Int. J. Dev. Biol. 61: 179-193 (2017)
doi: 10.1387/ijdb.170030ye

All in one - integrating cell polarity, meiosis, mitosis and

THE INTERNATIONAL JOURN.

OF

Y

www.intjdevbiol.com

mechanical forces in early oocyte differentiation
in vertebrates
YANIV M. ELKOUBY*

Department of Developmental Biology and Cancer Research. The Institute for Medical Research Israel-Canada, The
Hebrew University Hadassah Medical School, Jerusalem, Israel

ABSTRACT While the differentiation of oocytes is key for embryonic development, and its in-
vestigation is crucial for advancing our understanding of human reproduction and fertility, many
fundamental questions in oogenesis have been long standing. However, recent technical advances
have led to several breakthroughs mainly in mice and zebrafish. Here | review these recent find-
ings, including regulation and organization of the germline cyst, the mechanistics of chromosomal
pairing, establishment of cell polarity, and formation of a universal mRNA-protein (mRNP) granule
called the Balbiani body. | discuss common themes in oogenesis from frogs, fish and mouse and
compare them to findings from C. elegans and Drosophila. The zebrafish juvenile ovary is an at-
tractive model where these individual processes can be investigated, but also revealing how they
are inter-coordinated in oocyte differentiation. A conserved cellular organizer was discovered in the
zebrafish oocyte that seems to function at a nexus of oocyte differentiation. This organizer, termed
the Meiotic Vegetal Center (MVC), is composed of the oocyte centrosome, and couples meiotic
chromosomal pairing with oocyte polarization and Balbiani body formation. The MVC breaks the
oocyte symmetry, is regulated by upstream mitotic division in the cyst and nucleates Balbiani
body mRNPs prion-like aggregation downstream. These processes can shed new light on broad
questions in biology, such as how mitosis contributes to cell polarity, and how prion aggregation
which lead to neurodegenerative disease when awry, is regulated in a physiological context. Further-
more, novel cytoskeletal structures can unravel cytoplasmic mechanical functions in chromosomal
pairing. Finally, together with recently developed tools, genome editing technology now enables
a robust genetic analysis of these fundamental processes in the zebrafish, paving the way for a
comprehensive cell and developmental view of vertebrate oogenesis.
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Introduction

Germ cells undergo dramatic processes during their differentia-
tion. While most cell types are destined to perform as an integral
part of a functioning tissue, germ cells give rise to individually
functioning gametes. The egg, the end product of oogenesis, is
the only animal cell that gives rise to an entire organism. During
oogenesis, oocyte precursors and early oocytes are in constant
changing interactions with other germ and somatic cells. Early
oocyte precursor cells form the germline cyst, a universal cellular
organization, where mitotic germ cells divide incompletely and

remain connected by cytoplasmic bridges. Within the cyst, the
oocyte precursor cells are tightly adjacent to each other, develop in
synchrony, and are collectively surrounded by somatic follicle cells.
Later in their development, differentiating oocytes that separate
from the cyst are being wrapped individually with multiple layers of
somatic granulosa follicle cells, a process called folliculogenesis.
In parallel to these extreme changes, oocytes switch from mitosis
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to meiosis, exhibit dramatic nuclear events during early meiosis,
and form a universal MRNP granule in the cytoplasm, called the
Balibiani body, that polarizes oocytes of most vertebrate species
and likely have other functions in others. These processes exhibit
fascinating cell biology and offer an exciting platform to address
how cell polarity, meiosis, mitosis and mechanical forces are all in-
tegrated and coopted in cellular differentiation during development.

Many of the current paradigms in oogenesis come from inves-
tigations in Drosophila. However, some aspects of Drosophila
oogenesis are not representative of vertebrates. Recently, tech-
nical challenges in studying vertebrate oogenesis have been
overcome, resulting in several breakthroughs mainly in fish and
mice. These advances provide the opportunity to generate a more
comprehensive model of vertebrate oogenesis. Here, | discuss
these advances, focusing on contributions from the zebrafish,
while comparing observations from other models and discussing
common themes in mammalian and non-mammalian vertebrate
oogenesis.

The zebrafish juvenile ovary — a new model for early
oogenesis

Early stages of oogenesis encompass major processes that
are crucial for the formation of a competent oocyte and egg, and
subsequently for proper embryonic development (discussed be-
low). Two major examples are the correct execution in meiosis of
chromosomal synapse and recombination for the generation of a
fit genome of progenies, and the establishment of animal-vegetal
polarity that later patterns the embryo and generates its proper
body plan. However, while meiotic mechanisms are generally
understood, key information on how chromosomes initiate and
execute pairing was lacking. In addition, what are the mechanisms
that establish cell polarity in the oocyte and their regulation were
unknown. Moreover, how cell polarity mechanisms and the meiosis
program are coordinated with one another and with the changing
cellular organization that underlies early oocyte differentiation has
been unknown. This gap results mostly from technical challenges
in addressing early oogenesis.

Amorphological analysis of cellular features during development
requires a three-dimensional high resolution view. The physical
properties and non-synchronous oocytes composition of the adult
zebrafish ovary presents several challenges for such an analysis
of early developing oocytes. While early differentiating oocytes
are very small (8-50 um in diameter) and transparent, many of
the oocytes in the adult ovary are at much later stages, which are
very large (200-730 um) and opaque. The entire ovary is thick and
lobular. In this setting, it is difficult to identify the small and trans-
parent early oocytes among the larger opaque oocytes. Moreover,
the thickness of the adult ovary makes it challenging to obtain
uniform penetration of antibodies and vital dyes, a prerequisite
for high resolution quantitative imaging techniques. Finally, such
a thick sample significantly reduces the quality of image acquisi-
tion by confocal microscopy. Early oogenesis in the zebrafish has
been, therefore, addressed mainly by immunohistochemistry and
in situ hybridization performed on tissue sections (i.e., (Howley
& Ho, 2000; Kosaka et al., 2007; Rodriguez-Mari et al., 2005)),
but this analysis lacks three dimensional information. While later
stages of oogenesis are better understood in the zebrafish, these
limitations resulted in a gap in the understanding of oogenesis

earliest stages.

The zebrafish juvenile ovary provides a great platform for a
comprehensive investigation of early oogenesis, and filling this
gap (Elkouby & Mullins, 2017; Elkouby et al., 2016). The juvenile
ovary is flat and elongated and contains only early differentiating
transparent oocytes (Fig. 1A) of similar stages that progress weekly
(Elkouby & Mullins, 2017; Maack & Segner, 2003). The juvenile
ovary therefore offers excellent conditions for staining and confocal
imaging techniques (Fig. 1). The abundancy of early oocytes of a
desired stage in a given ovary allows for robust analysis of specific
stages, fully revealing their intricate developmental dynamics.

In addition to these physical advantages, juvenile ovaries are
far more accessible and their investigation allows for a more rapid
and powerful statistical analysis. In the mouse, for example, early
oogenesis occurs in-utero. The brood size is of only few pups,
and only ~50% of these are female fetuses. The investigation
of fetal ovaries is therefore limited to a very small sample size
in every experiment. In zebrafish, early oogenesis occurs in the
ovary of the juvenile fish, between 3-8 weeks post fertilization.
The large zebrafish brood size yields dozens to hundreds juvenile
fish per mother.

Moreover, because sex determination, which occurs in fetal
gonads in mice, occurs later in zebrafish, juvenile gonads of
all fish initiate their development as ovaries, with a potential to
continue to develop as ovaries or later transition to testis. The
transitioning of ovaries to testis is executed by oocyte apopto-
sis, loss of expression of female hormones enzymes in somatic
cells in the ovary, and the induction of male enzymes expression
(Anderson et al., 2012; Dranow et al., 2013; Rodriguez-Mari et
al., 2010). However, the initial signal for sex determination is not
fully understood, and involves environmental cues in laboratory
zebrafish strains, (Dranow et al., 2013; Maack & Segner, 2003;
Rodriguez-Mari et al., 2010). Sex specific SNPsinlaboratory strains
(Howe et al., 2013), and specific loci that were associated with sex
determination in wild type non-laboratory strains (Anderson et al.,
2012) suggest genetic regulation in sex determination, but these
have yet to be tested functionally. It has been proposed that sex
determinationin zebrafishis polygenic, and that sex determination
associated genes could respond to environmental cues (Anderson
et al., 2012). Nevertheless, oocytes in early juvenile ovaries dif-
ferentiate normally (Dranow et al., 2013; Elkouby & Mullins, 2017;
Elkouby et al., 2016; Maack & Segner, 2003; Rodriguez-Mari et
al., 2010). Therefore, the use of ovaries prior to sex determination
takes advantage of the fact that all individuals initially develop as
females, making ovaries 2-fold more accessible, with dozens to
hundreds of females in every generation, and allowing for larger
sample sizes in experiments.

Fulfilling these advantages of the juvenile ovary to their fullest,
a toolkit of protocols for the investigation of the juvenile ovary
has been generated (Elkouby & Mullins, 2017). These methods
include quantitative microscopy and live time-lapse imaging of
whole mount ovaries, ovarian culturing protocol, allowing for
the use of pharmacological drugs and expanding the zebrafish
genetic experimental repertoire, and a method for isolating stage
specific oocytes for biochemical analysis (Fig. 1). In addition, the
early stages of oogenesis have been characterized and accurate
staging criteria for early oocytes have been established (Elkouby
& Mullins, 2017; Elkouby et al., 2016). Altogether, this toolbox has
recently provided an excellent view of early oogenesis processes.



As | discuss in the next sections, these include insights for the
cystcellular organization and its contributions to differentiation, the
discovery of novel cytoskeletal features that may play mechanical
roles in the cyst, and the dissection of polarization mechanisms
revealing the coupling of oocyte patterning with meiosis by a novel
cellularorganizer (Elkouby et al., 2016). Thus, the zebrafish juvenile
ovary provides a common platform for the investigation of how
these cell biological processes are coordinated and integrated in
oocyte differentiation.

Keystones in early oocyte differentiation

From germline stem cells to mitotic oogonial cells
Primordial germ cells (PGCs) are specified during early em-
bryogenesis and then migrate into the future gonads of the embryo
(Paksa & Raz, 2015). At later stages, PGCs give rise to germline
stem cells (GSCs) inthe gonads. GSCs generates meiotic oocytes,
as shown through genetic lineage tracing in both the fish Medaka
and the mouse (Lei & Spradling, 2013; Nakamura et al., 2010).
In zebrafish, actively dividing GSCs that likely generate meiotic
oocytes were identified in both the juvenile and adult ovary (Beer
& Draper, 2013). Zebrafish and Medaka GSCs specifically express
nanosZ2 (Beer & Draper, 2013; Nakamura et al., 2010), and mutant
analysis in zebrafish demonstrated that the maintenance of the
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nanos2+ GSCs populationis required for the generation of oocytes
and fertility throughout life (Beer & Draper, 2013). Arelated gene,
nanos3 is dispensable for the establishment of nanos2+ GSCs,
but required for their maintenance, and in nanos3” ovaries the
initial pool of nanos2+ GSC gives rise to oocytes in the juvenile
ovary, but as the nanos2+ GSCs are not maintained, oocytes are
all lost in the adult ovary (Beer & Draper, 2013; Dranow et al.,
2013). However, how GSCs are regulated is unknown. It is not
known how they are born from PGCs, and how their proliferation,
self-renewal, and generation of subsequent mitotic cells and dif-
ferentiating oocytes are controlled. In addition, while GSCs were
proposed to reside at the surface of the ovary in both Medaka
and zebrafish (Beer & Draper, 2013; Nakamura et al., 2010), their
morphological organization in the ovary is unclear and whether
they are found in or require a niche is unknown.

GSCs give rise to mitotic oogonia, in a yet unknown mecha-
nism. Mitotic oogonia are the precursor cells of meiotic oocytes,
but before oocytes are generated, oogonia go through several cell
divisions (Leu & Draper, 2010). The exact number of cell divisions
of the oogonia vary slightly between species. These divisions
however, undergo incomplete cytokinesis and abscission between
daughter cells is not executed until later stages. Oogonial cells
thus remain connected via cytoplasmic bridges (CBs) (Marlow
and Mullins, 2008), forming a germline cyst, a universal cellular
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Fig. 1.The experimental system of the juvenile zebrafish ovary. (A) A dissected, fixed and mounted juvenile ovary. Note the small size of the ovary,
which is thin and transparent, and so ideal for quantitative microscopy. At these stages, the ovary contains only oogonia, and early oocytes through early
diplotene stages (<60 um) in vast numbers, in contrast with the adult ovary that contains many large (<300 um) and opaque oocytes. (B-F) Recently
established experimental methods for investigation of the juvenile ovary. (B) A 3-dimensional analysis. Lamin B1 shows the morphology of the nuclear
cleft with an aggregating Bb component, the dazl mRNA. (C) Live time-lapse analysis in cultured ovaries. Tracking of oogonial cell division by H2A-GFP
(DNA) and Lifeact-GFP (cortical actin). Scale bar, 10 um. (D) Isolation of stage specific oocytes in high developmental resolution for molecular biology
and biochemical analysis. Isolated oocytes are separated by size using cellular strainers. (E) Imaging in high resolution morphology. Left: perinuclear
piRNA granules undergo polarization during zygotene stages. Scale bar, 5 um. Right: Telomeres are detected at chromosomal ends with the nuclear
envelope detected by Lamin B1 at diplotene stages. Scale bar, 20 um. (F) Quantitative imaging used for analysis by automated MATLAB codes. An
example of measuring intensities of Bb components (dazl mRNA) in the nuclear cleft versus non-cleft cytoplasm is shown. Note the combination of
fluorescent immunohistochemistry with either RNA fluorescentin situ hybridization (FISH) in (B,F), and with DNA-FISH in (E) (top left and right). Images
in (B,E) (left panel) and (F) are modified from Elkouby et al. (2016); images in (A,C) are modified from Elkouby & Mullins (2017).
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organization of oogonial cells and early meiotic oocytes (Pepling et
al.,, 1999). In the germline cyst germline cells are tightly clustered
and collectively engulfed by somatic follicle cells (Elkouby et al.,
2016; Leu & Draper, 2010; Selman et al., 1993). This organization
in germline cysts is thought to synchronize the development of
individual oocytes (Pepling et al., 1999).

Early differentiation and progression of meiosis

Ultimately, oogonial cells initiate meiosis, which marks the be-
ginning of oocyte differentiation (stage | oocytes). A major meiosis
inducer that has been established in the mouse is retinoic acid
(RA) signaling (Anderson et al., 2008; Bowles & Koopman, 2007;
Koubova et al., 2014). While meiosis regulation in the zebrafish
ovary is uncharacterized, RA players are interestingly expressed
in follicle cells of the zebrafish ovary (Rodriguez-Mari et al., 2013),
suggesting thatits role in meiotic regulation is likely conserved. The
first step in meiosis |, prophase, is prolonged in oocytes. Prophase
begins at the onset of meiosis in stage | oocytes (diameter of 10
um) in zebrafish and is only completed during oocyte maturation,
much later at stage IV of zebrafish oogenesis (diameter of >300
um). During prophase of meiosis | primary events in oocyte differ-
entiation take place, including genetic recombination and cellular
polarization.

Genetic recombination between homologous chromosomes,
which increases genetic diversity of gametes, is a hallmark of
meiosis |. Preceding homologous recombination, chromosomes
need to first find and pair with their homolog. The physical con-
nection of homologous chromosomes progresses along chromo-
somal axes and is mediated by protein bridging complexes called
synaptonemal complexes. Chromosomal pairing and synapse
occurs during leptotene and zygotene stages, the first stages of
prophase |. During the leptotene stage, chromosomes attach to the
nuclear envelope (NE) via their telomeres. Telomeres then rotate
on the NE, tumbling entire chromosomes inside the nucleus, and
enabling their homology searches for pairing (Chikashige et al.,
2006; Ding et al., 2007; Page & Hawley, 2003; Saito et al., 2014;
Sato et al., 2009; Scherthan, 2001; Trelles-Sticken et al., 2000).

Eventually, the rotating telomeres cluster to one side of the NE and
the free looping ends of their chromosomes face the opposite side.
This polarized organization is characteristic of the zygotene stage
and is called the zygotene chromosomal bouquet. The bouquet is
thought to help stabilize chromosomal synapsis (Chikashige et al.,
2006; Ding et al., 2007; Page & Hawley, 2003; Saito et al., 2014;
Sato et al., 2009; Scherthan, 2001; Trelles-Sticken et al., 2000).
In principle, these rapid chromosomal dynamics are regulated by
centrosome-based microtubules in the cytoplasm that connect to
the telomeres on the NE via Sun/KASH proteins that span the two
membranes of the NE (Chikashige et al., 2006; Ding et al., 2007;
Morimoto et al., 2012; Sato et al., 2009). Microtubules in this way
are required for chromosomal movements and telomere cluster-
ing (Elkouby et al., 2016; Sato et al., 2009; Shibuya, Morimoto, et
al., 2014). | discuss the mechanisms and regulation of bouquet
formation more comprehensively below (section 5).

A second requirement for recombination is the formation of
DNA double strand breaks (DSBs) during the leptotene stage
(Burgoyne et al., 2009; Saito et al., 2011). Upon establishment of
stable synapsis at zygotene, chromosomes recombine at some
of the DSB sites during the pachytene stage (Bolcun-Filas et al.,
2014; Burgoyne et al., 2009; Lake & Hawley, 2012; MacQueen

& Hochwagen, 2011). At pachytene, the clustered telomeres of
the bouquet are released and become radially distributed on the
NE and then unload back into the nucleus (Elkouby et al., 2016).
Oocytes then enter the diplotene stage and meiosis arrests until
oocyte maturation late in oogenesis (stage IV). This prolonged
diplotene stage is also called dyctate.

Another hallmark of early oocyte is formation of a large mRNP
granule, called Balbiani body (Bb), that is associated with oocyte
survival in mice and polarizes the oocyte in zebrafish. Importantly,
Bb formation was recently found to be mechanistically coupled
with bouquet formation in zebrafish (Elkouby et al., 2016). Later,
Bb formation was linked to bouquet features and at similar stages
in insects and mice (Lei & Spradling, 2016; Tworzydlo, Kisiel, et
al., 2016). The theme emerges is of the integration of the meiotic
program with other processes in oocyte differentiation. | discus
these in section 7.1.

Later differentiation and growth

In this review, | focus on events of early oogenesis until approxi-
mately mid-diplotene of st. I, roughly the equivalent of the mouse
primordial-primary follicle stages. During these early stages the
oocyte grows from a diameter of 10 um in the oogonia stage to ~25
um at early diplotene in zebrafish (Elkouby et al., 2016). However,
during the meiosis arrestin subsequent stages, the zebrafish oocyte
grows dramatically, reaching a massive size of 690 um in diameter
before maturation and meiosis resumption (Selman etal., 1993), as
follows. During stage Il (oocyte diameter of 140-340 um), oocytes
startgenerating the vitelline envelope and form cortical granules for
the later cortical reaction that modifies the vitelline envelope (i.e.
the chorion) following egg activation. Oocytes of stage Il (oocyte
diameter of 340-690 um) are referred to as the vitellogenesis stage,
when vitellogenin (yolk) protein accumulates. Oocytes then resume
and complete meiosis | during stage IV (oocyte diameter of 690-730
um), referred to as oocyte maturation, and become a fully mature
egg at stage V (oocyte diameter of 730-750 wm) during ovulation.
Stages II-lll are equivalent to the stages of follicle development
in mammals where the entire follicle grows dramatically, but the
oocyte within the follicle also grows significantly (in the mouse for
example, from ~20 um to ~80 um in diameter (Griffin et al., 2006).
Adramatic growth during these stages is characteristic to oocytes
of mammalian and non-mammalian vertebrates.

The germline cyst — the cradle of early oocyte
differentiation

Organization and formation of the germline cyst

An ovarian germline cyst is defined as oogonia or oocytes
that are connected by CBs (cytoplasmic bridges), clustered, and
collectively surrounded by somatic follicle cells. A germline nest
is a group of clustered oocytes that are collectively surrounded
by follicle cells but may not be connected by CBs. In zebrafish,
mitotic oogonia cells develop in cysts (Marlow & Mullins, 2008a),
and early meiotic stages likely continue developing in cyst as well
(Elkouby et al., 2016). While CBs were not directly demonstrated
within clustered oocytes in leptotene and zygotene nests, they were
detected in slightly later late zygotene to early pachytene stages
(Elkouby et al., 2016). These CBs likely formed in the oogonial
cyst when cells last divided mitotically, and persisted through lep-
totene and zygotene stages. The oogonia, leptotene and zygotene



clustered organization exhibit three primary characteristics of a
germline cyst (Elkouby et al., 2016; Marlow & Mullins, 2008a):
1. Tightly clustered cells, collectively engulfed by somatic cells.
2. Synchronized development of oocytes. 3. Oocytes are connected
by CBs, as detected in oogonia and in late zygotene oocytes. This
is consistent with the development of mitotic and early meiotic
oocytes in germline cysts in mammals and the fish Medaka (Lei
& Spradling, 2013; Nakamura et al., 2010; Pepling et al., 1999).
The oogonial precursor cells that generate the cyst are born
from germline stem cells (GSCs). In the Medaka ovary GSCs were
identified by genetic lineage tracing, specifically express nanos2
and were detected in what has been called a ‘germinal cradle’
(Nakamura et al., 2010). Germinal cradles resided throughout the
dorsal surface of the ovary along thread-like cords (Nakamura et
al., 2010). Inzebrafish, GSC-born oocyte lineages were not directly
demonstrated, but there is good evidence for the identification of
GSCs that specifically express nanos2 as well (Beer & Draper,
2013). Interestingly, zebrafish GSCs were also described at the
ovary surface where they resided in a lateral anterior-posterior band
termed the germinal zone (Beer & Draper, 2013). A potential niche
that regulates these GSCs and how they produce oogonia that will
then generate the oogonial and meiotic cyst is not characterized.
Many aspects of oocyte development within the cyst are largely
unclear. Importantly, the fundamental cell division pattern that ini-
tially forms the cystis unknown. Inthe Drosophilaprevailing model,
the cells in the cyst, called cystoblasts, divide 4 times with all cells
inthe cyst actively dividing, giving rise to a 16-cell cyst (Greenbaum
et al., 2007; Xie, 2013). This pattern is evident in Drosophila by
the specialized fusome structure that persists between daughter
cells and traces their division plane (Greenbaum et al., 2007; Xie,
2013). Vertebrate oocytes have no fusome and such an analysis
has been lacking in zebrafish. The pattern and number of divi-
sions of each cell within the cyst has not been addressed. Since
cyst cells develop synchronously, the cyst should contain 2" cells
(n=number of cell divisions). In Xenopus cysts contain up to 16
cells (Kloc et al., 2004), whereas in the Medaka and in the mouse,
cysts of up to 30 or 32 cells have been identified, suggesting an
additional round of cell division can occur in the cyst (Nakamura
et al., 2010) (Lei & Spradling, 2013). Interestingly, mouse cysts
exhibitdynamic breakdown into partial cysts thatthen re-aggregate
and form nests of mixed clones (Lei & Spradling, 2013). Within
a clonally mixed nest, each partial cyst develops synchronously,
although not in conjunction with other partial cysts of another
clonal origin (Lei & Spradling, 2013). Detection of ring canals, a
structure of the CB, in clonal meiotic cysts at E14.5 showed that
most cells have two ring canals and few (~14%) have three (Lei
& Spradling, 2016). However, a consistent division pattern or cyst
morphology could not be determined (Lei & Spradling, 2016).
Following the last mitosis, the Drosophila cyst always contains
16 cells, with only one differentiating as an oocyte, and the remain-
ing 15 becoming nurse cells (Greenbaum et al., 2007; Matova &
Cooley, 2001; Xie, 2013). Nurse cells produce the vast majority of
factors required for the transcriptionally quiescent oocyte. Nurse
cells deliver these factors to the oocyte via ring canals that inter-
connect the cells in the cyst, a process called “cell dumping”. In
vertebrates nurse cells and cell dumping do not exist, although
there is an intriguing recent report in the mouse that cytoplasmic
content from one oocyte may be transferred to another, followed
by apoptosis of the former (Lei & Spradling, 2016).
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In the vertebrate germline cyst, some oogonial cells undergo
apoptosis, while others will enter meiosis and start differentiating.
Theratio of cells undergoing apoptosis versus differentiation varies
between species. In Xenopusand Medaka, only afew cells around
or within the mitotic cyst undergo apoptosis, (Kloc et al., 2004;
Nakamura et al., 2010). In contrast, in the mouse only ~20% of the
initial cells within cysts ultimately develop into a primordial follicle
with the remaining undergoing massive apoptosis, both during
cyst stages (Lei & Spradling, 2013) (Lei & Spradling, 2016) and
at later meiotic checkpoints (Bolcun-Filas et al., 2014; Burgoyne
et al., 2009; Lake & Hawley, 2012; MacQueen & Hochwagen,
2011). In zebrafish this remains to be addressed, but the lack of
obvious massive apoptosis may suggest that zebrafish is more
similar to Medaka and Xenopus.

An important contribution of the cyst organization to oocyte
differentiation was recently revealed in coordinating oocyte po-
larization in zebrafish. The oocyte polarization axis was found to
be aligned with the last mitotic division plane in the cyst, (Elkouby
et al., 2016) (see section “Potential regulation of polarity by cyst
mitotic division”). Future analysis of cyst formation is therefore
crucial for understanding oocyte differentiation mechanisms.

From cyst to follicle - switching cellular organization

Ultimately, oocytes leave the cyst and begin the process of
folliculogenesis (Pepling, 2012), that is the wrapping of individual
oocytes by increasing layers of follicle cells as they continue
growing.

In Medaka and mice the latest stage of oocytes detected in
a germline cyst is zygotene and the first stage of an individual
oocyte that begins folliculogenesis is early diplotene (Nakamura
et al., 2010) (Lei & Spradling, 2016). When exactly the oocyte
switches from a cyst to a follicle organization was unclear. This
was found to occur in oocytes transitioning from late zygotene
to early pachytene stages in zebrafish, with pachytene oocytes
beginning folliculogenesis (Elkouby et al., 2016). The timing of
transition from a cyst to a follicle organization appears to be
conserved to before diplotene stages.

The separation of oocytes from the cyst is not characterized
and the separation mechanism and its regulation are unknown.
It is not clear whether oocytes separate by the breaking down
of the entire cyst and releasing all oocytes at once, or leave the
cyst one by one. Single early diplotene oocytes were observed
nearby single cysts in Medaka (Nakamura et al., 2010), which
could suggest that oocytes may segregate from the cyst one by
one. However, these early diplotene oocytes were motile and
re-located from being adjacent to one cyst to being adjacent to
another (Nakamura et al., 2010), challenging the definitive iden-
tification of their source. Cyst breakdown in the mouse is thought
to involve robust apoptosis of oocytes (Lei & Spradling, 2016),
but in Medaka only few apoptotic oocyes are detected in the cyst
(Nakamura et al., 2010). While these could contribute to oocyte
separation, additional regulation s likely. An interesting hypothesis
for a cyst separation mechanism comes from the zebrafish. Late
zygotene-early pachytene oocytes were always detected at a pe-
riphery of a cyst and had long cytoplasmic bridges (CBs) (Elkouby
et al., 2016). These CBs contained nonacetylated microtubules
(Elkouby et al., 2016), a characteristic of the abscission stages
of late cytokinesis (Menon et al., 2014; Wickstrom et al., 2010).
The germline cyst originally forms by delaying the completion
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of cytokinesis, leaving cells connected, but how the cell cycle
program is modified in the cyst forming cells is unknown. These
late zygotene-early pachytene oocytes likely complete cytokinesis
and undergo abscission as they separate from the cyst (Elkouby
et al., 2016). A modification to the cell cycle could be reversed at
these stages to allow abscission and cyst separation. Intriguingly,
a modification of the cytokinesis program has been demonstrated
inthe Drosophilatestis, where abscission completion also required
the action of follicle cells (Lenhart & DiNardo, 2015). In the ovary,
during early folliculogenesis follicle cells are recruited to newly indi-
vidual oocytes. Apotential involvement of follicle cells in abscission
could suggest that cyst separation and folliculogenesis initiation
are mechanistically coupled, but this remains to be investigated.
Altogether, although the cyst provides the context of early oocyte
differentiation, how its organizationis regulated is largely unknown.
Analyzing the processes of cyst formation and separation in the
future will be important to understand early oogenesis.

The zygotene chromosomal bouquet configuration

A major goal of meiosis | is the recombination of homologous
chromosomes to increase genetic diversity and fithess. Before
chromosomes can recombine they need to find and pair with their
homolog and establish appropriate physical connections by the
synaptonemal complex. During the zygotene stages of early mei-
otic prophase, rapid chromosomal movements facilitate homology
searches for their correct pairing. At leptotene-zygotene stages,
a unique connection between nuclear telomeres, a Sun domain
protein on the inner NE, a KASH domain protein on the outer NE,
and microtubules in the cytoplasm is key for these movements
(Fig. 2A). Perinuclear microtubules movements in this way drive

the rotation of telomeres around the inner NE, tumbling entire
chromosomes and thus allowing for inter-chromosomal interac-
tions that test for homology. Ultimately, telomeres cluster at one
pole of the NE and form the chromosomal bouquet configuration
(Fig. 2A). Telomere clustering ceases their rotation around the
NE and stabilizes the interactions between homologues chro-
mosomes that initiated during their movements, reinforcing their
pairing and preparing for recombination at the following pachytene
stage. This mechanism is universally conserved from yeast to
mammals (Chikashige et al., 2006; Ding et al., 2007; Morimoto
et al., 2012; Sato et al., 2009). Some species have developed
variations to this mechanism. In Drosophila, chromosome pair-
ing occurs during the mitotic divisions that precede meiosis and
utilizes centromeres instead of telomeres (Christophorou et al.,
2015; Christophorou et al., 2013; Lake & Hawley, 2012). In C.
elegans, pairing occurs during meiosis, but telomeres are again
replaced by other specialized chromosomal regions, called pairing
centers (Sato et al., 2009). However, chromosomal movements
still depend on microtubules via the same chromosomes-Sun/
KASH-microtubule connection in these species (Christophorou et
al., 2015; Hiraoka & Dernburg, 2009; Penkner et al., 2009; Sato
et al., 2009). An exception to this conserved model in observed
in S. cerevisiae where actin filaments and not microtubules are
required (Trelles-Sticken et al., 2005).

The mechanics of telomere nuclear envelope attachment in
bouquet formation

The bouquet formation mechanism described above requires
telomere (or other specialized chromosomal regions) attachment
to the Sun protein on the inner NE. Indeed, in sun1”mouse sper-
matocytes and C. elegans oocytes, telomeres are not attached
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Fig. 2. Early events in oocyte differentiation and
the meiotic-vegetal center (MVC). (A) Telomere
dynamics during chromosomal pairing and bouguet
formation. Telomeres are found randomly intranucle-
arly at the pre-meiotic oogonia stage (bottom left),
then attach to the NE (top left) at meiosis onset, rotate
around the NE and cluster at zygotene (note grey
arrows), forming the bouquet (top right and bottom
right). Telomeres attach to SUNT/KASH complexes
on the NE, which associate with centrosome based
microtubules during bouquet formation. Scale bar,
5 um. (B) Detection of zygotene specific acetylated
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radial perinuclear distribution at premeiotic oogonia
stages (left top and bottom) to a polarized localization
around the centrosome and apposing the bouquet
telomere cluster at zygotene stages (top right and
bottom right). Scale bar, 5um. (D) The Meiotic-Vegetal
Center in the zygotene oocyte. The zygotene centro-
some as a cellular organizer that couples meiotic
telomere clustering with polarizing Bb formation,

is connected to the acetylated tubulin cables, and

localized adjacent to cytoplasmic bridges (magenta microtubules cables) that connect oocytes in the zygotene cyst. The number of connections a single
oocyte has with other sister oocytes in the cyst is unknown. For simplicity, only a pairwise connection is shown, and the indicated cytoplasmic bridge
only refers to the last mitotic division in the cyst. Images at the bottom of (A,C) and in (B) are modified from Elkouby et al. (2016).



to the NE, chromosomes do not rotate around in the nucleus and
synapse is abrogated (Ding et al., 2007; Penkner et al., 2009;
Shibuya, Ishiguro, et al., 2014). Telomere binding to Sun1 is me-
diated by distinct proteins in yeast and multi-cellular eukaryotes,
but in an analogous mechanism. In the fission yeast, two inner
NE proteins, Bqt3 and Bqt4, bind telomeric proteins and mediate
their binding by a Sun/KASH complex (Chikashige et al., 2006).
In the budding yeast, the NDJ1 protein functions similarly (Conrad
et al., 1997; Trelles-Sticken et al., 2000). However, Bqt3,4, and
Ndj1 are yeast specific proteins and neither homologs or analogs
have been identified in vertebrates.

A series of recent breakthroughs in mice spermatocytes
identified three meiosis specific proteins, Terb1, Terb2 and Majin
that mediate an analogous mechanism via interaction with the
ubiquitous telomeric protein Trf1 (Shibuya et al., 2015; Shibuya,
Ishiguro, et al., 2014). Majin is a tail-anchored protein with a single
transmembrane domain that is bound to the inner NE with its N-
terminus sticking into the nucleoplasm. Prior to leptotene, Majin
binds and sequesters Terb1 and Terb2 to the NE. Majin directly
binds the C-terminus of Terb2, and Terb1 binds Terb2 N-terminus.
Thus, Terb2 scaffolds Terb1 to Majin. During leptotene-zygotene
stages, Terb1 recruits telomeres to the Majin/Terb2/Terb1 complex
by binding both the telomeric protein Trf1 and telomeric DNAvia a
MYB DNA binding domain at its C-terminus. Upon recruitment of
telomeres, Majin further binds telomeric DNA via a basic domain
near its transmembrane domain, reinforcing the complex. Once
this complex is stabilized, Terb1 can bind a nearby Sun1 protein.
In this way both Majin and the Sun/KASH complex reinforce
telomere attachment to the NE. This engagement to Sun1 can
now facilitate the bouquet movements, as it links telomeres to
cytoplasmic perinuclear microtubules. In C. elegansand S. pombe,
the Sun1 partner KASH protein was associated to microtubules
by the Dynein motor protein (Chikashige et al., 2006; Sato et al.,
2009), and the KASH-Dynein-microtubule association is likely
conserved (Starr & Fridolfsson, 2010).

Cellular regulation of bouquet formation

What induces telomere attachment at leptotene-zygotene
stages to initiate this mechanism? Telomere attachment to the NE
has been also shown to be regulated by phosphorylation of Sun1
N-terminus domain in both mouse spermatocytes and oocytes
(Ortega et al., 2003; Viera et al., 2015; Viera et al., 2009) and in
C. elegans (Penkner et al., 2009). In mice, Sun1 phosphorylation
is induced by Cdk2. cdk2” mice are viable, but sterile, demon-
strating Cdk2 meiosis specific functions (Ortega et al., 2003;
Viera et al., 2015; Viera et al., 2009). In cdk2” spermatocytes
and oocytes, telomeres do not localize to Sun1 on the NE and
synapse is abrogated (Ortega et al., 2003; Viera et al., 2015; Viera
et al., 2009). Importantly, Cdk2 purified from testes was shown to
phosphorylate the N-terminus of Sun1 in in-vitro Kinase assays
(Viera et al., 2015).

CDK2in turnis regulated by the atypical Cdk activator, RingoA
(Mikolcevic et al., 2016). RingoA knock out mice are also viable
sterile and phenocopy cdk2” aberrations of telomere attachment
(Mikolcevic et al., 2016). Importantly, RingoA protein localizes to
telomeres during leptotene-zygotene and unloads from telomeres
at pachytene, and was proposed to function specifically in their
attachment to Sun1 (Mikolcevic et al., 2016). Importantly, RingoA
co-localized with Cdk2 on telomeres and their interaction in testes

Early oocyte differentiation in vertebrates 185

was demonstrated by reciprocal coimmunoprecipitation experi-
ments (Mikolcevic et al., 2016). Moreover, RingoA was required
for Cdk2 localization to telomere in-vivo, and boosted Suni
N-terminal phosphorylation on Ser48 by Cdk2 in kinase assays
(Mikolcevic et al., 2016). Therefore, RingoA seems to activate
Cdk2 phosphorylation of Sun1, and induces telomere attachment
to Sun1 and the NE downstream.

Primary cilia-like structures and mechanical forces in bou-
quet regulation?

The nuclear events of the bouquet configuration are now well
understood. Much less is known about the functions of microtu-
bules and the centrosome as the cytoplasmic counterpart of the
bouquet. In C. elegans, the dynein motor protein was shown to
localize to the microtubules-KASH protein connection sites, where
it repelled the clustering of such sites (Sato et al., 2009). This was
proposedto act as a licensing mechanism, providing counter forces
that only correct homologous pairing with sufficient affinity would
overcome (Sato et al., 2009). What regulates the centrosome
and the perinuclear movements of its radiated microtubules in
vertebrates is unknown. What initiates the movements and how
they are coordinated with the ultimate telomere clustering and
synapse progression remains to be uncovered.

Interestingly, a novel cytoskeletal organization specific to the
zygotene cyst has been recently discovered that could be involved
in cytoplasmic regulation of the bouquet. Prominent cables of
acetylated microtubules of varying lengths were detected that
emanated from the centrosome (Elkouby et al., 2016) (Fig. 2B).
These acetylated cables were absent from the oogonial cyst,
but detected as a few short cables in the leptotene cyst, then
fully elaborated in the zygotene cyst, and finally not detected at
pachytene stage. The structure and function of these cables is still
unclear, but the detection of the acetylated cables as extending
from the oocyte centrosome highly resembles the structure of a
primary cilium. A primary cilium is comprised of an axoneme, a
structure composed of stereotypically packed cables of acetylated
microtubules, that emanates from the centrosome and extends
as a cellular protrusion into the extracellular space (Reiter et al.,
2012; Satir & Christensen, 2007).

Most primary cilia are based from a centrosome thatis localized
to the cell cortex adjacent to the plasma membrane, but examples
of a more internally based cilia exist (Malicki & Avidor-Reiss,
2014). During mammalian spermatogenesis, a specialized primary
cilium extends from a centrosome that is localized to the nuclear
periphery deeper in the cytoplasm vicinity (Fawcett et al., 1970)
strikingly similar to the acetylated cables in the zygotene oocytes.
Such an internally based type of primary cilia is termed cytoplas-
mic cilia (Malicki & Avidor-Reiss, 2014). The oocytes zygotene
cables have a common structure, but can vary in length. While
some appear as conventional primary cilia, other are longer and
could represent an exceptionally long primary cilia subtype. It is
also possible that these cables comprise internal cytoplasmic cilia
that do not protrude away from the cell, but could extend within
its cytoplasm. Whether the acetylated cable comprise cilia, and
of what type remains to be investigated. A potential function for
primary cilia in bouquet regulation would be intriguing.

The primary cilium can execute mechanical functions in the cell
(Satir & Christensen, 2007). Mechanical forces likely generate,
or are generated by, the formation of the zygotene chromosomal



186 Y. M. Elkouby

bouquet, when centrosome based microtubules rotate around the
nucleus, where they bind chromosome via their telomeres and
shuffle them intranuclearly. A primary cilium that connects to the
centrosome on the other side may be involved in generating or
regulating these bouquet forces. A primary cilium could function
as an anchor point for the movements and provide counter forces.
It could regulate movements direction and stabilize telomere
clustering. Once clustering is achieved, a primary cilium could
halt microtubules movements. Additionally, during bouquet stages
the nucleus takes most of the oocytes volume, and cytoplasmic
volume is relatively small, further increasing the potential impact
of bouguet movements on the cell. In this context, a mechanical
primary cilium could also stabilize other cellular structures or
simply keep the entire oocyte from rotating around, protecting it
from physical damage.

A primary cilium could also mediate cell-cell signaling (Satir
& Christensen, 2007). The synchronous formation of acetylated
cablesinthe cyst could mediate an unknown signal to synchronize
oocytes development within the cyst.

The bouquet as a central cellular organization in oocyte
differentiation

Mechanisms of bouquet formation are mostly characterized in
mouse spermatocytes, but are likely conserved in oocytes and
across species. Intriguingly, bouquet mechanisms could be co-
opted for other processes in meiotic gamete differentiation. In the
fission yeast, bouquet formation and normal telomere localization
of telomeric proteins during the bouquet regulated the integrity
of the spindle pole body, and its spindle formation in the meiotic
division following prophase | (Tomita & Cooper, 2007). In zebraf-
ish oocytes, where animal-vegetal polarity is key to embryonic
development and has been traced to the onset of meiosis, bou-
quet formation is required for the initial symmetry-breaking of the
oocyte (Elkouby et al., 2016). Similarly, in oocytes of the insect
Thermobia, the forming Balbiani body was detected being aligned
to the bouquet configuration (Tworzydlo, Kisiel, et al., 2016). The
theme arising is of a bouquet organization of broader cellular
significance, functioning in chromosomal pairing, but also in other
key developmental aspects of young gametes, at the nexus of
their early differentiation.

The oocyte animal-vegetal axis and its roles in
embryonic development

Innon-mammalian vertebrates, the early one-cell stage embryo
presents an obvious polarization along the animal-vegetal (AV)
axis, with the cytoplasm and nucleus segregated to the animal
pole and the yolk vegetally localized. The AV axis lays the founda-
tion for shaping the embryo into the typical bilaterian vertebrate
body template during gastrulation. However, it is preceded by an
earlier polarity, manifested by the segregation of specific mRNAs
and proteins to either pole of the oocyte. These polarized compo-
nents provide crucial information for the early developing embryo.
Importantly, the early polarity of the egg and embryo originates
in early oogenesis.

The zebrafish animal-vegetal axis
During fertilization in zebrafish and in many other animals, the
sperm entry point is predetermined or predominant to a region in

the animal pole hemisphere (Grey et al., 1974; Hart et al., 1992;
Motosugi et al., 2006; Piotrowska & Zernicka-Goetz, 2001). This
region is determined in zebrafish by a specialized follicle cell at
the animal pole of the oocyte that makes a structure called the
micropyle, through which the sperm enters the egg (Amanze &
lyengar, 1990). The single micropyle in the zebrafish egg ensures
monospermy. While the micropyle is evident at stage Il of oo-
genesis, its formation is linked to early polarization of the oocyte.
In zebrafish, two mutant genes have been identified that affect
oocyte and egg polarity, bucky ball (buc) and macf1(microtubule
actin crosslinking factor 1). In buc” mutant oocytes the vegetal
pole is not specified and animal mRNAs are expanded radially.
Furthermore, not one but multiple follicle cells around the oocyte
are specified to form micropyles (Marlow & Mullins, 2008b).
Indeed, these oocytes develop into non-polarized eggs that un-
dergo polyspermy at fertilization and die soon thereafter (Marlow
& Mullins, 2008b). While the underlying mechanism is unknown,
it is clear that specification of a single micropylar-forming follicle
cell depends on oocyte polarization. Bucky ball (Buc) has been
shown to function in the oocyte and to act cell non-autonomously
to restrict specification of the micropylar-forming follicle cell (Heim
et al., 2014; Marlow & Mullins, 2008b).

The oocyte and egg vegetal pole harbors a set of factors that
regulate the formation of the dorsal-ventral (DV) axis. The DV axis
is formed by the induction of the dorsal organizer on the future
dorsal side of the embryo. The dorsal organizer is induced by
activation of a Wnt signaling pathway (Langdon & Mullins, 2011).
While other Wnt ligands act in Xenopus (Cha et al., 2008; Cha et
al., 2009; Tao et al., 2005), in zebrafish the dorsal determinant is
likely the Wnt8 ligand (Lu et al., 2011). Upon egg activation, micro-
tubules reorganize to form parallel arrays at the vegetal pole with
a directionality towards the future dorsal side of the embryo (Tran
etal., 2012). The Grip2a protein is required for this reorganization
(Ge et al., 2014). Once this network is established, wnt8 mRNA
is asymmetrically trafficked to the future dorsal side in a manner
that depends on the microtubule motor linker protein Syntabulin
(Nojima et al., 2010; Nojima et al., 2004). Importantly, wni8 mMRNA
first localizes to the vegetal pole in early oocytes via a structure
called the Balbiani body (Lu et al, 2011), which specifies the
vegetal pole in stage | oocytes (see section 6). Interestingly, the
MRNAs of grip2a and syntabulin also localize vegetally via the
Balbiani body (Ge et al., 2014; Nojima et al., 2010).

Other factors localized to the oocyte vegetal pole function in
establishing the germline. Germ cells in zebrafish and Xenopus
are specified by the inheritance of germ cell fate determinants,
called germ plasm (Kobayashi et al., 1994)(reviewed (Extavour
& Akam, 2003). In zebrafish, the germ plasm aggregates at the
marginal ends of the cleavage furrows of the 2- and 4-cell stage
embryo (Braat etal., 1999; Knaut et al., 2000; Riemer et al., 2015a;
Yoon et al., 1997). Germ plasm components are initially localized
to the vegetal pole by the Balbiani body (Kosaka et al., 2007).
However, while the daz/ germ plasm mRNA remains localized at
the vegetal cortex throughout oogenesis, other mRNAs redistribute
and vasa, for example, is re-localized radially at the egg cortex
prior to aggregation in the embryo (Kosaka et al., 2007).

Altogether, the vegetal pole provides vitalinformation for multiple
aspects of the embryonic body plan. Thus the formation of the AV
axis during oogenesis is of tremendous developmentalimportance.
For further discussion of embryonic contributions of maternally



localized components see (Escobar-Aguirre et al., 2017). The
oocyte AV axis has been observed in vertebrates for two centuries
and requires establishment of cell polarity during oogenesis by
the Balbiani body (Bb). However, the origins of oocyte polarization
and Bb formation have only very recently been uncovered. | will
discuss these findings in the next sections.

The Balbiani body — a universal feature of
differentiating oocytes

The Balbiani body (Bb) is a large RNA-protein granule that is
universally conservedin oocytes of insects (Cox & Spradling, 2003;
Jaglarz et al., 2003), arthropods (Jedrzejowska & Kubrakiewicz,
2007), fish (Marlow & Mullins, 2008b), frogs (Dumont, 1978), birds
(Carlson et al., 1996; Rodler & Sinowatz, 2013; Ukeshima & Fuji-
moto, 1991), rodents (Pepling etal.,2007; Weakley, 1967), primates
(Barton & Hertig, 1972), and humans (Albamonte etal., 2013; Hertig,
1968). In all cases ultrastructure analysis showed that the Bb was
composed of aggregated mitochondria and electron dense mate-
rial, likely corresponding to RNA, and this aggregate was always
found in the nuclear periphery. The Bb has been most studied in
Xenopus and zebrafish, where Bb localization of specific MRNAs,
proteins, and mitochondria are directly demonstrated and its po-
larization roles are readily evident (reviewed in (Escobar-Aguirre
et al., 2017). While Bb formation has been poorly understood for
over two centuries, the mechanism of oocyte symmetry breaking
events that lead to its formation have been recently discovered
(Elkouby et al., 2016) and | discuss them below. Interestingly, the
mouse Bb contains the Trailer Hitch protein, a member of an mRNA
regulating mRNP complex, possibly indicating a conserved role
in mRNA regulation (Pepling et al., 2007). However, Drosophila
Trailer Hitch is also an endoplasmic reticulum (ER) resident protein
(Wilhelm et al., 2005), and could therefore simply represent the
enriched ER in the mouse Bb, rather than specifically regulating
Bb mRNAs. Furthermore, its localization was not addressed in post
Bb stages to test for polarized localization. Itis still unclear whether
the Bb polarizes the early mammalian oocyte. However, a role for
the Bb in the culling for fit oocytes has been recently proposed (Lei
& Spradling, 2016) in the mouse and is discussed below.

Zebrafish Balbiani body and animal-vegetal polarization

Two pathways deliver mRNA-protein (MRNPs) granules to the
vegetal pole during oogenesis: the Balbiani body pathway, which
initially determines the vegetal pole, and the “late pathway”, which
localizes mRNAs to the defined vegetal pole (Escobar-Aguirre et
al., 2017). The Balbiani body (Bb) is an aggregate of mRNPs and
mitochondria that initially forms adjacent to the nucleus, enlarges
and resides in the cytoplasm, and then localizes to the oocyte
cortex, where it dissociates (Bontems et al., 2009b; Elkouby et al.,
2016; Gupta et al., 2010b; Heim et al., 2014; Marlow & Mullins,
2008a; Riemer et al., 2015b). Prior to the arrival of the Bb to the
plasma membrane, the oocyte cortex is still radially symmetric.
Only when the Bb associates with the cortex, disassembles, and
docks its contents to the membrane, is this cortex region defined
as the vegetal pole. Thus, it is the Bb that first establishes the
definitive AV axis of the oocyte.

Very little is known about the molecular mechanisms that govern
Bb formation, its cortical localization, andfinally its disassembly and
cortical tethering of its mRNP cargo. Forward maternal-effect genetic
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screens in zebrafish recovered two genes that regulate some of
these processes, bucky ball (buc) (Marlow & Mullins, 2008a) and
microtubule actin cross-linking factor 1 (macf1; also called magel-
lan) (Gupta et al., 2010b). Buc is the only known protein required
for Bb formation. Indeed, in buc”mutant oocytes, the Bb does not
form and vegetally-fated mMRNAs disperse in the cytoplasm, while
animally-fated mMRNAs expand radially (Bontems et al.,2009b; Heim
et al., 2014; Marlow & Mullins, 2008a; Riemer et al., 2015b). The
Buc protein localizes to the Bb (Elkouby et al., 2016; Heim et al.,
2014; Nijjar & Woodland, 2013; Riemer et al., 2015b) and can bind
to the Rbpms2 (Hermes) mRNA binding protein (Heim et al., 2014;
Nijjar & Woodland, 2013). Buc structure and potential mechanism
of function in Bb assembly are discussed below.

Complementary to Buc function, Macf1 is required for the Bb to
localize to the oocyte cortex and disassemble. In macf”mutants the
Bb does form, but fails to localize to the oocyte plasma membrane
and disassemble, thus trapping the vegetally-fated mRNAs within
the cytoplasm and preventing their final localization (Gupta et al.,
2010b). During its cortical localization, as well as its disassembly
while docking mRNAs to the cortex, the Bb may interact with various
cytoskeletal elements. Microtubules form an elaborated network in
Xenopus oocytes cytoplasm (Gard, 1991, 1999), while actin forms
a cortical network in zebrafish and Xenopus, and is also detected
intranuclearly in zebrafish (Gard, 1999; Gupta etal., 2010a; Marlow
& Mullins, 2008b), and cytokeratins were detected in the Xenopus
Bb (Gard et al., 1997). Consistent with its phenotype, the Macf1
protein is a member of the spectraplakin family, and may mediate
microtubule and actin connections (Escobar-Aguirre et al., 2017;
Gupta et al., 2010b). buc” and macf1” mutants demonstrate the
importance of the Bb for oocyte polarization. Oocytes of both mu-
tants develop into symmetrical eggs, with a radially expanded- or
multiple ectopic animal poles and no vegetal pole, that do not survive
past early cleavage stages (Marlow & Mullins, 2008a). Moreover,
the dorsal determinants and germ plasm discussed above, all
localize to the vegetal pole via the Bb, further demonstrating its
developmental roles.

Several Bb-localized mRNAs have been identified in zebrafish,
including buc (Heim et al., 2014), germ plasm mRNAs like dazl,
vasa and nanos (Kosaka et al., 2007), and dorsal determinants
and dorsalizing machinery mRNAs like wnt8, syntabulinand grip2a
(Ge et al.,, 2014; Nojima et al., 2010) (Lu et al., 2011). Several
more have been identified in Xenopus, including ddx25, germes,
ddx59, xpat, xlsirt and pcsk6 (Houston, 2013). Moreover, microar-
ray analysis on isolated vegetal cortices from fully grown Xenopus
oocytes predicts 275 different localized transcripts (Cuykendall &
Houston, 2010). In this study enrichment of transcripts in isolated
vegetal cortices was compared to whole oocytes and transcripts
levels were not tested in other regions exclusively, like isolated
animal cortices. Localization was not validated for all transcripts.
Nonetheless, while these transcripts can localize either via the
Bb or by the late pathway, this analysis suggests that significantly
more mRNAs localize to the vegetal pole via the Bb.

The Bb also contains the Buc protein (Elkouby et al., 2016;
Heim et al., 2014; Riemer et al., 2015b), as well as RNA binding
proteins like Rbpms2 (Hermes) (Marlow & Mullins, 2008a; Song
et al., 2007) and the scaffold protein GasZ (Elkouby et al., 2016;
Marlow & Mullins, 2008a; Yan et al., 2004). However, the molecu-
lar assembly of mRNPs into the Bb is still unknown in zebrafish.
In Xenopus, a mitochondrial cloud localizing element (MCLE) is



188 Y. M. Elkouby

Balbiani body granule aggregation

Nuclear cleft stages

15-19um 20um ~30um ~40um

2 ]

g N
w

o

Bb granules Nuclear envelope

premeiotic oogonia stage to localization around
the centrosome in the cytoplasm apposing the
telomere cluster of the bouquet (Fig. 2C).
During the bouquet stage, the centrosome
localizes specifically in the cytoplasm apposing
the telomere cluster, and organizes microtubules
to radiate towards and around the nucleus,
(Elkouby et al., 2016), consistently with their
organizationinthe bouquet of mouse and zebraf-
ish spermatocytes (Saito et al., 2014; Shibuya,
Morimoto, etal.,2014), and where they likely bind
Sun/KASH-telomere complexes, and facilitate
chromosomal movements (Chikashige et al.,
2006; Ding et al., 2007; Mikolcevic et al., 2016;
Morimoto et al., 2012; Page & Hawley, 2003;
Saito et al., 2014; Sato et al., 2009; Scherthan,
2001; Shibuya et al., 2015; Shibuya, Ishiguro,
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Aggregate Assembly

Fig. 3.The prion-like aggregation of granules in forming the Balbiani body (Bb). Upon the
symmetry breaking of the oocyte (Fig. 2C), a nuclear cleft forms apposing the meiotic-vegetal
center (MVC). Bb granules are aggregated in the nuclear cleft where they are nucleated around
the M\VC by the prion-like protein Bucky ball. The Bb assembles within the nuclear cleft that
gradually rounds out as the oocyte grows (note oocyte sized on top) and gives rise to the ma-
ture Bb, which was shown in Xenopus to be of an amyloid structure. Scale bar, 5 um in two
left images, and 10 um in right three images. Images are modified from Elkouby et al. (2016).

found in the 3’'UTR of several Bb mRNAs and is required for their
Bb localization (Escobar-Aguirre et al., 2017). Deletion analysis
of the zebrafish daz/ 3’'UTR revealed a proximal fragment that is
required for Bb localization (Kosaka et al., 2007). However, it is
not clear whether common cis consensus sequences mediate Bb
mRNA localization in zebrafish.

Despite the tremendous developmental importance of the
vegetal pole and the universal conservation of the Bb, how the
Bb is formed as a prerequisite to vegetal pole formation has been
unclear. The earliest detection of polarity has been observed with
the detection of the mature Bb at mid diplotene, and the preced-
ing cellular events have been long overlooked until very recently.

Symmetry-breaking of the zebrafish oocyte - oocyte patterning is
coupled with meiosis

The oocyte symmetry breaking that leads to Bb formation and
oocyte polarization was recently traced to the zygotene bouquet
stages at the onset of meiosis (Elkouby et al., 2016) (Fig. 2C). The
zygotene stage presents a nuclear asymmetry in which all telo-
meres are clustered on one side of the NE, while the free looping
ends of chromosomes face the opposing side (Scherthan, 2001).
This configuration, called the chromosomal bouquet, is a universal
meiotic feature that promotes chromosomal synapsis (Chikashige
etal., 2006; Ding et al., 2007; Elkouby et al., 2016; Page & Hawley,
2003; Saito etal., 2014; Sato et al., 2009; Scherthan, 2001; Trelles-
Sticken et al., 2000) (Fig. 2A, and see section 5). Since the early
Bb forms intimately adjacent to the nucleus, it was hypothesized
that oocyte polarization could be linked to the nuclear asymmetry
of the zygotene bouquet (Elkouby et al., 2016). Indeed, oocyte
symmetry was found to be broken when Bb components, such as
Buc, GasZ and mitochondria transition from radial distributionin the

et al., 2014; Trelles-Sticken et al., 2000; Viera
et al., 2015). Strikingly, microtubules were con-
comitantly required to cluster the telomeres of
the bouquet and localize the Bb mitochondria
precursors, demonstrating that these nuclear
and cytoplasmic events are mechanistically
coordinated. Therefore, the bouquet stage cen-
trosome functions as a global cellular organizer
that couples meiotic genetic events with oocyte
patterning, termed the meiotic-vegetal center
(MVC; Fig. 2D).

Following the zygotene bouquet stage, using immunohisto-
chemistry on fixed ovaries, vital dye staining of live ovaries and
ultrastructural analysis, a novel nuclear morphology was detected,
where the NE is highly concave and forms a nuclear cleft (Fig.
3) (Elkouby et al., 2016). The nuclear cleft formed apposing the
centrosome, which localized in the cleft cytoplasm thereafter (EI-
kouby et al., 2016). Upon their initial localization, Bb precursors
aggregate around the centrosome within the nuclear cleft (Fig.
3). The nuclear cleft then gradually rounds out during early-mid
diplotene, giving rise to the mature Bb.

Importantly, the zygotene bouquet symmetry breaking events
lie functionally upstream to the only known Bb regulator, the
Bucky ball protein. In buc” oocytes both the bouquet and the Bb
mitochondrial aggregate form normally (Elkouby et al., 2016). Only
later during diplotene stages the aggregate disperses. It seems
that in the absence of Buc, the Bb mitochondria can localize to-
and aggregate around the MVC, but then the aggregate fails to
mature into the intact spherical Bb morphology. How then the Bb
assembles within the nuclear cleft?

Mature

Balbiani body assembly by prion-like aggregation mRNPs into an
amyloid structure

Asdiscussed above, the Bucky Ball protein nucleates Bo mRNPs
in Bb formation. Intriguingly, the Bucky ball amino acid sequence
indicates thatitis anintrinsically disordered protein (IDP) (Bontems
etal., 2009a; Toretsky & Wright, 2014). IDPs are proteins that lack
a fixed or ordered three-dimensional structure, as their amino acid
sequence does not dictate folding into a consistent tertiary structure.
IDPs are being increasingly recognized in formation of various
mRNP granules. Homologs of the piRNA protein Vasa contain an
intrinsically disordered region (IDR) (Nott et al., 2015), and other



mRNA binding proteins contain IDRs adjacent to their RRM RNA
binding domain (Guo & Shorter, 2015; Zhang et al., 2015). These
are thought to promote the phase separation of mRNA granules,
where the RRM domain binds RNA, while the IDR comprise the
lattice-like meshwork of the phase separating granule (Guo &
Shorter, 2015; Nott et al., 2015; Zhang et al., 2015).

Phase-separated granules are thought to have a structure of
a hydrogel. A hydrogel is a polymerized meshwork that can form
in vitro by the polymerization of a substrate accumulating over
a specific concentration threshold (Han et al., 2012; Toretsky &
Wright, 2014). The content of the hydrogel is therefore less soluble
than the remaining cytoplasm (Brangwynne et al., 2009; Han et al.,
2012; Toretsky & Wright, 2014). More physiologically, similar phase
separation of mMRNP complexes was demonstrated in C. elegans,
where embryonic germ plasm P-granules form condensed liquid
droplets only in the embryo posterior (Brangwynne et al., 2009;
Wang et al., 2014a). The polymerizing substrates of P-granules
are the MEG1 and MEG 3 proteins (Wang et al., 2014b). The
condensation of mRNPs into a hydrogel-like P-granule and their
dissolution were controlled by the phosphorylation state of MEG1,
3 (Brangwynne et al., 2009; Wang et al., 2014a).

As an IDP, Bucky ball could act similarly to IDPsin other granules,

MVC positioning in mitosis

2 The centrosome localizes
ﬂhe cytoplasmic bridge

The last cell division plane

= =>
Anaphase é‘ @
Cleavage i Cytoplasmic
furrow l bridge
Pre-
polarity

Future polarity axis

245k Chromosomes %% Telomeres

Bb precursors @ Centrosome
=¥ Microtubules ,~ Acetyl. cable

Fig. 4. Potential regulation of meiotic-vegetal center (MVC) and
polarization by the last mitotic division in the oogonial cyst. At /ate
zygotene-early pachytene stage oocytes, where cytoplasmic bridges were
detected between oocytes, the M\VC with already localized Bb components
localized adjacent to the cytoplasmic bridge (magenta microtubules cables
in inset). Since these cytoplasmic bridges likely mark the division plane
of the last mitotic division, it is proposed that the meiotic polarization axis
in the oocyte is aligned to the plane of the last mitotic division in the cyst
(horizontal arrows). Studies in mice suggest that the centrosome does
not change its cellular position during zygotene bouquet movements. It is
therefore likely that the centrosome shuttles from its anaphase position
of the last division, to become adjacent to the cytoplasmic bridge prior
to polarization.
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by forming a scaffolding phase-separating lattice that aggregates
mRNAs and mRNPs during Bb formation (EscobarAguirre et al.,
2017). Such a mechanism was recently suggested for the Buc
Xenopus homolog XVelo (Boke et al., 2016). Mature Bbs isolated
from Xenopus oocytes exhibited features of an amyloid structure,
such asresistance to dissolution at high salt concentration and high
temperature, and it stained positively for an amyloid dye in vivo.
Furthermore, the N-terminus of XVelo, which is conserved among
Buc orthologues (the BUVE in (Bontems et al., 2009b)), contains a
prion-like domain that is adjacent to the extended predicted IDR.
This domain in XVelo was shown to be necessary and sufficient for
Bb localization in ectopic expression studies in vivo, and formed
an SDS resistant amyloid-like structure in vitro.

Interestingly, XVelo could aggregate the Bb components in
vitro and/or in Xenopus egg extracts. For both of which, the XVelo
C-terminus was required, suggesting that while the conserved
XVelo N-terminal prion domain is required for the formation of an
amyloid-like matrix, its C-terminus is required for its aggregation
of putative Bb components (Boke et al., 2016). The function of the
endogenous XVelo prion-like domainin Bb componentaggregation
in vivo has not yet been tested, although is expected to cause a
failure in Bb assembly like buc” null mutant alleles (Bontems et al.,
2009b; Elkouby et al., 2016; Marlow & Mullins, 2008a).

Potential regulation of polarity by cyst mitotic division

While the symmetry-breaking of the oocyte is executed at zy-
gotene stages, the organization of meiotic oocytes in the germline
cyst, suggests earlier regulation of polarization in the oogonial cyst.
Indeed, the centrosome MVC (meiotic vegetal center) was localized
to the cytoplasm adjacent to the CB (cytoplasmic bridge) in later
sister oocytes that were still connected by the CB (Fig. 4) (Elkouby
et al., 2016). At this stage, Bb precursors are already aggregated
around the centrosome, revealing an alignment of the polarization
axis to the oocyte last division plane (Elkouby et al., 2016). Since
cytokinesis at these stages completes the division that started in
the oogonial cyst, and since the centrosome does not change its
cellular position during zygotene stages (Shibuya, Morimoto, et
al., 2014), this suggests that prior to polarization, the centrosome
likely localizes to the CB and thus determines the future axis of
polarization (Fig. 4).

The germline cyst is constructed by the mitotic oogonial cells
that undergo several rounds of incomplete cell divisions, leaving
persisting CBs that continue to connect sister cells in the cyst
through early meiotic stages. The organization of oogonia and early
oocytes in germline cysts, where they are connected by CBs and
surrounded by somatic granulosacells, isacommon theme ingerm
celldevelopment. However, the localization of the centrosome to the
CB prior to its polarization of the oocyte is first direct evidence for
a potential role of mitotic cyst division in controlling meiotic oocyte
polarization. Polarization thus seems to occur in two steps: first,
the centrosome localizes to the cytoplasm adjacent to the CB of
oogonia, aligning the future polarity axis to the cell division plane,
then, the MVC is activated and polarization in in effect executed
during bouquet stages (Elkouby et al., 2016).

Such a dual and dynamic role of the centrosome in cell division
andthe immediately following polarization during differentiation was
beautifully demonstrated in the developing c. elegans gut (Feld-
man & Priess, 2012; Yang & Feldman, 2015). After its microtubule
organizing center (MTOC) function during gut precursor cell divi-
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sions, the centrosome re-localizes to the future apical pole of these
now differentiating epithelial cells together with polarity proteins
(Feldman & Priess, 2012; Yang & Feldman, 2015).

Thus, Bb formation, its upstream regulation, and downstream
assembly, are interwoven with key events in early oocyte differen-
tiation, from potential regulation by mitotic divisions in the germline
cyst, through coupling with chromosomal pairing during the meiotic
bouquet, to maturing during folliculogenesis.

The mouse Balbiani body and oocyte survival

The mouse Bb has been recently correlated with oocyte survival
(Lei & Spradling, 2016). Consistently with zebrafish (Elkouby et
al., 2016), Bb formation was detected at earlier meiotic stages,
when oocytes still reside in germline cysts (Lei & Spradling, 2016).
It has been proposed that mouse Bb components, such as Golgi,
mitochondria and centrosomes, are transported between oocytes
through cytoplasmic bridges in the cyst. This has been deduced
by detection of more of these components in certain oocytes in
the cyst and their weaker detection in nearby oocytes of the same
clone, and localization of some components near cytoplasmic
bridges (Lei & Spradling, 2016). However, these were recorded
in stillimages and live time-lapse analysis was lacking to support
this intriguing model. Other technical or biological explanations for
such a differential detection have not been ruled out.

In zebrafish, before symmetry breaking, Bb components are
found radially symmetrical at the nuclear periphery of all oocytes in
similar levels (Elkouby et al., 2016). In addition, if such a transport
mechanismis required formouse folliculogenesis, thenthe absence
of CBsis expected to prevent normalfolliculogenesis. Interestingly,
CBs between oocytes are absent in tex14” female mice, although
they are fertile (Greenbaum et al., 2009). While fewer oocytes are
detected in P2.5 tex147ovaries, prior to cyst breakdown the num-
ber of germ cells in these ovaries is normal and oocytes complete
folliculogenesis normally (Greenbaum et al., 2009).

The authors propose that during transport, oocyte that undergo
apoptosis deliver their organelles to surviving oocytes that form the
Bb (Lei & Spradling, 2016). This would suggest that apoptosis is
required for folliculogenesis of Bb-positive oocytes. The proteins
P53 and P63 are required for meiotic checkpoint-induced apop-
tosis at around the time of the proposed transport mechanism
(Bolcun-Filas et al., 2014). However, while apoptosis in the cyst
and folliculogenesis per se were not directly addressed, ovaries
of p53-and p63 - mutants in (Bolcun-Filas et al., 2014) seem to
form normal follicles.

Inthe mouse, oocytes undergo robust apoptosis and only ~20% of
initial cells in cysts eventually form follicles (Lei & Spradling, 2016).
Apoptosis is relatively frequent in the mouse germline cyst (Lei &
Spradling, 2016) in comparison with other species like Medaka and
Xenopus (Kloc et al., 2004; Nakamura et al., 2010). Bb formation
and apoptosis were reported to be mutually exclusive in the mouse
ovary (Lei & Spradling, 2016). It was proposed that Bb formation
in an oocyte favors its continuous differentiation and follicle forma-
tion and prevents apoptosis, whereas oocytes that do not form a
Bb are fated to undergo apoptosis (Lei & Spradling, 2016). The
notion of the Bb as a possible marker for fit oocytes could reflect a
new important function in mammals. However, a mutual exclusive
detection of apoptosis and Bb formation could also result recipro-
cally from Bb degradation by apoptotic processes. It is well pos-
sible that Bb degradation will precede other apoptotic phenotypes,

such as nuclei degeneration, especially since mitochondria outer
membrane provides the platform for apoptosis initiation (Czabotar
et al.,, 2014; Gillies & Kuwana, 2014), and mitochondria is highly
enriched in the Bb, but this scenario was not addressed.

Coupling of Balbiani body and the chromosomal bouquet
formation — a universal theme in oocytes?

Accumulating recent data on Bb formation now enable com-
parison between species and identification of common principles.
Findings in zebrafish for the first time connect the Bb and the bou-
quet, two universal oocyte features, in establishing cellular polarity
by the MVC (Elkouby et al., 2016). The universal conservation of
both the Bb and the zygotene chromosomal bouquet suggests that
such a coupling of their formation is also likely conserved. Indeed, a
recent report shows that the Bb of the insect Thermobia domestica
is first aggregated apposing the telomere cluster of the Thermobia
oocyte zygotene bouquet (Tworzydlo, Marek, et al., 2016). Inter-
estingly, Thermobia ovarioles show a more “vertebrate”-like mode
of oogenesis, where all germ cells in the garmarium are fated to
become oocytes, as opposed to some becoming nurse cells like
in Drosophila (Tworzydlo, Marek, et al., 2016).

Furthermore, recent analysis of Bb formation in mice oocytes,
revealed a formation dynamic that is strikingly similar to that of the
zebrafish Bb. The mouse Bb Golgi component was first polarized
around the centrosome of in the early germline cyst at E14.5 (Lei
& Spradling, 2016). Additional Golgi and mitochondria continued
to aggregate around the centrosome within the germline cyst
through stage E18.5 (Lei & Spradling, 2016). Finally, still much like
in zebrafish, the mature mouse Bb is detected at early diplotene
stages of the primordial follicle at PO-P7 (Lei & Spradling, 2016;
Pepling et al., 2007).

These data from mice and Thermobia suggest that the mecha-
nisms revealed in zebrafish oocytes may act in these species as
well, highlighting the likely universal coordination of Bb formation
and meiosis by the meiotic vegetal center (MVC).

Concluding remarks

Recentadvancesin ourunderstanding of early oocyte differentia-
tion in various species address long standing questions in the field
and allow for a construction of a model for vertebrate oogenesis.
The zebrafish ovary arises as a new model where multiple facets
of oocyte differentiation, such as regulation of the cell division and
the germline cyst, meiosis, establishment of cell polarity, aggrega-
tion of mMRNP granules and mechanical forces of chromosomal
pairing can be readily investigated. The physical properties of the
zebrafish juvenile ovary, its high accessibility and the presence of a
range of early oocyte stages in an ovary, importantly and uniquely,
allows for the investigation of how these multiple processes are
coordinated in oocyte differentiation by the MVC (Fig. 2D). The MVC
was only recently discovered. Future investigation of its upstream
regulation, its mechanistic intersection of polarity and meiosis, its
downstream nucleation of the prion-like Bucky ball protein, and its
potential mechanical functions via novel cytoskeletal structures,
will be immensely important for a better mechanistic view of early
oogenesis. Finding new MVC regulator and/or partner proteins will
provide a next step for further functional analysis.

Notably, this investigation in the zebrafish ovary has great



implications of broad interests in cell and developmental biology.
The upstream regulation of the centrosome MVC can reveal how
mitosis contributes to cell polarity. The mechanisms of prion mRNP
aggregation by the centrosome MVC in the oocyte can reveal how
prion aggregation is regulated in physiological conditions which is
defective in neurodegenerative diseases. The oocyte acetylated
cables in meiosis can comprise a new type of primary cilia as a po-
tential novel context for understanding cilia biology and ciliopathies.

A toolbox for the investigation of early oocytes in zebrafish
was recently developed (Elkouby & Mullins, 2017), and include
methods for quantitative imaging, in vivo live time-lapse analysis,
ovarian culturing and isolation of stage specific oocytes for mo-
lecular biology and biochemical analyses. In the near future, using
CRISPR/Cas9 genome editing for generating mutants, conditional
alleles, and endogenous fluorescently tagged alleles will allow for
an extensive investigation by robust reverse genetics and lead to
further breakthroughs.
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