cell embryo and subsequently released into the cytosol, also localizing 
to mitotic spindles and P-granules. As reported, at egg-3(RNAi) conditions, GFP::MBK-2 was 
localized in the cytoplasm already prior to fertilization and also to the meiotic spindle when 
the oocyte had just ovulated into the spermatheca (Figure 6, middle panel). We expected 

that GFP::MBK-2, like GFP::EGG-3, would 
fail to redistribute to endosomes during 
meiosis I at egg-4/5(RNAi) conditions. At 
these conditions however, GFP::MBK-2 
constitutively localized to the cytoplasm, 
rather reflecting the egg-3(RNAi) phenotype 
(Figure 6, lower panel). Furthermore, at 

Figure 6: The distribution of GFP:: 
MBK-2 is differentially affected by EGG-3 or 
EGG-4/5 depletion.
The distribution of GFP::MBK-2 in oocytes 
and embryos was analyzed at control RNAi 
(Empty Vector, upper panel), egg-3(RNAi) and  
egg-4/5(RNAi) conditions (middle and lower 
panels respectively). Oocytes are positioned 
on the left and embryos on the right, the sper-
matheca is marked by asterisks. Nuclei of the 
two most proximal oocytes are indicated with 
arrows, meiotic spindles with arrowheads. Note 
the enrichment of GFP::MBK2 in the nuclei of 
proximal oocytes at egg-4/5(RNAi) conditions. 
Scale bar: 20 µm.



EGG-4/5 regulates MBK-2 and EGG-3 distribution 101

egg-4/5 conditions, GFP::MBK-2 was clearly enriched in the nuclei of the meiosis arrested 
oocytes, whereas those nuclei were totally devoid of GFP::MBK-2 at egg-3(RNAi) conditions 
(arrows in Figure 6). The nature of its nuclear localization remained elusive, but reflected 
the nuclear distribution of MBK-2 in oocytes when the recruitment of EGG-3 to the plasma 
membrane was impaired by blocking ER to Golgi transport (Chapter 2 of this thesis). The 
egg-4/5(RNAi) phenotype was confirmed in a strain expressing both mCherry::EGG-3 and 
GFP::MBK-2 (Figure 7, upper panel): mCherry::EGG-3 correctly localized at the cell cortex in 
oocytes, but failed to be properly internalized after fertilization, while GFP::MBK-2 mainly 
localized to the nuclei of oocytes and cytosol of embryos.

Eggshell synthesis, but not the recruitment of CHS-1 to the plasma membrane, 

is dependent on EGG-4/5

In the absence of EGG-3, CHS-1 failed to localize at the oocyte plasma membrane [18] because 
the association of CHS-1 with EGG-3 is required to exit the ER after synthesis (Chapter 2 of this 
thesis). Given its profound effects on both EGG-3 and MBK-2 dynamics, we tested whether  
egg-4/5(RNAi) would also affect CHS-1 localization in animals expressing both mCherry::EGG-3 
and GFP::CHS-1 (Figure 7, middle panel). At control conditions, mCherry::EGG-3 and 
GFP::CHS-1 showed comparable dynamics, with cortical localization in the oocyte, an 
endosomal/lysosomal distribution in the 1-cell embryo and subsequent degradation (Figure 7, 
middle panel, Empty Vector). At egg-4/5(RNAi) conditions, GFP::CHS-1 was properly located 
to the plasma membrane of meiosis arrested oocytes, just like mCherry::EGG-3, but failed to 
be internalized after fertilization. In the absence of EGG-4/5, both EGG-3 and CHS-1 were thus 
retained at the plasma membrane of the zygote while MBK-2 mainly localized to the nuclei and 
cytosol of oocytes and embryos respectively. A remarkable observation here is that, despite 
its presence at the plasma membrane at egg-4/5(RNAi) conditions, CHS-1 failed to produce an 
eggshell. EGG-4/5 thus seems to play multiple roles during the oocyte-to-embryo transition: 
it ensures proper cortical localization of MBK-2 in the oocyte, regulates chitin production 
and secretion by CHS-1 after fertilization, and facilitates the redistribution of CHS-1 and 
EGG-3 by a RAB-5 dependent but clathrin independent endocytosis (Chapter 3 of this thesis) 
after anaphase I of meiosis. As a specificity control, we tested whether clathrin-mediated 
endocytosis of caveolin-1 after fertilization [24] requires EGG-4/5 function (Figure 7, lower 
panel). At control conditions, both mCherry::EGG-3 and CAV-1::GFP localized to the plasma 
membrane of the fertilized oocyte after cortical granule exocytosis, which delivers CAV-1 to 
the plasma membrane. After fertilization, both markers were redistributed to endosomes. 
The lack of extensive colocalization between mCherry::EGG-3 and CAV-1::GFP during their 
redistribution is a consequence of their sequential uptake via clathrin independent and 
clathrin dependent pathways, respectively (Chapter 3 of this thesis). Indeed, internalization of 
mCherry::EGG-3 occurred earlier than that of CAV-1::GFP, since intracellular loci containing 
mCherry::EGG-3 could already be observed in 1-cell embryos where CAV-1::GFP was still 



Chapter 4102

present at the plasma membrane. At egg-4/5(RNAi) conditions, CAV-1::GFP was normally 
internalized and degraded, while mCherry::EGG-3 largely remained associated with the 
plasma membrane. These observations are consistent with the notion that the CHS-1/EGG-3/
MBK-2 complex and CAV-1 are endocytosed via distinct pathways, with only the former one 
being dependent on EGG-4/5. 
 

Discussion

In this study, we demonstrate that the PTPL proteins EGG-4/5 are crucial regulators of  
oocyte-to-embryo transition. At egg-4/5(RNAi) conditions, the redistribution of the DYRK 
kinase MBK-2 from the nucleus in diplotene stage oocytes to the cortex of fully developed 
prophase I arrested oocyted failed. A second defect induced by EGG4/5 depletion was 
lack of eggshell formation around fertilized oocytes, despite a normal distribution of 
the chitin synthase CHS-1 at the plasma membrane. Finally, internalization of the CHS-
1/EGG-3 complex, normally occurring during progression through meiosis [18, 19]  

Figure 7: Different effects of egg-4/5(RNAi) on MBK-2, CHS-1 and CAV-1.
Animals expressing mCherry::EGG-3 together with either GFP::MBK-2 (upper row), GFP::CHS-1 
(middle row), or CAV-1::GFP (lower row) were subjected to control RNAi (empty vector), or  
egg-4/5(RNAi), anesthetized with sodium azide and imaged by confocal microscopy. Sperma- 
thecae are marked with an asterisk and worms are oriented with developing oocytes on the left 
and embryos on the right of the spermatheca. Arrowheads mark the presence of mCherry::EGG-3 
on the plasma membrane of embryos. Scale bar: 20 µm.
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and chapter 3 of this thesis), was severely impaired. 
 EGG-3 regulates egg activation by keeping MBK-2 sequestered to the oocyte 
cortex up to anaphase I of meiosis [18, 19], after which the CHS-1/EGG-3/MBK-2 complex 
is transferred to endosomes, where MBK-2 is released into the cytosol to phosphorylate its 
targets. Additionally, EGG-3 was hypothesized to play a role in eggshell synthesis, since in 
its absence, an eggshell was not laid down around the zygote, leading to a failure in polar 
body extrusion and cytokinesis [18]. According to many appearances, egg-3(RNAi) and 
egg-4/5(RNAi) phenotypes seemed identical: oocytes were fertilized, but fail to secrete the 
polar bodies during meiosis, to form an eggshell and to undergo cytokinesis during mitotic 
divisions, yielding fragile, amorphous and multinucleate single cell embryos. More detailed 
analysis however, revealed different MBK-2 distributions in the oocyte, upon the depletion of 
EGG-3 or EGG-4/5 by RNAi. In Chapter 2 of this thesis we showed that MBK-2 at wild type 
conditions is localized to the nuclei of still developing oocytes, which are probably at the 
diplotene stage of prophase I. The most proximal, arrested oocytes however, showed a cortical 
distribution of MBK-2, suggesting transfer of MBK-2 from the oocyte nucleus to the cortex 
during the transition from diplotene to diakinesis of prophase I. When ER exit was inhibited, 
MBK-2 remained associated with nuclei up to prophase I arrested oocytes, while EGG-3 was 
retained at the ER. As demonstrated here and in Chapter 2, however, the prolonged nuclear 
localization of MBK-2 was independent of EGG-3, since at egg-3(RNAi) conditions MBK-2 
normally migrated out of the nucleus, but failed to be recruited to the plasma membrane 
[18, 19]. Here we show that also egg-4/5(RNAi) prolonged the nuclear localization of MBK-2, 
with EGG-3 normally localizing at the oocyte cortex, implicating a crucial role for EGG-4/5 
in recruiting MBK-2 from the nucleus to CHS-1 associated EGG-3 at the plasma membrane. 
A physiological function for MBK-2 at the oocyte nucleus is not known but may relate to 
diplotene specific processes during oogenesis. A hypothetical role for MBK-2 in the nucleus 
is supported by work done on the human homolog of MBK-2, DYRK2, in somatic cells [25]. 
This study shows that DYRK2 is translocated towards the nucleus to phosphorylate p53 
in response to DNA damage, therewith inducing p53-dependent apoptotic cell death. The 
C. elegans homolog of p53, CEP-1, was shown to be required in the germline to regulate 
germ both apoptosis and proper chromosome segregation during meiosis [26, 27]. We here 
propose that CEP-1 might be regulated through phosphorylation by MBK-2. Generally, stress 
conditions, like DNA damage, are coped with by altering gene translation. The prolonged, 
EGG-3 independent nuclear localization of MBK-2, as seen when ER exit is inhibited, might 
also reflect a stress response and result from active recruitment into the nucleus. Alternatively, 
it can be hypothesized that once oocytes have arrested in prophase I, MBK-2 is chaperoned by 
EGG-4/5 towards the CHS-1/EGG-3 complex at the plasma membrane, driving the equilibrium 
out of the nucleus.  
 A common phenotype for egg-3(RNAi) and egg-4/5(RNAi) is failing synthesis of a proper 
eggshell after fertilization. This phenotype is MBK-2 independent as mbk-2 mutant animals 
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do produce normal eggshells [28]. Maruyama et al. [18] already suggested a role for EGG-3 in 
eggshell synthesis and in Chapter 2 of this thesis we showed that at egg-3(RNAi) conditions, 
CHS-1 remained trapped in the ER, explaining the inability of the zygote to secrete chitin 
after fertilization. At egg-4/5(RNAi) conditions, however, both EGG-3 and CHS-1 localized 
normally to the oocyte cortex, and yet eggshell synthesis failed. We therefore think that EGG-
4/5 might serve as the “sperm sensor”, which ensures the synthesis and secretion of chitin after 
fertilization has occurred. Maruyama et al. [18] already proposed this role for EGG-3, since the 
egg-3 mutant phenotype resembles that of spe-11. SPE-11 is a sperm delivered protein which 
triggers egg activation after fertilization and is thought to serve as the “sperm entry” signal. 
Indeed, oocytes fertilized by spe-11 sperm cells show a phenotype identical to unfertilized 
or eggshell synthesis-defective oocytes [29, 30]. A role for EGG-3 as sperm sensor is unlikely, 
however, since it localizes normally at the cortex at egg-4/5(RNAi) conditions. Although egg-
3(RNAi) and egg-4/5(RNAi) share their phenotype of failing eggshell synthesis, the underlying 
reasons are different: ER retention at egg-3(RNAi) conditions versus failure to sense sperm entry 
at egg-4/5(RNAi) conditions. Finally, the internalization of CHS-1/EGG-3, normally dependent 
on meiotic progression but not on fertilization, was also severely impaired by egg4/5(RNAi), 
suggesting additional roles for this PTPL in this process. This phenotype resembles that of the 
absence of MAT-1, a subunit of the anaphase-promoting complex/cyclosome (APC/C), where 
the zygote is arrested at metaphase I of meiosis. At egg-4/5(RNAi) conditions however, the 
zygote does complete the meiotic divisions, but fails to efficiently internalize EGG-3 and CHS-
1, suggesting that EGG-4/5 receives the internalization trigger during meiosis. Previously, it 
was suggested that EGG-3 fulfills this role, since mutation of two of the six putative D-boxes 
(the consensus target sequence for APC/C ubiquitination) interfered with the degradation of 
EGG-3 [19]. At these conditions, however, EGG-3 was internalized, but re-localized back to 
the plasma membrane of 2-cell and later stage embryos. In the absence of EGG-4/5, EGG-3 did 
not internalize at all. Therefore, EGG-4/5 is a more likely target to trigger the internalization of 
the complex. Like EGG-3, EGG-4/5 also contains four putative D-boxes, making it a potential 
alternative target of the APC/C. According to ELM standards (http://elm.eu.org/elmPages/
LIG_APCC_Dbox_1.html), the D-box motif is defined as RxxLxx[LIVM]. According to this 
standard, both EGG-3 and EGG4/5 contain only 1 D-box, with the one in EGG-3 lying inside 
the PTPL domain, again supporting the idea that EGG-4/5 might be the true target of the 
APC/C. Next to its cell-cycle dependent role in targeting proteins for degradation by the 
proteasome, APC/C has also been implicated in regulating endocytosis in C. elegans neurons 
[31]. Similarly, APC/C might be responsible for triggering endocytosis of the CHS-1/EGG-3/
MBK-2 complex via EGG-4/5. These possibilities remain to be tested in future studies.
 Altogether, we show here that next to EGG-3, two other PTPL proteins, EGG-4 and 
EGG-5, play an important role in regulating oocyte-to-embryo transition. It is quite likely that 
EGG-3 and EGG-4/5 work synergistically to regulate proper localization and functioning of 
CHS-1 and MBK-2, in both the oocyte and the early embryo. The exact working mechanism 
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behind this apparently complex regulation still waits to be elucidated, however. It is not 
uncommon that small PTP proteins dimerize to form multifunctional protein complexes. 
For example, the protein family of myotubularins is composed of members that specifically 
dephosphorylate the D3-phosphate of inositol-phospholipids, and others that are catalytically 
inactive but interact with and are required for the activity of their genuine phosphatase sisters 
[32]. One of these is the C. elegans protein MTM-9, an inactive phosphatase that interacts with 
and is required for the activity MTM-6, and regulates endocytic trafficking [16]. Also in C. 
elegans, the two PTPL proteins SDF-9 and EAK-6, which are both inactive phosphatases, are 
thought to form a adaptor complex at the plasma membrane involved in insulin signaling 
during dauer formation [17]. Similar to these adaptor-like functions, EGG-3 and EGG-4/5 
might thus work together to ensure the proper trafficking and functioning of CHS-1 and 
MBK-2 during the oocyte-to-embryo transition.

Experimental Procedures

General methods and strains

The following strains and transgenes were used in this study: N2 Bristol strain; ddIs6[tbg-
1::gfp unc-119(+)] ruIs32[unc-119(+) pie-1::gfp::h2b]; asIs1[unc-119(+) Ppie-1::gfp::egg-3] (gift 
from A. Singson); axIs1140[unc-119(+) Ppie-1::gfp::mbk-2]; pwIs28[unc-119(+) Ppie-1::cav-1::gfp7] 
asIs2[unc-119(+) Ppie-1::mCherry::egg-3]; nnIs2[unc-119(+) Ppie-1::gfp::chs-1] asIs2[unc-119(+) 
Ppie-1::mCherry::egg-3]; axIs1140[unc-119(+) Ppie-1::gfp::mbk-2] asIs2[unc-119(+) Ppie-
1::mCherry::egg-3]. All strains were cultured using standard techniques [33] and maintained 
at 20 °C or 25 °C.

RNA interference

RNAi was applied by the feeding method [34], using the appropriate clones from the Ahringer 
library [35]. L1 animals were synchronized by bleach treatment of gravid adults and overnight 
incubation of the released embryos in M9. Synchronized L1 animals were grown for 24 hrs 
on NGM plates containing OP-50, after which they were transferred to RNAi plates (NGM 
+ 1 mM IPTG + 50 µg/ml ampicillin), seeded with the appropriate RNAi clones. RNAi was 
applied until the worms reached adulthood at 20 °C.

Immuno-labelling and imaging

Gonads were dissected and immuno-labelled as described in Chapter 3. To label the nuclear 
envelope, a mouse monoclonal antibody against Nuclear Pore Complex Proteins (NUP 153, 
clone QE5, Covance, catalog no: MMS-102P) was used at a 1/100 dilution. Alexa conjugated 
secondary antibodies (Molecular Probes) were incubated 1/500 in blocking buffer, together 
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with 0.5 µg/ml DAPI for 2 hours at room temperature, after which samples were washed 
with PBS supplemented with 0.1% Tween, and mounted in Vectashield (Vector Laboratories). 
Coverslips were sealed with nail polish and analyzed by confocal scanning laser microscopy. 
For in utero live cell confocal imaging, adult hermaphrodites were anesthetized as described 
[3], and mounted on a 2% agarose pad. The coverslip was fixed with nail polish and images 
were taken every 30 seconds for at least 57 minutes. For still imaging of intact animals, worms 
were anesthetized in M9 containing 20 mM levamisole and mounted on a 2% agarose pad 
containing 20 mM sodium azide. Confocal images were captured using a Bio-Rad 2100MP 
multiphoton system (Zeiss/Bio-Rad) equipped with a Nikon TE300 inverted microscope 
(Nikon), or a Leica TCS-SP confocal scanning laser microscope (Leica Microsystems), and 
analyzed using ImageJ software (version 1.37t, Rasband WS, US National Institutes of Health, 
Bethesda, MD) and Adobe Photoshop CS3 (Adobe Systems). Normarski DIC images were 
captured with a Zeiss Axioplan 2 (Zeiss) equipped with a Axiocam HRc CCD camera, using 
Axiovision (version 3.1) software. For in utero live cell DIC imaging, worms were anesthetized 
as described above and images were taken every 2 seconds.

Supplemental movies

Supplemental movies 1-3:
DIC live cell imaging of wild type N2 worms (movie 1), or worms exposed to egg-3(RNAi)  
(movie 2) or egg-4/5(RNAi) (movie 3). Images were captured every 2 seconds. Note that 
both egg-3(RNAi) and egg-4/5(RNAi) only affected eggshell synthesis and cytokinesis, but not  
oogenesis nor ovulation. 

Supplemental movies 4-6:
Confocal live cell imaging of worms expressing GFP::H2B (showing histones) and  
TBG-1::GFP (showing γ-tubulin). Worms were exposed to control RNAi (movie 4), egg-3(RNAi) (movie 
5) or egg-4/5(RNAi) (movie 6). Images were captured every 30 seconds and ovulation of the -1 oocyte 
starts at t=0. Polar bodies are indicated with yellow arrowheads and pronuclei with white arrows. Note 
the failure of polar body extrusion during meiosis, leading to excess chromosome material during pro-
phase II (red arrowhead) and the formation of an extra pronucleus after completion of meiosis (migrating 
yellow arrowhead) at egg-3(RNAi) and egg-4/5(RNAi). At these conditions, cytokinesis during mitotic 
divisions also failed, leading to multinuclear single cell embryos. Scale bars: 20 µm.

Supplemental movies 7 & 8:
Confocal live cell imaging of worms expressing GFP::EGG-3, exposed to control RNAi (movie 7) or 
egg-4/5(RNAi) (movie 8). Images were captured every 30 seconds. Note the impaired internalization 
of GFP::EGG-3 at egg-4/5(RNAi) conditions, leading to its retention at the plasma membranes of the 
embryos. Scale bar: 20 µm.
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Summarizing Discussion

A major regulator of egg activation in C. elegans is the DYRK kinase MBK-2, which by 
phosphorylating its targets triggers several distinct processes in the zygote and early embryo 
to drive proper oocyte-to-embryo transition [1]. Up to date, three direct targets of MBK-2 have 
been identified: 1) MEI-1, which as a consequence of phosphorylation by MBK-2 is immediately 
degraded [2], 2) OMA-1, which as a consequence of phosphorylation by MBK-2 switches its 
functions in the 1-cell embryo and is degraded only after additional phosphorylation by other 
kinases [3-5], and 3) MEX-5/6, which is primed by MBK-2 to regulate germ plasm asymmetry 
towards each germline descendant of the P-lineage [6]. This multitude of functions requires 
precise regulation and timing of MBK-2 activities. MBK-2 is at least in part regulated by its 
transfer to distinct subcellular positions during oogenesis and oocyte-to-embryo transition, a 
role which recently has been ascribed to the PTPL protein EGG-3 [7, 8].  The work presented 
in this thesis demonstrates that the subcellular distribution of EGG-3, and hence MBK-2, 
relies on vesicular trafficking pathways both during oogenesis and early embryogenesis. The 
implications of the three different experimental chapters are intertwined and explained by 
a single model, which is depicted in Figure 1. The parenthesized numbers in the following 
text correspond to the encircled numbers in this figure. During oogenesis, MBK-2 has only 
been reported to locate at the plasma membrane [1, 9], to where it is recruited by the CHS-1/
EGG-3 complex, keeping it sequestered until meiosis progresses after fertilization [7, 8]. The 
results described in Chapter 2 demonstrate that this is only true for oocytes that are arrested 
at diakinesis of prophase I. More distal, developing oocytes that are still at the diplotene stage 
show a nuclear distribution of MBK-2 at wild type conditions (1), indicating a physiological 
function of the kinase in the nucleus of these oocytes. During oocyte development, EGG-3 
is synthesized in the cytosol, after which it is immediately recruited to a newly synthesized 
membrane protein, CHS-1, at the endoplasmic reticulum (ER) (2).  CHS-1 and EGG-3 are 
then transferred together from the ER to the plasma membrane by vesicular transport via the 
secretory pathway, passing the Golgi complex (3), as demonstrated in Chapter 2. When COP-
II driven ER to Golgi transport was blocked, both proteins were retained at the ER. Moreover, 
depletion of EGG-3 led to retention of CHS-1 at the ER, and conversely, showing mutual 
dependency between CHS-1 and EGG-3 to reach the plasma membrane. Passage of the Golgi 
and involvement of secretory vesicles was demonstrated by the dependence on ARF-1 and 
SYN-4, respectively (3). MBK-2 did not associate to the secretory pathway at any condition, 
demonstrating that its recruitment by the EGG-3/CHS-1 complex takes place at the plasma 
membrane. Strikingly, MBK-2 remained in nuclei of oocytes all the way up to prophase I 
arrest at conditions where ER exit by COP-II coated vesicles was inhibited. Transfer of MBK-2 
in and out of the nucleus during oocyte development was, however, independent of EGG-
3 expression. A possible mechanism transporting MBK-2 into the oocyte nucleus might be 
transfer via P granules. It has been shown previously that MBK-2 locates to the P granules 
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of the germline precursor cells of the early embryo [1], which are largely distributed in the 
cytosol. In the distal and middle germline however, where the germ cell nuclei are not fully 
enveloped by a plasma membrane yet, P granules have been reported to be associated with 
the nuclear pores of the nuclear envelope [10]. The distribution of these P granules shows a 
high resemblance with the MBK-2 distribution in this region of the gonad, prior to its diffuse 
distribution in the oocyte nucleus (see Chapter 2, Figure 2, left panel). In light with the ability 
of MBK-2 to associate with P granules, and their association with nuclear pores of the germ 
cell nuclei, it is suggested that MBK-2 is transported via the P granules and the nuclear pores 
into the nuclei of the diplotene stage oocytes, a hypothesis which still needs to be tested 
experimentally. A physiological function of MBK-2 in the nuclei of diplotene oocytes could be 
to regulate transcription of maternal mRNAs that are required only after fertilization. Indeed, 
active transcription in developing oocytes ceases when they progress from diplotene into the 
arrested diakinesis stage of meiosis I [11], precisely coinciding with transfer of MBK-2 out of the 
nucleus. Similarly, the human homolog of MBK-2, DYRK2, migrates to the nucleus of somatic 
cells to phosphorylate p53 (and thus regulates transcription) in response to DNA damage 
[12]. The prolonged nuclear localization of MBK-2 in oocytes, in response to interference with 
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Figure 1: Model integrating the data described in Chapters 2-4.
The left panel (< Prophase I) depicts processes occuring up to the prophase I arrest, which is  
relieved by the MSP signal (gray arrow), leading to ovulation and fertilization. Subsequent pro-
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Chapter 5114

the ER exit pathway might thus reflect an ER stress response, as in eukaryotic cells, stress 
conditions are often coped with by transcription regulation. The potential role of MBK-2 in 
regulating oocyte gene expression remains to be investigated, but a hint of the molecular 
mechanism regulating its transfer out of the nucleus is provided in Chapter 4. Here we show 
that two other, closely related and redundant PTPL proteins, EGG-4 and EGG-5 (collectively 
referred to as EGG-4/5) are required to transfer MBK-2 towards the CHS-1/EGG-3 complex 
at the plasma membrane (5). Depletion of EGG-4/5 caused a phenotype comparable to that of 
ER exit inhibition with respect to a prolonged nuclear localization of MBK-2, up to the most 
proximal, arrested oocyte. At these conditions, however, CHS-1 and EGG-3 were normally 
localized to the oocyte cortex. We hypothesize, that MBK-2 equilibrates between the cytosol 
and the nucleus, and that once oocytes have arrested in prophase I, EGG-4/5 chaperones the 
cytosolic MBK-2 fraction towards the CHS-1/EGG-3 complex, possibly driving the equilibrium 
towards the cortex (4). The arrested oocyte, now with the CHS-1, EGG-3, EGG-4/5, MBK-
2 complex present at the cortex (5), awaits the MSP signal to undergo meiotic maturation, 
ovulation and fertilization. 
 The most proximal oocyte receives the sperm-derived MSP signal as a trigger to 
undergo meiotic maturation and ovulation (6), leading to its immediate fertilization in the 
spermatheca. Fertilization triggers the synthesis and secretion of the eggshell component 
chitin, which are catalyzed by CHS-1 [13, 14]. The “sperm sensing” mechanism, that detects 
sperm entry and triggers chitin secretion, might be provided by EGG-4/5 (7), as presented 
in Chapter 4. In the absence of EGG-4/5, both CHS-1 and EGG-3 were normally localized to 
the oocyte cortex, but the zygote failed to form an eggshell, suggesting the requirement of 
EGG-4/5 for CHS-1 mediated chitin synthesis. The “sperm entry” signal is probably provided 
by the sperm-specific protein SPE-11, delivered to the oocyte by fertilization, since oocytes 
fertilized by spe-11 mutant sperm cells show identical phenotypes as unfertilized or eggshell 
synthesis-defective oocytes [15, 16]. In light of this model, the two identical phenotypes of  
egg-3(RNAi) and egg-4/5(RNAi) regarding eggshell synthesis, polar body extrusion and 
cytokinesis presented in Chapter 4, are easily explained: in the absence of EGG-3, CHS-1 is 
retained at the ER, while EGG-4/5 depletion leads to failure in relaying of the SPE-11 “sperm 
entry” signal, both culminating in aberrant eggshell synthesis, a process required for the 
support of polar body extrusion and cytokinesis [13]. 
 As meiosis progresses, EGG-3 and MBK-2 are rapidly redistributed from the cortex 
towards intracellular loci, a process independent of fertilization and thought to be triggered by 
the APC/C [7, 8]. EGG-3 has been proposed as a direct target of the APC/C, since it contains two 
APC/C recognition motifs (the D-box motif RxxL), which were required for the degradation of 
EGG-3 [8]. Several observations argue against this hypothesis, however. Although mutation 
of the two critical D-boxes interfered with the degradation of EGG-3, the redistribution of 
EGG-3  towards the intracellular loci was unaffected. Moreover, when a more stringent D-box 
consensus motif (RxxLxx[LIVM], according to ELM standards (http://elm.eu.org/elmPages/
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LIG_APCC_Dbox_1.html) is applied to EGG-3, there is only one D-box found, lying inside 
the PTP domain. As shown in Chapter 4, depletion of EGG-4/5 resulted in persistence of both 
EGG-3 and CHS-1 at the plasma membrane, and EGG-4/5 also contains a D-box confined to 
the RxxLxx[LIVM] consensus. We thus propose that next to its role as the “sperm sensor”, 
EGG-4/5 may also provide the relay for APC/C triggered uptake of the CHS-1/EGG-3/MBK-2 
complex during the metaphase-to-anaphase transition of meiosis I (8). By depleting EGG-4/5, 
we demonstrated roles in transfering MBK-2 to the oocyte cortex, triggering eggshell synthesis 
after fertilization, and the internalization of CHS-1/EGG-3 during meiotic progression. 
Unfortunately, we failed to create a transgenic worm expressing a mCherry-tagged version 
of EGG-3/4 and hence were unable to define its subcellular distribution and dynamics during 
the oocyte-to-embryo transition.  
 Chapter 3 of this thesis focuses on the mechanisms for internalization of EGG-3/MBK-
2, the release of MBK-2 into the cytosol and subsequent degradation of EGG-3. We found that 
all these processes rely on the endo-lysosomal pathway. EGG-3/MBK-2 is redistributed to 
early endosomes via endocytic vesicles that are formed in a RAB-5 dependent but clathrin 
independent manner (9), The precise nature of this clathrin-independent endocytic pathway 
or possible cytosolic recruitment to the early endosome remains to be resolved. As early 
endosomes gradually mature into late endosomes, RAB-5 is exchanged for RAB-7 [17], and 
we demonstrated that MBK-2 is released from endosomes in a RAB-7 dependent manner 
(10). The precise molecular mechanism needs further elucidation, but one likely scenario 
is that RAB-7 recruits a specific effector protein to the endosome surface that facilitates the 
dissociation of MBK-2 from EGG-3. One of the cytosolic targets of MBK-2 is OMA-1, which after 
its phosphorylation acts as a transcriptional repressor in the 1-cell embryo by sequestrating 
the transcription factor TAF-4 into the cytosol [5]. After subsequent phosphorylation by GSK-
3, OMA-1 is degraded in the 2-cell embryo, allowing TAF-4 to migrate into the nucleus (11). 
At rab-5(RNAi) conditions, EGG-3 and MBK-2 dispersed immediately into the cytosol, instead 
of being transferred to the early endosome, delaying OMA-1 phosphorylation, as monitored 
by the premature nuclear localization of TAF-4, and by degradation of OMA-1 itself.  It is 
hypothesized that at rab-5(RNAi) conditions, EGG-3 and MBK-2 are released into the cytosol 
as a complex, interfering with MBK-2 kinase activity. Hence, transfer to maturing endosomes 
is required to adequately time and efficiently facilitate the release of MBK-2 from EGG-3. 
Once MBK-2 is dissociated, CHS-1 and EGG-3 are incorporated into the intraluminal vesicles 
(ILVs) of the late endosome (now also referred to as the multivesicular body, MVB), a process 
which requires the activity of the ESCRT complex, ultimately resulting in transfer to and 
degradation in lysosomes (12). The incorporation of transmembrane proteins into the ILVs, 
requires their ubiquitination in order to be recognized by the ESCRT complex [18], suggesting 
that CHS-1 or EGG-3 (acting as an adaptor) are ubiquitinated either at the plasma membrane 
or during endosomal passage. The finding that EGG-3 is degraded by the lysosome is rather 
controversial in light with the observations reported by Stitzel et al. [8], where depletion of a 
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proteasome subunit interfered with EGG-3 degradation, suggesting proteasomal degradation. 
However, several lines of evidence [19, 20] indicate that the incorporation of transmembrane 
receptors into the ILVs of the MVB also relies on proteasomal activity, and its inhibition caused 
ubiquitinated receptors to be recycled back to the plasma membrane. The EGG-3 dynamics 
described by Stitzel et al. [8] correlate with this scenario: EGG-3 was initially internalized, but 
recycled back to the plasma membrane in 2-cell and later stage embryos when the proteasome 
subunit RPN-7 was depleted by RNAi. Mutations in the two RxxL motifs caused the same 
phenotype, supporting the idea that EGG-3 also serves as an adaptor protein for CHS-1 to be 
incorporated into the MVB, where the RxxL motifs mediate the crucial interaction with the 
proteasome.

Future prospects

Inherent to fundamental research, the work described in this thesis raised more questions 
than were answered. The common denominator is the regulatory role of MBK-2, not only 
after meiotic maturation, but also in the developing oocyte. We therefore propose that MBK-
2 functions as a developmental switch with multiple settings at different time points during 
oocyte-to-embryo transition. Sequential settings are determined by the different subcellular 
localizations of MBK-2 during oocyte development and egg activation, which are to a large 
degree triggered by the EGG-3/4/5 proteins and supported by vesicular trafficking. Each 
“MBK-2 setting” requires further investigation to further delineate its function and mechanism. 
The first setting is switched when MBK-2 is transferred from the oocyte nucleus towards 
the cortex, when it progresses from diplotene to the arrested diakinesis stage of prophase 
I. Since oocyte transcription ceases during this progression, it is hypothesized that MBK-2 
regulates gene transcription in the developing oocyte. This nuclear localization of MBK-2 has 
never been reported before, and the nuclear transfer mechanism and nuclear target proteins 
of MBK-2 remain to be elucidated. The second setting is switched when MBK-2 is activated 
during meiotic progression, where it is redistributed form the cortex into the cytosol via the 
endosome. Here, the experimental challenge lies in the elucidation of the switch itself rather 
than the functions of MBK-2 before and after the switch. We have demonstrated that the proper 
release of MBK-2 into the cytosol requires its passage along early and maturing endosomes. 
However, the nature of the non-clathrin driven endocytic pathway and the molecular release 
mechanism during endosome maturation are still elusive. The final changes in the subcellular 
distribution of MBK-2 occur during the first and subsequent mitotic divisions, where it 
localizes to the centrosomes and chromosomes of the spindle as well as to the P-granules of 
the germline blastomeres. Functional aspects of these localizations have never been examined, 
but they are independent of the EGG-3/4/5 proteins, as these have long been degraded before 
these developmental stages. 



Summarizing Discussion  117

References

1. Pellettieri, J., et al., Coordinate Activation of Maternal Protein Degradation during the  
Egg-to-Embryo Transition in C. elegans. Developmental Cell, 2003. 5(3): p. 451-462.

2. Quintin, S., et al., The mbk-2 kinase is required for inactivation of MEI-1/katanin in the  
one-cell Caenorhabditis elegans embryo. EMBO Rep, 2003. 4(12): p. 1175-81.

3. Lin, R., A gain-of-function mutation in oma-1, a C. elegans gene required for oocyte maturation, 
results in delayed degradation of maternal proteins and embryonic lethality. Developmental 
Biology, 2003. 258(1): p. 226-239.

4. Nishi, Y. and R. Lin, DYRK2 and GSK-3 phosphorylate and promote the timely degradation 
of OMA-1, a key regulator of the oocyte-to-embryo transition in C. elegans. Developmental 
Biology, 2005. 288(1): p. 139-149.

5. Guven-Ozkan, T., et al., Global Transcriptional Repression in C. elegans Germline Precursors 
by Regulated Sequestration of TAF-4. Cell, 2008. 135(1): p. 149-160.

6. Nishi, Y., et al., Polo kinases regulate C. elegans embryonic polarity via binding to  
DYRK2-primed MEX-5 and MEX-6. Development, 2008. 135(4): p. 687-697.

7. Maruyama, R., et al., EGG-3 Regulates Cell-Surface and Cortex Rearrangements during Egg 
Activation in Caenorhabditis elegans. Current Biology, 2007. 17(18): p. 1555-1560.

8. Stitzel, M.L., K.C.-C. Cheng, and G. Seydoux, Regulation of MBK-2/Dyrk Kinase by Dynamic 
Cortical Anchoring during the Oocyte-to-Zygote Transition. Current Biology, 2007. 17(18): p. 
1545-1554.

9. Stitzel, M.L., J. Pellettieri, and G. Seydoux, The C. elegans DYRK Kinase MBK-2 Marks Oocyte 
Proteins for Degradation in Response to Meiotic Maturation. Current Biology, 2006. 16(1): p. 
56-62.

10. Pitt, J.N., J.A. Schisa, and J.R. Priess, P Granules in the Germ Cells of Caenorhabditis elegans 
Adults Are Associated with Clusters of Nuclear Pores and Contain RNA. Developmental Biology, 
2000. 219(2): p. 315-333.

11. Walker, A.K., P.R. Boag, and T.K. Blackwell, Transcription reactivation steps stimulated by 
oocyte maturation in C. elegans. Developmental Biology, 2007. 304(1): p. 382-393.

12. Taira, N., et al., DYRK2 Is Targeted to the Nucleus and Controls p53 via Ser46 Phosphorylation 
in the Apoptotic Response to DNA Damage. Mol Cell, 2007. 25(5): p. 725-738.

 The hypothesis of a single key regulator for oocyte development and the transition 
to an embryo is interesting as it can explain how sequential events are linked and timely 
regulated. However, the closest mammalian homolog of MBK-2, DYRK2 has never been 
investigated for its potential function in the mammalian oocyte or embryo. Furthermore, no 
obvious homologues of the PTPL proteins EGG-3, EGG-4 and EGG-5 are found in mammalia. 
Nevertheless, the regulatory functions of the EGG proteins towards MBK-2 in C. elegans 
might reflect a common mechanism, where PTPL proteins mediate the distribution and/or 
activation of specific kinases during crucial stages of development. Also, the work presented 
here reflects the diversity of functions single PTPLs might have, despite their relatively simple 
protein structure. Since PTPL functions in evolutionary higher developed animals are just 
on the verge of being elucidated, the insights provided here underline the message not to 
underestimate the regulatory power of PTPL proteins. 



Chapter 5118

13. Johnston, W.L., A. Krizus, and J.W. Dennis, The eggshell is required for meiotic fidelity,  
polar-body extrusion and polarization of the C. elegans embryo. BMC Biol, 2006. 4: p. 35.

14. Zhang, Y., et al., The chitin synthase genes chs-1 and chs-2 are essential for C. elegans 
development and responsible for chitin deposition in the eggshell and pharynx, respectively. 
Developmental Biology, 2005. 285(2): p. 330-339.

15. Browning, H. and S. Strome, A sperm-supplied factor required for embryogenesis in C. elegans. 
Development, 1996. 122(1): p. 391-404.

16. Hill, D.P., et al., A sperm-supplied product essential for initiation of normal embryogenesis 
in Caenorhabditis elegans is encoded by the paternal-effect embryonic-lethal gene, spe-11. 
Developmental Biology, 1989. 136(1): p. 154-166.

17. Rink, J., et al., Rab Conversion as a Mechanism of Progression from Early to Late Endosomes. 
Cell, 2005. 122(5): p. 735-749.

18. Raiborg, C., T.E. Rusten, and H. Stenmark, Protein sorting into multivesicular endosomes. 
Current Opinion in Cell Biology, 2003. 15(4): p. 446-455.

19. Longva, K.E., et al., Ubiquitination and proteasomal activity is required for transport of the EGF 
receptor to inner membranes of multivesicular bodies. J. Cell Biol., 2002. 156(5): p. 843-854.

20. Melman, L., et al., Proteasome Regulates the Delivery of LDL Receptor-related Protein into the 
Degradation Pathway. Mol. Biol. Cell, 2002. 13(9): p. 3325-3335.



Summarizing Discussion  119





Nederlandse Samenvatting voor de Leek



122

Nederlandse samenvatting voor de leek

Inleiding

Seksuele reproductie is een manier van voortplanting waarbij twee verschillende individuen 
van één soort hun DNA combineren in een nieuw individu. Dit gebeurt tijdens het 
samensmelten van een eicel met een spermacel. Spermacellen en eicellen worden gevormd 
tijdens de meiose, een type celdeling waarbij de hoeveelheid DNA wordt gehalveerd. Na 
samensmelting van een eicel met een spermacel is de hoeveelheid DNA weer genormaliseerd 
en hebben zowel de vader als de moeder DNA geleverd aan het nieuwe embryo. Deze krijgt 
zo dus genetische eigenschappen van beide ouders met zich mee. Geslachtelijke voortplanting 
heeft als voordeel dat een soort zich daarmee door evolutionaire selectie relatief snel kan 
aanpassen aan haar omgeving.
 Het verschil tussen de sexen is misschien wel het meest duidelijk op het niveau van 
de gameten, oftewel de spermacel en de eicel. Een spermacel heeft als voornaamste taak een 
pakketje DNA bij de eicel af te leveren. Deze cellen zijn dan ook erg klein en zeer beweeglijk, 
opdat de weg naar de eicel zo effectief mogelijk kan worden afgelegd. Eicellen daarentegen 
zijn zeer groot omdat daarin producten (eiwitten) worden gemaakt en opgeslagen die van 
essentieel belang zijn tijdens de eerste fases van de embryonale ontwikkeling. In vergelijking 
met spermacellen leven eicellen ook erg lang, bij mensen tot wel 40 jaar. Bij de geboorte 
van vrouwelijke zoogdieren zijn alle eicellen al gemaakt, maar ze pauzeren in hun verdere 
ontwikkeling tot na de puberteit. In het volwassen organisme zorgen herhaaldelijke cycli in 
de hormonale huishouding ervoor dat er zich steeds maar één, twee (bij mensen) of enkele 
(bijvoorbeeld bij varkens of muizen) eicellen tegelijk hun ontwikkeling hervatten, in een 
proces dat eicelmaturatie wordt genoemd. Pas na eicelmaturatie kan de eicel worden bevrucht: 
ze wordt ontvankelijk voor de fusie met een spermacel en ovuleert, zodat ze bereikbaar 
wordt voor de spermacel. Tussen ovulatie en bevruchting pauzeert de eicel nogmaals in haar 
ontwikkeling. Deze pauze wordt opgeheven door het binnendringen van de spermacel. Vindt 
er geen bevruchting plaats, dan sterft de eicel af. 
 De spermacel heeft naast het aanleveren van DNA dus nog een tweede functie, het 
activeren van de eicel. Eicelactivatie omvat eigenlijk twee processen: het afmaken van de 
ontwikkeling van de eicel en het opstarten van de ontwikkeling van het nieuwe embryo. Om 
deze omschakeling teweeg te brengen, vinden er binnen de net bevruchte eicel op moleculair 
niveau veel veranderingen plaats. Eiwitten die betrokken waren bij de ontwikkeling van 
de eicel (oögenese) en bij het in stand houden van de twee pauzemomenten dienen snel te 
worden afgebroken, terwijl eiwitten die nodig zijn bij de vroege embryonale ontwikkeling 
(embryogenese) snel moeten worden aangemaakt of geactiveerd. 
 De processen van eicelmaturatie en -activatie vallen samen onder de noemer eicel-
naar-embryo transitie en omdat een embryo pas veel later in de ontwikkeling zelf eiwitten 
gaat produceren worden al deze processen ondersteund door eiwitten die al in de zich 
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ontwikkelende eicel waren gemaakt. Om de overgang van een eicel naar een embryo goed 
te laten verlopen zijn er meerdere controle mechanismen in de eicel ingebouwd. Ofschoon er 
aan de ingewikkelde moleculaire netwerken die hieraan ten grondslag liggen al vele decennia 
onderzoek wordt gedaan, zijn deze nog verre van opgehelderd. Vanuit medisch oogpunt 
is daarvoor wel een urgentie omdat daardoor enkele oorzaken van onvruchtbaarheid of 
aangeboren afwijkingen mogelijk beter begrepen zullen worden. Daarnaast zou verbeterde 
kennis van de moleculaire voortplantingsmechanismen kunnen bijdragen aan het verbeteren 
van IVF technieken (in vitro fertilisatie) of anticonceptie methodes. Binnen de diergeneeskunde 
kan zulke kennis gebruikt worden ter ondersteuning van voortplantingsprogramma’s van 
bijvoorbeeld bedreigde diersoorten of gedomesticeerde dieren. 
 Onderzoek aan moleculaire voortplantingsmechanismen bij de mens  en 
andere zoogdieren kent vele praktische en/of ethisch bezwaren. Hierdoor wordt het 
voortplantingsonderzoek al vele decennia uitgevoerd op zogenaamde modelorganismen: 
evolutionair lagere diersoorten die (het liefst) in grote aantallen en relatief goedkoop te 
kweken en manipuleren zijn, waarna de bevindingen die hierin gedaan worden mogelijk 
vertaald kunnen worden naar bijvoorbeeld de mens. Binnen het voortplantingsonderzoek 
zijn naast amfibieën en zee-egels ook muizen al lange tijd gebruikt als modelorganisme. 
De laatste jaren is echter een nog kleiner en simpeler diertje populair geworden binnen de 
ontwikkelingsbiologie: het wormpje Caenorhabditis elegans. C. elegans is een wormpje van 
slechts 1.5 mm lang en komt van nature voor in de grond, waar het leeft van bacteriën en 
organisch afval. Zijn populariteit als modelorganisme heeft een aantal redenen, waarvan er 
hier slechts enkele zullen worden belicht. Het diertje is gemakkelijk en goedkoop te kweken 
en heeft een levenscyclus van slechts drie dagen. Het is een hermafrodiet organisme, waarbij 
hetzelfde individu zowel sperma- als eicellen maakt. Er komen echter ook mannetjes voor 
(zij het slechts weinig in een normale populatie), waardoor kruisingsexperimenten makkelijk 
uitvoerbaar zijn. Het dier is transparant, waardoor elke celdeling die plaatsvindt tussen 
bevruchting en het volwassen worden in het levende dier kan worden bestudeerd met behulp 
van een lichtmicroscoop. Een volwassen hermafrodiet bestaat uit exact 959 lichaamscellen, 
inclusief een 302 cellig zenuwstelsel, ongeveer 300 spermacellen en meer dan 1000 eicellen, die 
in tegenstelling tot zoogdieren, constant worden geproduceerd. Eicellen van de worm ovuleren 
ongeveer elke 20 minuten. Ook is het gebleken dat vele –maar zeker niet alle- moleculaire 
processen die plaatsvinden binnen en tussen cellen goed vertaalbaar zijn van C. elegans naar 
hogere organismen, waaronder de mens (evolutionair geconserveerd). Ten slotte is het relatief 
gemakkelijk om dit organisme genetisch te manipuleren. Cumulatief is C. elegans door deze 
factoren van grote waarde voor het voortplantingsonderzoek en de ontwikkelingsbiologie. 
 In ieder organisme wordt een gen, bestaande uit een bepaald stuk DNA, vertaald naar 
een eiwit dat biologische processen kan uitvoeren in de cel. Het totale pakket aan genen van 
een organisme -bij de mens ongeveer 20.000-25.000, niet veel meer dan de 19.000 bij C. elelgans 
-  wordt het genoom genoemd en het DNA hiervan is verdeeld over de chromosomen die zich 



124

in de kern van iedere cel bevinden. De productie van een eiwit vanaf het DNA vereist echter 
nog een tussenstap: het messenger RNA (mRNA). DNA coderend voor een eiwit wordt eerst 
omgezet in mRNA, wat uit de kern van de cel wordt getransporteerd. In het cytoplasma (het 
waterige milieu in de cel) wordt dit mRNA omgezet tot een eiwit, bestaande uit aminozuren, 
wat nu zijn functie kan uitvoeren in de cel. 
 In C. elegans kan aan bijna elk gewenst eiwit een fluorescerend eiwit worden geplakt, 
bijvoorbeeld GFP (green fluorescent protein, een oplichtend eiwit van nature voorkomend in 
kwallen). Simpelweg is dit niets anders dan moleculair knip en plakwerk van DNA om een 
eiwit te voorzien van een lampje, zodat het zichtbaar wordt gemaakt. Het DNA coderend 
voor dit fusie-eiwit kan worden ingebracht in het genoom van de worm. Omdat het eiwit 
nu oplicht, is het onder een fluorescentiemicroscoop te volgen in het levende organisme. Dit 
levert veel informatie op over de processen waarbij het eiwit betrokken is. 
 Ook het uitschakelen van genen, waardoor het betreffende eiwit niet meer 
geproduceerd kan worden, is relatief gemakkelijk in C. elegans. Dit kan door mutaties aan te 
brengen in het DNA van de worm, waardoor genen niet meer goed kunnen worden omgezet 
in mRNA. Sinds tien jaar bestaat er echter ook de mogelijkheid om heel gericht het mRNA 
van een bepaald gen in de cel af te breken, waardoor het niet meer vertaald kan worden tot 
een eiwit. Deze methode wordt RNA interferentie (RNAi) genoemd en is in C. elegans zeer 
gemakkelijk toe te passen voor het hele organisme. Door selectief genen uit te schakelen met 
RNAi en te kijken naar het effect van de afwezigheid van het eiwit, kan bepaald worden wat 
de functie van een bepaald eiwit is binnen de cel of binnen het hele organisme en of dit eiwit 
deel uit maakt van een groter netwerk van eiwitten. 

Doel van het onderzoek beschreven in dit proefschrift

In het onderzoek beschreven in dit proefschrift wordt C. elegans gebruikt als modelorganisme 
om meer te weten te komen over de moleculaire processen die ten grondslag liggen aan de 
eicel-naar-embryo transitie. Net als bij zoogdieren vertonen de eicellen van C. elegans ook 
een pauze in hun ontwikkeling, welke wordt opgeheven door een hormoon, waarna de eicel 
ovuleert en wordt bevrucht. Twee eiwitten die centraal staan in dit proefschrift, EGG-3 en 
MBK-2, zijn nauw betrokken zijn bij de eicelactivatie van C. elegans. Er wordt beschreven hoe 
deze eiwitten worden gereguleerd. 
 Een dierlijke cel (dus ook de eicel) bevat naast een kern -waar het DNA in zit- 
verschillende andere gespecialiseerde structuren (organellen), die door membranen van elkaar 
en het cytoplasma –de oplosbare fase in de cel- worden gescheiden. Een cel kan worden 
vergeleken met een stad, waarin verkeer tussen de verschillende locaties (de organellen) 
ervoor zorgt dat de stad draaiende wordt gehouden. Zo zijn er onder andere de kern (het 
stadsarchief), waar het DNA in zit; het endoplasmatisch reticulum (ER), wat beschouwd kan 
worden als een fabriek voor membraan- en secretieeiwitten; het Golgi apparaat, een centraal 
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sorteerstation voor eiwitten; het mitochondrion, de energiecentrale van de cel; en het lysosoom, de 
afvalverbrandingcentrale waar eiwitten worden afgebroken. Transport tussen deze organellen 
vindt plaats middels kleine blaasjes (vrachtwagens rijdend over moleculaire wegen), via welke 
membraangebonden eiwitten altijd hun plaats van bestemming kunnen bereiken. Eiwitten 
die hun functie los in het cytoplasma hebben, worden ook in het cytoplasma geproduceerd 
en afgebroken. De gehele cel wordt omgeven door het plasmamembraan, waarin zich ook 
eiwitten bevinden die bijvoorbeeld zorgdragen voor de communicatie van de cel met haar 
omgeving. 
 In eicellen van C. elegans speelt MBK-2 een centrale rol in de eicelactivatie. Na de 
bevruchting markeert het namelijk eiwitten die betrokken zijn bij de eicel ontwikkeling, 
zodat deze daarna snel kunnen worden afgebroken. Hierdoor wordt na bevruchting de 
overgang van een eicel naar een embryo mogelijk gemaakt. MBK-2 mag deze eiwitten echter 
pas markeren voor afbraak als de eicelmaturatie helemaal is afgemaakt. Aangezien MBK-2 
al geproduceerd wordt in de ontwikkelende eicel, moet het dus inactief worden gehouden 
tot na de bevruchting. Deze taak is weggelegd voor EGG-3. De “target eiwitten” van MBK-2 
bevinden zich in het cytoplasma van de eicel en om te voorkomen dat ze daar al gemarkeerd 
worden voor afbraak wordt MBK-2 door EGG-3 vastgehouden aan het plasmamembraan. 
Na de bevruchting worden MBK-2 en EGG-3 van het plasmamembraan naar binnen toe 
getransporteerd, waarna MBK-2 vrijgelaten wordt in het cytoplasma en dus op het juiste 
moment zijn target eiwitten kan markeren voor afbraak. Omdat EGG-3 vanaf dit punt niet meer 
nodig is wordt het afgebroken in het nieuw gevormde embryo. Wanneer EGG-3 afwezig was 
(bijvoorbeeld door RNAi) bevond MBK-2 zich al in de eicel in het cytoplasma, waardoor haar 
target eiwitten te vroeg werden afgebroken. Dit leidde tot ernstige ontwikkelingsstoornissen 
in de bevruchte eicel.

Hoofdstuk 2

In hoofdstuk 2 van dit proefschrift wordt het mechanisme waarmee MBK-2 en EGG-3 het 
plasmamembraan bereiken tijdens de ontwikkeling van de eicel beschreven. Om vast te zitten 
aan een membraan in de cel heeft een eiwit een domein nodig dat in dat membraan steekt 
(een transmembraan domein). Zowel MBK-2 als EGG-3 missen zo’n transmembraan domein, 
dus is er interactie nodig met een ander eiwit wat dit wel heeft. Voor EGG-3 is dit het eiwit 
CHS-1, een groot transmembraan eiwit wat zich in het plasmamembraan van de eicel bevindt 
en na de bevruchting ook verantwoordelijk is voor de aanmaak van de eierschaal rond het 
nieuwe embryo. Als de aanwezigheid van CHS-1 werd uitgeschakeld in de eicel, waren zowel 
EGG-3 als MBK-2 los in het cytoplasma te vinden in plaats van aan het plasmamembraan. 
Hieruit kan worden geconcludeerd dat CHS-1 verantwoordelijk is voor de plasmamembraan 
lokalisatie van deze eiwitten. 
 Een transmembraan eiwit met het plasmamembraan als eindlocatie -zoals CHS-1- 
wordt gemaakt aan het endoplasmatisch reticulum (ER) en daarna via het Golgi apparaat 
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naar het plasmamembraan getransporteerd (de secretie route). Zoals hierboven vermeld, is 
EGG-3 afhankelijk van CHS-1 voor zijn plasmamembraan lokalisatie. In hoofdstuk 2 wordt 
aangetoond dat dit ook andersom het geval is. Wanneer EGG-3 werd uitgeschakeld met 
RNAi, bleef CHS-1 vastzitten op het ER in plaats van de secretie route in te gaan. Ook kon 
worden aangetoond dat EGG-3 (van nature een cytoplasmatisch eiwit) zich in de secretie 
route bevindt. Hieruit werd geconcludeerd dat CHS-1 en EGG-3 van elkaar afhankelijk zijn 
voor hun transport naar het plasmamembraan. Door uitschakeling van EGG-3 met RNAi kon 
de bevruchte eicel geen eierschaal aanmaken, omdat CHS-1 de plasma membraan zonder 
EGG-3 niet kan bereiken. 
 Uit de experimenten beschreven in hoofdstuk 2 bleek ook dat MBK-2 pas aan EGG-3 
bindt wanneer deze, samen met CHS-1, het plasmamembraan heeft bereikt. In de literatuur 
was al beschreven dat MBK-2 zich aan het plasmamembraan van de eicellen bevindt, waar het 
wordt vastgehouden door EGG-3. Nauwkeurige microscopische studies lieten echter zien dat 
in nog groeiende eicellen (die dus nog niet gepauzeerd zijn), MBK-2 zich in de kern bevindt 
en pas naar het plasmamembraan wordt getransporteerd als de eicellen pauzeren in hun 
ontwikkeling. De functie van MBK-2 in de celkern voor de eicelpauze is echter niet bekend, 
maar het is mogelijk dat het hier het aflezen van bepaalde genen reguleert, die later nodig zijn 
voor de finale ontwikkeling van de eicel of het vroege embryo. Wanneer het transport van 
het ER naar het Golgi apparaat werd geblokkeerd met RNAi (wat leidde tot het vastzitten 
van CHS-1 en EGG-3 op het ER), werd MBK-2 ook in de kernen van gepauzeerde eicellen 
gevonden. Ook hier kunnen we alleen nog maar raden naar de precieze reden hiervoor, maar 
het zou kunnen dat deze experimentele conditie stress veroorzaakt binnen de cel. Stress in de 
cel kan bijvoorbeeld veroorzaakt worden door een verhoogde temperatuur (koorts) of schade 
aan het DNA door blootstelling aan UV licht. In respons hierop worden vaak speciale genen 
geactiveerd en MBK-2 zou hierbij dus een rol kunnen spelen. 

Hoofdstuk 3

Dit hoofdstuk van het proefschrift beschrijft de gebeurtenissen over MBK-2 en EGG-3 na 
de bevruchting van de eicel. Zoals hierboven beschreven, was al bekend dat deze eiwitten 
na bevruchting vanaf het plasmamembraan naar een intracellulaire structuur worden 
getransporteerd. Daarna wordt MBK-2 vrijgelaten in het cytoplasma (en kan het zijn targets 
bereiken) en EGG-3 afgebroken. Hoe dit op moleculair niveau wordt gereguleerd was echter 
nog onbekend. Hoofdstuk 3 lost deze puzzel gedeeltelijk op. Een algemene karakteristiek 
van cellen is de mogelijkheid om plasmamembraan geassocieerde eiwitten op te nemen via 
kleine transportblaasjes die van het plasmamembraan afsnoeren. Dit proces wordt endocytose 
genoemd. Deze blaasjes versmelten met een groter organel, het endosoom. Net als het Golgi 
apparaat is het endosoom een sorteerstation voor eiwitten. Zo kunnen eiwitten bijvoorbeeld 
teruggesluisd worden naar het plasmamembraan, of gesorteerd worden voor afbraak in het 
lysosoom. 
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 Door met RNAi verschillende transportstappen van de zogenaamde endocytotische 
route (van plasmamembraan tot lysosoom) te blokkeren, werd aangetoond dat na bevruchting 
MBK-2 en EGG-3 vanaf het plasmamembraan worden getransporteerd naar het endosoom. 
Hier wordt MBK-2 “losgekoppeld” van EGG-3 via een nog onbekend mechanisme, waarna 
het in het cytoplasma zijn target eiwitten kan markeren voor afbraak door het proteasoom, 
een groot eiwitcomplex wat gemarkeerde eiwitten in het cytoplasma herkent en ze weer 
ontleedt tot afzonderlijke aminozuren. EGG-3 wordt aan het endosoom echter gesorteerd 
naar het lysosoom waar het wordt afgebroken. De route van MBK-2 langs het endosoom is 
essentieel voor de ontkoppeling van EGG-3, want in experimentele condities waarin dit werd 
geblokkeerd zagen we een vertraagde afbraak van één van de target eiwitten van MBK-2.

Hoofdstuk 4

In dit hoofdstuk worden twee nieuwe, aan EGG-3 gerelateerde, eiwitten beschreven die een 
rol spelen in het transport van MBK-2 en EGG-3 tijdens zowel de eicel ontwikkeling als na 
de bevruchting. Deze eiwitten, EGG-4 en EGG-5 genoemd, vertonen een zeer grote gelijkenis 
met elkaar en hebben dan ook dezelfde functie. Zij worden daarom als één eiwit (EGG-4/5) 
besproken. Uitschakeling van EGG-4/5 met RNAi had het effect dat MBK-2 niet naar het 
plasmamembraan getransporteerd kon worden, terwijl CHS-1 en EGG-3 hier wel normaal 
op lokaliseerden. Bovendien zagen we ook hier een verrijking van MBK-2 in de kernen 
van de eicellen, zelfs in degenen die al gepauzeerd waren. In de eicel speelt EGG-4/5 dus 
waarschijnlijk een rol in het escorteren van MBK-2 vanuit de kern naar het plasmamembraan 
tijdens de overgang van de actieve naar de gepauzeerde status van de eicel. 
 Ook na bevruchting zagen we een aantal opvallende effecten van het uitschakelen 
van EGG-4/5, namelijk het uitblijven van de opname van EGG-3 en de afwezigheid van het 
aanmaken van een eierschaal na de bevruchting de eicel, terwijl CHS-1 zich normaal aan het 
plasmamembraan bevindt in deze condities. Deze observaties leidden tot de hypothese dat 
EGG-4/5 na de bevruchting een rol speelt in het doorgeven van het “fusie-signaal” naar CHS-1, 
zodat er direct een eierschaal gemaakt kan worden na de fusie van de spermacel met de eicel, 
en het “opname-signaal”, zodat EGG-3 en MBK-2 van het plasmamembraan getransporteerd 
worden naar het endosoom, waarna MBK-2 kan worden losgekoppeld. 
 Al de hierboven beschreven processen konden worden opgehelderd door gebruik 
te maken van fluorescerende (GFP gefuseerde) versies van EGG-3, MBK-2 en CHS-1 in de 
worm, zodat ze gevolgd konden worden tijdens verschillende experimentele condities. Het is 
ons echter niet gelukt een fluorescerende versie te maken van EGG-4/5, waardoor er nog vele 
vragen onbeantwoord zijn gebleven omtrent locatie van dit eiwit en haar rol in de regulatie 
van EGG-3, MBK-2 en CHS-1 tijdens de eicel-naar-embryo transitie. 
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Toekomstperspectief

Tijdens het tot stand komen van dit proefschrift zijn enkele puzzelstukjes op hun juiste plek 
gevallen waardoor de rol van MBK-2 en EGG-3 in de regulatie van eicel-naar-embryo transitie 
duidelijker is geworden. Zoals vaak bij dit soort onderzoek hebben de resultaten echter meer 
(en nieuwe) vragen opgeroepen dan dat er beantwoord zijn. De observatie van MBK-2 in 
de kern van nog groeiende eicellen is een geheel nieuw gegeven, en veel onderzoek is nog 
vereist om te achterhalen wat de functie van dit eiwit is in deze eicellen. Ook het moleculaire 
mechanisme waarbij MBK-2 wordt losgekoppeld van EGG-3 wanneer deze naar het endosoom 
zijn getransporteerd moet nog worden opgehelderd. Een andere grote vraag betreft de functie 
van EGG-4/5 in de regulatie van MBK-2, EGG-3 en CHS-1. Het zichtbaar maken van dit eiwit 
in de cel zal veel helpen bij het beantwoorden daarvan. Het werk beschreven in dit proefschrift 
biedt dus nog genoeg aanknopingspunten voor vervolgonderzoek aan dit onderwerp.
 De overkoepelende hypothese is nu dat MBK-2 werkt als een centrale hoofdschakelaar 
tijdens de overgang van eicel naar embryo en dat de verschillende functies van het eiwit 
worden aangestuurd door het op verschillende locaties in de cel te verankeren. Zoals hierboven 
beschreven is het transport van MBK-2 naar deze verschillende locaties afhankelijk van de 
eiwitten EGG-3 en EGG-4/5, die waarschijnlijk als adapters werken. Het idee van één enkele 
hoofdschakelaar die de complexe overgang van een eicel naar een embryo reguleert is vrij uniek 
te noemen. Bij zoogdieren is zo’n mechanisme nog niet ontdekt, maar het werk in C. elegans 
biedt aanknopingspunten voor onderzoek in hogere diersoorten, wat zou kunnen helpen bij 
het zoeken naar onvruchtbaarheidoorzaken of het verbeteren van IVF behandelingen. MBK-2 
is evolutionair goed geconserveerd en soortgelijke eiwitten komen voor in zoogdieren. Eiwitten 
uit de familie waartoe MBK-2 ook behoort zijn betrokken bij vele verschillende biologische 
processen en bij het veroorzaken van enkele ziektebeelden, waaronder het Down syndroom 
en verschillende kankersoorten. Het in dit proefschrift beschreven werk kan dus leiden tot 
kennis van de rol van MBK-2 achtige eiwitten in voor de mens relevante ziekteprocessen.  
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Figuur 1: C. elegans wormen rondkruipend op een voedingsbodem.
Wormen bekeken door een microscoop, ongeveer tien keer vergroot. Ze kruipen rond op een 
voedingsbodem ingezaaid met bacteriën. 
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Figuur 1: “Family Tree” van de promovendus en de bij de totstandkoming van dit proef-
schrift betrokken personen.
Het onderste deel van het diagram vertoont de personen die de promovendus vooral op  
wetenschappelijk gebied gesteund hebben. Zonder hen was dit project nooit van de grond  
gekomen en had dit boekje überhaupt nooit bestaan. Ook wetenschappelijke frustraties werden 
vaak bij deze personen geuit. 
Het bovenste deel van het diagram vertoont de personen die de promovendus zeker wel  
gesteund hebben, maar vaak geen idee hadden waar deze mee bezig was. Sommigen dachten 
dat deze de “Spermatokinese van de C. elegans” bestudeerde, terwijl anderen overtuigd waren 
dat hij wormen dan wel vliegen maakte met handen op hun hoofd, zodat ze gemakkelijk een appel 
kunnen pakken. Zelfs zijn oud-studiegenoten en goede vrienden, waarvan toch wel verwacht mag 
worden dat zij de materie goed begrijpen, konden slechts één aspect van de reproductie strategie 
van C. elegans onthouden: “vulva docking”; terwijl dit niets met het promotie-onderzoek te maken 
had. Toch was iedereen altijd oprecht geïnteresseerd en zijn zij daarom vertegenwoordigd in dit 
diagram.
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